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Chapter 1

Introduction

Today, plastics play a crucial role in daily life. Whether in automotive in-

dustry or in packaging, such materials gain much attention due to their unique

properties. One of the most interesting kind of polymers are gels1,2. These

three-dimensional cross-linked networks show excellent swelling behaviour in

a suitable solvent as well as viscoelastic properties3–6. Microgels in particular

have been in the focus of recent research1,7,8. Compared to macrogels, the

small size of microgels, which is in the submicron range (10 nm-1 µm), ensure

a fast response to changes in the environment.

One of the most investigated microgel is based on N -isopropylacrylamide

(NIPAM) with its lower critical solution temperature (LCST), which is also

often called volume phase transition temperature (VPTT), at 32 ◦C9–11. Below

this VPTT hydrogen bonds are favoured between the polymer network and the

solvent, which leads to a swollen particle. With an increase in the temperature,

the hydrogen bonds between the polymer network and the solvent break up

and hydrophobic polymer-polymer interactions become dominant resulting in

a shrunken particle. The ability to manipulate the particle size by an external

trigger makes microgels based on PNIPAM interesting for application such

as drug delivery, micro lenses, ion exchange, coatings and sensors12–23. Size

manipulation of such PNIPAM particles can not only be induced by changes

in the temperature but also by further external parameters such as ionic

strength, pH, light and magnetic field24–29. Since PNIPAM does not exhibit a

pH responsive behaviour, co-monomers, such as acrylic acid, allyl acetic acid

or methacrylic acid, can be incorporated into the polymer network to make

the microgel pH responsive25,30–34.

All these above mentioned studies have been mainly performed in bulk.

However, the properties of PNIPAM based particles show tremendous dif-

ference between bulk particles and their adsorbed counterparts35. This fact
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CHAPTER 1. INTRODUCTION

necessitates intensive investigations for adsorbed microgels. Another import-

ant aspect for studies at an interface is the investigation of single adsorbed

particles. While in bulk, only the behaviour of many microgels can be stud-

ied by e.g. dynamic light scattering (DLS) or small angle neutron scattering

(SANS), surface methods such as atomic force microscopy (AFM) are able

to study the behaviour of single adsorbed particles. Especially, application

such as drug delivery and biological sensor applications in particular require a

consolidated knowledge about the microgel properties, e.g. swelling/shrinking

behaviour, at surfaces.

This PhD thesis provides detailed information about the microgel be-

haviour depending on various internal and external parameters. Internal

parameters, such as cross-linker density or co-monomer content, will be ad-

justed during the microgel synthesis leading to a fixed particle behaviour,

e.g. particle stiffness. The determination of particle elasticity with different

cross-linker and co-monomer content was part and parcel of several publica-

tions35–37. The open question is in which way the elasticity changes with a

variation of the co-monomer in terms of their hydrophobicity. Chapter 5 fo-

cuses on this open question. Here, PNIPAM particles with the co-monomers

acrylic acid and the long-chained allyl acetic acid were compared in terms of

their swelling ability and particle stiffness.

Another approach to influence the swelling behaviour of microgels is the

solvent quality. There are various publication dealing with the microgel beha-

viour in different water/organic solvent mixtures, where PNIPAM based mi-

crogels show the well-known co-non-solvency effect38–42. The co-non-solvency

effect appears, when a mixture of two "good" solvents, e.g. water and eth-

anol, is used as a solvent. Such mixtures induce a particle shrinking due to the

dehydration of the polymer network. However, the co-non-solvency effect of

adsorbed PNIPAM particles is not fully understood so far and has to be cla-

rify43. Chapter 6 provides detailed information about the shrinking/swelling

behaviour of PNIPAM particles in different water/organic solvent mixtures.

The impact of the different solvent polarities as well as different particle com-

positions have been investigated.

A third approach to manipulate the shrinking/swelling behaviour of the

PNIPAM particles lays in the surface coating itself. Such surface coatings

consist of polyelectrolytes and can be build up by the layer-by-layer method,

which ensure a gradually increase in the layer thickness44. The layer thickness,

the chemical nature of the used polyelectrolytes as well as the polyelectrolyte

charge impacts the swelling capability of the microgel particles and is part
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CHAPTER 1. INTRODUCTION

and parcel of chapter 7. The interplay between the microgel particles and the

different layer systems is studied during several heating/cooling cycles.

The experiments of chapter 8 and chapter 9 were performed in cooper-

ation with the Santer group at the University of Potsdam (chapter 8) and

the Haag group at the Freie University Berlin (chapter 9). In chapter 8,

an approach for new sensor applications is developed due to the formation

of microgel/azobenzene complexes. The formation of these complexes based

on electrostatic attraction between the negatively charged microgel and the

positively charged surfactant. Such microgel/surfactant complexes undergo a

light-induced particle collapse due to the switching ability between trans- and

cis-conformation of the surfactant.

In chapter 9, an in situ particle degradation via AFM is presented. The

particles obtained by the Haag group (Freie University Berlin) are stable in

basic conditions and degrade in acid media. A precise study of the degradation

process in lateral and vertical dimension is shown. Such degradable particles

could garner much attention in drug delivery, due to homogeneous and long-

term drug release.
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Chapter 2

Scientific background

2.1 Theory: Microgels

Gels consist of a three dimensional polymer network composed of monomer

units, which can be connected by different kind of bonds. They can be either

physical or chemical nature. Physical bonding can be achieved by electrostatic

interaction, van der Waals and H-bonds, while in case of chemical bonds new

covalent connections are built45. Gels swell in a suitable solvent resulting in an

enormous mass increase. Gels are considered as hydrogels if water is used as

solvent. In the swollen state, gels show a solid-like and liquid-like character9.

Thereby, the polymer network represents the solid-like contribution, while

the solvent represents the liquid-like contribution. The solid-like character is

influenced by various parameters.

On the one hand, the solid-like character can be tuned by the cross-linker

content, which refers to the number of chemical connections. Highly cross-

linked gels leads to a considerably compact and less flexible network, which

results in a reduced swelling ability46,47. Consequently, less cross-linked poly-

mer networks show a stronger swelling. The different cross-linked gels show

not only different swelling properties but also differ in their viscoelastic prop-

erties.

The polymer network can exhibit a particle size scale of several nanometres

up to one micrometre, which refers to a microgel. Larger scale of the polymer

network is called a macrogel. One characteristic difference between this two

kind of gels is determined by the reaction to external changes. Microgels react

fast to changes in the environment, while macrogels require longer times to

gain their equilibrium state25,29,36. This PhD thesis focuses on microgels due

to their fast reaction to environmental changes, which is essential to improve
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CHAPTER 2. SCIENTIFIC BACKGROUND

or develop applications in the field of sensors and drug delivery.

An improved swelling behaviour is especially observed when charged co-

monomers, such as acrylic acid and allyl acetic acid, are introduced into the

polymer structure25,33,48. The ionised co-monomers cause repulsive interac-

tions within the polymer network leading to a flexible and highly swollen gel.

In the case of neutral charged polymer, no repulsive interaction can occur

leading to a less pronounced swelling ability27.

The impact on the gel size by external parameters can be described as

"smart" behaviour. Further external parameters, which can influence the gel

size are temperature, ionic strength or light irradiation28,29,49.

The best-known microgel, which undergoes a temperature induced volume

phase transition (VPT), is based on N -isopropylacrylamide with its lower

critical solution temperature (LSCT) at 32 ◦C5,50. Below this temperature H-

bonds between the polymer network and the solvent are favoured leading to a

highly swollen gel as shown in Figure 2.1. An increase in the temperature leads

to a breaking of these H-bonds and as a result from this, water is released

from the network. The hydrophobic interactions (polymer-polymer bonds)

dominate within the polymer network leading to a microgel collapse.

T > VPTT

Figure 2.1: Temperature induced volume phase transition of PNIPAM particles.

To understand the VPT of such particles the Flory-Rehner theory has to

be considered. The theory assumes that the free energy for the gel Fgel is

separated into three contributions51,52:

Fgel = Fmix + Fel + Fion (2.1)

Here, Fmix is the free energy of the gel being dissolved, Fel is the free

energy of the polymer network elasticity and Fion represents the free energy of

7
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microgel charges. Equation 2.1 can be expressed as osmotic pressure in case

of a volume change in the system as follows:

Πgel = −
(

∂F

∂V

)

T

= Πmix +Πel +Πion (2.2)

Furthermore, Πmix, Πel and Πion can be written as:

Πmix = −NAkBT

v

(

φ+ ln(1− φ) + χφ2
)

(2.3)

Πel = −NckBT

V0

(

(

φ

2φ0

)

−
(

φ

φ0

)
1

3

)

(2.4)

Πion = −fNckBT

V0

φ

φ0

(2.5)

Nc is the Avogadro constant, kB is the Boltzmann constant, T the temper-

ature, v the molar volume of the used solvent, φ the polymer volume fraction,

φ0 the polymer volume fraction in initial state, Nc the chain number and f

refers to the ions. χ is called the Flory-Huggins parameter and is related to

the polymer solvent interactions. The Flory-Huggins parameter is defined as:

χ = −∆F

kBT
=

∆H − T∆S

kBT
(2.6)

∆H is the change in enthalpy and ∆S the change in entropy during the VPT.

Depending on the values of ∆H and ∆S one can distinguish between lower

critical solution temperature (LCST) and upper critical solution temperature

(UCST).

A useful parameter for the shrinking quantity of microgels is the deswelling

ratio α and can be defined as follows:

α =
(Vx)

3

(Vinitial)3
(2.7)

α is the deswelling ratio, Vx represents the particle volume at a certain

temperature and Vinitial is the particle volume in initial state usually at 20 ◦C.

2.2 Smart materials on solid surfaces

This chapter contains part of the paper: "Responsive Microgels at Surfaces

and Interfaces Z. Phys. Chem., DOI: 10.1515/zpch-2014-0568"
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CHAPTER 2. SCIENTIFIC BACKGROUND

2.2.1 Microgel adsorption at an interface

Due to the "smart" behaviour of poly (N -isopropylacrylamide) (PNIPAM)

microgels, such materials raise much attention in surface science for example

as novel coatings and sensors15,16,53. Such applications require homogeneous,

uniform and, defect-free particle coating on the substrate. The particle depos-

ition can be performed by two strategies54. The first method can be described

as "passive" method, where the particles sediment at the surface. The second

method is the "active" method or spin coating, where the particles are depos-

ited via centrifugation. However, the formation of homogeneous monolayers is

still a challenging task and the degree of surface coverage depends on several

parameters. Schmidt et al. used a third deposition method to form homo-

geneous monolayers. They used the dip coating method for surface coverage

of PNIPAM-co-AAc particles (acrylic acid incorporated). It has been shown,

that the surface coverage depends on two factors. On the one hand, the

used dip coating method is essential for the monolayer formation. Substrates,

which have been investigated immediately after the dip coating procedure,

feature a closed-packed monolayer. Substrates, which have been washed with

water after the dip coating procedure, exhibit a lower surface coverage. It

was explained by a weak particle-to-surface interaction, that leads to particle

desorption during the washing process. The second crucial factor for a ho-

mogeneous monolayer is the pH value of the particle solution. At low pH,

where the PNIPAM-co-AAc particles are weakly charged, the particles ar-

range in high packing density. An increase in the pH leads to a decrease in

the packing density. This observation is explained by the increasing repulsion

interaction between the individual particles. At high pH, the AAc groups are

fully deprotonated, which results in an increase in charge density and elec-

trostatic repulsion between the particles leading to poor surface coverage. At

low pH, the particles have a low charge density, due to the protonated AAc

groups. This fact favours a particle monolayer. Another approach to form

particle monolayers was done by Burmistrova et al.55. The packing density of

the particles can be controlled by the concentration of the particle solution

and by the spin coating parameters. High particle concentrations favour the

formation of closed-packed particle monolayers. A decrease in the particle

concentration results in a lower packing density. At a few 100’s of rpm spin-

ning velocity, the particles arrange in a homogeneous monolayer. An increase

in the rpm favours a lower packing density or even single adsorbed particles.

The reason for a different surface coverage at low and high rpm results from

9
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the competition between the adsorption time and the time, which is needed to

centrifuge. At low rpm, the particle have more time to adsorb at the surface,

while at high rpm the particles are much wider spread before adsorption.

Non-closed packed monolayer or single adsorbed particles are inappropriate

for applications like sensors and coatings and therefore monolayer systems are

preferably. However, to neglect interparticle interactions such as electrostatic

repulsion, which have an impact on the particle properties, single adsorbed

particles are particularly favourable to study the properties of the microgels.

In the following, properties of adsorbed particles are described in detail in

terms of temperature, ionic strength, pH and solvent quality.

2.2.2 Thermo-responsive microgel behaviour

The properties of adsorbed particles can differ significantly from those in solu-

tion. In doing so, the particle composition plays a major role. With increas-

ing the co-monomer content within PNIPAM-co-AAc particles, an increase

in the VPTT is observed and at very high co-monomer content two VPTT

is determined in the bulk phase27,35. The first VPT results from the col-

lapse of the PNIPAM-rich domains, while the second VPT is attributed to

the AAc-rich domains. However, the adsorbed counterparts show only one

VPTT35. At the surface, both domains, PNIPAM-rich and AAc-rich, inter-

fere with each other leading to only one VPTT at higher temperatures. Höfl

et al. observed a similar particle behaviour56. They used PNIPAM particles

with incorporated vinyl acetate. Such particles exhibit a broad VPTT at the

surface. This arises from the inhomogeneity of the particles resulting in a

non-uniform particle collapse. Certain applications desire a precise VPTT.

This can be achieved by the use of two monomers, which exhibit a large dif-

ference in their LCST. Clarke et al. synthesised PNIPAM particles contain-

ing different amount of N -isopropylmethacrylamide (NIPMAM). The VPTT

of these PNIPAM-PNIPMAM particles can be adjusted by the PNIPAM-

to-PNIPMAM ratio57. An increase in the PNIPMAM content leads to an

increase in the VPTT, while a higher PNIPAM content leads to a lowering

of the VPTT towards 32 ◦C. Not only the incorporation of co-monomers of-

fers great potential to tune the particle properties but also the cross-linking

density of PNIPAM particles plays also a crucial role to tune the particle

properties58. Particles with lower cross-linker content show a sharp VPT,

while higher cross-linked particles have a broader VPT. The authors explained

their observation with the inhomogeneity of the particles. Higher cross-linked

10
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particles exhibit an irregular inner structure compared to the lower cross-

linked particles. Thus, the particle collapse in a non-uniform fashion leads

to a broad VPT. Furthermore, less cross-linked particles show a hysteresis in

particle size during heating/cooling cycles36. This hysteresis disappears for

higher cross-linked particles. The hysteresis is related to the formation of in-

traparticle cross-links between the hydrophobic side chains, which are formed

during the particle collapse. These extra cross-links remain during the particle

reswelling leading to a less pronounced swelling ability and smaller particle

size.

2.2.3 Ionic strength and pH depending behaviour of microgel

The above mentioned examples illustrate the modification of the particle it-

self. In the following, the response of the particles to the change of external

parameters such as pH and ionic strength is highlighted. Nerapusri et al. used

PNIPAM-co-AAc particles to study the responds to changes in the pH59. The

particles have been adsorbed on a positively charged surface. With increas-

ing the pH, the particles experience a decrease in the size first and reswell

at very high pH. This is explained by two counter effects. At intermediate

pH, the charge density of the particles increases, due to deprotonation of the

AAc groups. The increase in the charge density leads to a stronger attraction

between the positively charged surface and the negatively charged particle.

Hence, a decrease in the particle size occurs. At very high pH, the AAc

groups are fully deprotonated leading to strong repulsive interactions within

the particles and an increase in the particle size. The particle size cannot

only be manipulated by changing the pH but also by the addition of salt. An

increase in the ionic strength leads to screening of both microgel and surface

charge. Thus, the electrostatic attraction between the particle and surface is

weaker leading to an increase in the particle size.

2.2.4 Co-non-solvency behaviour of microgels

As discussed in the previous section, microgels response to changes of external

parameters such as temperature, pH and ionic strength. However, the size

manipulation of microgels depends also on the solvent quality. In doing so,

such behaviour offers a huge potential in sensor application and has to be

studied intensively.

PNIPAM microgels show an excellent swelling property in pure solvents

such as water, MeOH or EtOH. However, the swelling ability decreases in

11
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mixtures, which consist of water/organic solvent resulting in microgel shrink-

ing. It means a mixture of two good solvents turns into a poor solvent for

PNIPAM microgels. This phenomenon is called co-non-solvency effect and

was first described by Winnik et al. in 199038.

The highly swollen microgels in pure water show a decrease in the microgel

size, due to the addition of small quantity organic solvent. At the certain

organic solvent content the microgel size reaches a minimum in size. Further

increase in the organic solvent content leads to a microgel reswelling.

The co-non-solvency effect can be explained as follows. Water molecules

and organic solvent molecules start to interact and an aqueous chlatrate struc-

ture is formed around the organic solvent molecules60. This causes a dehyd-

ration of the polymer network and the formation of hydrophobic polymer-

polymer interaction is favoured, which leads to a shrinkage of the microgel.

At the microgel size minimum most of the water molecules surround the or-

ganic solvent molecules. With further increase of the organic solvent content,

the water molecules are unable to surround the organic solvent molecules and

the chlatrate structure breaks up. Consequently, the water as well as the or-

ganic solvent molecules interact directly with the polymer network leading to

a microgel reswelling. Tanaka et al. proposed another model to explain the co-

non-solvency effect, the so-called competitive adsorption61. Here, water and

organic solvent molecules compete against each other to form H-bonds with

the polymer. The downside of this model is the negligence of solvent-solvent

interaction, which are stronger compared to the solvent-polymer interaction62.

Since the solvent-solvent interactions play a crucial role in the co-non-

solvency behaviour of PNIPAM microgels, the shrinking ability of PNIPAM

particles strongly depends on chemical nature of the used organic solvent.

An increased hydrophobicity of the organic solvent influences the VPTT of

the microgels tremendously, which leads to a decrease in their VPTT63–65.

Hydrophobic organic solvents need more water molecules for the hydration,

leading to a stronger dehydration of the polymer at lower temperatures.

Even though solvent-solvent interactions might dominate the particle col-

lapse, polymer-solvent interaction should not be neglected for the overall un-

derstanding of the shrinking/reswelling process. In fact, it has been shown,

that the organic solvent content within the particle is much higher than in

the surrounding mixture66. THF, for instance, shows a higher binding ability

to the polymer than water in an already collapsed particle. This is attributed

to the hydrophobicity of both the collapsed particle and the THF. The com-

plexity of the co-non-solvency effect becomes even more evident for adsorbed

12
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PNIPAM particles. PNIPAM particles show a shift in the VPTT minimum

from bulk to adsorbed particles towards higher organic solvent content43.

2.2.5 Mechanical behaviour of microgels

Variation of the amount of chemical cross-linker and/or the incorporation of

co-monomer into the PNIPAM network also has a direct impact onto the

elasticity of the microgels. This can be defined by the stiffness of the particles

as shown by Matzelle et al., where AFM measurements were applied to de-

termine the influence of different cross-linker densities in PNIPAM particles67.

Less cross-linked particles exhibit a lower particle stiffness compared to their

higher cross-linked counterparts. An increase in the cross-linker density res-

ults in an increasing number of covalent bonds in the particle. Thus, the

polymer network becomes less flexible leading to an increase in the particle

stiffness. With increasing the temperature, the particles collapse leads to a

tremendous increase in the particle stiffness compared to their swollen coun-

terparts at low temperature. Schmidt et al. observed a similar mechanical

particle behaviour68. The particle stiffness increases by the factor of 7 by

increasing the temperature above the VPTT. Additionally, the particle stiff-

ness follows the particle shape. The stiffest part of the particle is located in

the centre of the particle and decreases towards the particle periphery. To

understand this behaviour, one has to consider the particle morphology. The

particle can be classified into a higher cross-linked core and the lower cross-

linked shell, due to the different consumption of the monomer and cross-linker

during the synthesis. This fact results in a stiffer particle core and a softening

towards the particle periphery. Briefly, one can say, that particles can be ma-

nipulated by the variation of the cross-linker density and the incorporation of

co-monomer to obtain suitable properties for applications.

2.2.6 Microgel behaviour depending on surface coatings

The above mention parameters influence the microgel behaviour tremend-

ously. For practical applications, e.g. coatings, however, one has to under-

stand the interplay between the microgel particles and the underlying surface.

The complexity is shown in various publications55,58,69,70. Zavgorodnya et al.

also showed, that the multilayer coverage has a strong impact on the particle

properties71. Here, PNIPAM-co-AAc have been investigated in dependence

of different PSS/PAH multilayers, with positively charged PAH as termin-

ated layer, at two different pH values. At the chosen pH values the particles

13
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are neutral and negatively charged. Adsorbed particles, which are neutral

charged, exhibit a higher particle height compared to the negatively charged

ones. The lateral dimension of the particle was also larger for charged particles

as for the neutral ones. This indicates strong microgel-to-surface interactions

between the charged particles and the surface, due to electrostatic interac-

tion. The electrostatic attraction between the negatively charged particles and

the positively charged surface flatten the particle leading to a large particle

width and a small particle height. Islam et al. follows another approach72.

PNIPAM-co-AAc particles have been deposited between two gold layers and

the pH was adjusted to obtain neutral and negatively charged particles. This

etalon was exposed to different polyelectrolytes solutions (PDADMAC and

PSS). The addition of positively charged polyelectrolytes leads to a decrease

of the particle height, while negatively charged polyelectrolytes has no influ-

ence on particle size. Neutral charged particles show no response to both,

positively and negatively charged, polyelectrolytes. This indicates clearly,

that the interaction between particles and polyelectrolytes, is of electrostatic

nature.

2.2.7 Applications of PNIPAM particles

The ability of the particles to change the properties by small particle modi-

fications offers a multitude of interesting applications73–76.

In case of surface coating, small defects or multilayers of the particles can

occur during the formation of the coverage. Such features are undesirable for

surface coatings. Quinn et al. developed a method to obtain homogeneous

and long-range monolayers77. A small amount of ethanol was added to the

particle solution before preparing the surface coating leading to a separation

of the particle solution into small droplets due to the surface tension gradient.

This leads to a ordered monolayer of particles during the spin coating process.

The fabricated particle monolayers can be damaged by time and have to be

repaired or replaced. Lyer et al. showed, that the ageing of the coating can

be prevented by using a particle solution with a bimodal size distribution.

By this approach a particle rearrangement can occur more easily than in a

monomodal system, which gives the coating a self-healing feature.78.

Once a robust and defect-free monolayer is formed, one can develop effect-

ive sensors as shown by Carter et al.79. In this paper, particles have been

adsorbed onto a gold surface. Another gold layer has been evaporated on top

of the particle monolayer. The particles have been exposed to a water-organic
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solvent solution resulting in a particle collapse. The degree of the particle

shrinking depends on the thickness of the overlaying gold layer. Thin layers

lead to a fast diffusion of organic molecules through the gold and a fast re-

sponse of the particles, while thicker gold layers leads to a slow response of

the particles.

Adjusting the hydrophobicity is another interesting aspect for coatings80.

The hydrophobicity plays a crucial role for interactions between biological

material and the surface81. Lin et al. incorporated polyurethane into the

particles82. It turns out, that the hydrophilic/hydrophobic balance of the

surface can be switched by changing the temperature.
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Chapter 3

Methods

This section gives an overview of the used methods in bulk and at the surface.

It is a rather short and brief description as a too detailed summary over the

methods. A detailed description of each particular method can be found in

the denoted literature.

3.1 Atomic force microscopy (AFM)

The method of the atomic force microscopy, which was developed in 1986 by

Binnig and co-workers, is a fast and precise surface imaging method83. The

AFM applications are manifold. It gives the possibility to study soft as well

as hard materials at an interface84,85. With this powerful method, it is even

possible to detect differences in the electron density resulting in an image of

the chemical structure of an organic structure86. Such study requires ultra-

vacuum as well as extreme low temperatures.

The AFM setup is depict in Figure 3.1 and operates as follows: The light

source generates a Laser beam, which is focused on the back of the cantilever.

From the cantilever the Laser beam goes to a two-dimensional detector. The

AFM images will be generated by the cantilever movements. The piezo unit

guarantees the precise movements in the x-, y- and z-direction.

3.1.1 AFM imaging process

The sample imaging can be performed in three different modes, the contact,

non-contact and intermittent contact mode.

In contact mode, the tip is constantly in contact with the sample and follows

the surface height profile. This mode gains the highest sample resolution.

Since the tip is in direct contact to the sample, the force, which will be applied
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Figure 3.1: Schematic presentation of an AFM setup.

to the sample, is very high and can lead to sample damaging in case of soft

matters. Hence, contact mode is usually applied to hard materials.

In non-contact mode, the tip never touches the surface. The cantilever

oscillates above the surface at a frequency, which is slightly higher as the

resonance frequency of the cantilever. Since there is no contact between the tip

and surface, no sample damaging takes place but hence the sample resolution

is less convenient.

The intermittent contact mode combines the contact mode with the non-

contact mode. This mode unifies a good resolution with a minimum of damage

to the sample. The cantilever is excited with a frequency, which is slightly

below the resonance frequency of the cantilever. Thus, the cantilever oscillates

above the surface and touches the surface at the oscillation minimum. The

short tip contact on the surface avoids that damage to the sample occurs. The

intermittent contact mode records the change in the amplitude as well as the

phase shift of the cantilever. From the amplitude changes the height profile is

calculated. The phase shift provides sample information such as mechanical

properties and adhesion of sample softness. Further information about the

AFM technique can be found elsewhere87–89.

3.1.2 AFM force measurement process

The AFM method provides not only an imaging mode but also a force meas-

urement mode89. These measurements can be performed with different types

of cantilever. The most common force measurements are done with a col-
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loidal probe68,90. But also cantilever with tips or tipless cantilever could be

used35,36.

Force measurements were typically performed in contact mode. The can-

tilever approaches the surface in z-direction. After the probe touches the

sample, the penetration of the probe takes place. Due to the cantilever de-

formation the deflection changes. The penetration of the probe will be ex-

ecuted until a specified deflection is reached. Once this specified deflection

was reached the cantilever is retracted to the starting z-position89,91. The de-

scribed process leads to force curve as shown in Figure 3.2. Such force curve

shows the cantilever deflection x against the piezo position Z. To achieve a

force-distance curve both parameters have to be transform into force and dis-

tance89,91. The force can be achieved by multiplying the cantilever deflection

with its spring constant using Hooks low as shown in Equation 3.1:

F = −kx (3.1)

where k is the spring constant, x represents the cantilever deflection. The

tip-sample separation d can be achieved by adding the cantilever deflection x

to the piezo position Z, which gives then:

d = x+ Z (3.2)

However, to achieve the precise Force-distance curve the sensitivity of the

cantilever has to be determine on a hard, clean surface. The sensitivity of

cantilever defines the exact deflection to distance dependence. Furthermore,

due to the cantilever sensitivity the spring constant can be determined by the

thermal noise method. The result of this procedure is a force-distance curve

of the measured sample. The slope of the curves gives an idea of the sample

stiffness. A strong increase in the slope usually indicates hard samples (see

red curve in Figure 3.2), while soft sample exhibit a less pronounced increase

in the slope (see black curve in Figure 3.2).

For the calculation of the correct particle stiffness, the Hertzian model for

a spherical cantilever tip is often used as follows:87,92,93.

F =
4E

√
R

3(1− v2)
· δ3/2 (3.3)

where F is the force on the cantilever, R is the indenter radius, v is the

Poisson ratio, E is the Young’s Modulus and δ is the indentation depth. This

model assumes an infinite film thickness as well as no interactions between

the indenter and the sample occurs.
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Figure 3.2: Force-distance curves of two sample with differing elasticity.

Figure 3.3: Schematic presentation of a force map.

The force curves were recorded using the force mapping tool from the JPK

software as shown in Figure 3.3. Every square represents a force curve with

its extended and retracted part. The bold squares are used for the calculation

of the Young´s modulus using a Hertz based model94. This model suggests

that the Young´s model depends on the film thickness and can be described

as:

E =
9F

16

1

R1/2δ3/2(1 + 0.884χ+ 0.781χ2 + 0.386χ3 + 0.0048χ4)
(3.4)

F represents the force, R is the indenter curvature, δ is the indentation

depth and χ contains the film thickness h as χ=
√
Rδ/h. The film thickness is

determined by using the imaging mode of the AFM. The indenter curvature
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was determined with a scanning electron microscopy (SEM) as shown in Fig-

ure 3.4. The force curves were analysed with a self-made procedure (Igor Pro

software).

Figure 3.4: SEM image of an AFM tip. Scan size: 3x3 µm2

3.2 Dynamic light scattering (DLS)

Dynamic light scattering is a method to determine the particle size of colloidal

suspensions in bulk. An important magnitude in dynamic light scattering, but

also in other scattering experiment, is the scattering vector q, which is defined

as:

∣

∣

∣

→

q
∣

∣

∣
= q =

4πn

λ
sin

θ

2
(3.5)

π is a constant, n the refractive index, λ is the Laser wavelength and θ the

scattering angle. The geometry of the q vector is depicted in Figure 3.5.

Laser
Polarizer I

Mirror I

Mirror II Lens

Toluene bath
with sample

Polarizer II

Photomultiplier

q

k f

k i

k i

q

k f
q = k i-

Figure 3.5: Schematic presentation of a DLS setup.
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Figure 3.5 shows a typical setup of a DLS. A continuous wave Laser is

guided to a lens system by two mirrors. The lens focuses the Laser on the

sample in a toluene bath, which has the same refractive index of the used glass

equipment and also serves for the control of the temperature. The scattered

light is collected by a photomultiplier.

Due to diffusion of the particles (Brownian motion of the particle move-

ment) the recorded scattered light intensity fluctuates. This fluctuations differ

with time, which leads to the intensity time autocorrelation function g2(τ):

g2(τ) =
〈I(t)I(t+ τ)〉

〈I(τ)〉2
(3.6)

τ is the correlation time, I(t) is the detected intensity. Such autocorrela-

tion function can be transformed into a field autocorrelation function by the

SIEGERT relation:

g2(τ) = 1 + β(q1(τ))2 (3.7)

β is a instrumental constant, which depends on the detector geometry.

If the studied solution consists of monodisperse particles q1(τ) decays ex-

ponentially and can be expressed as follows:

g1(τ) = e−Γτ (3.8)

Γ is the relaxation rate.

For solution containing different particle sizes the situation changes, due

to the different relaxation rates for different particle sizes. In this case, the

single exponential function is not valid anymore. Furthermore, the sum of the

different relaxation rate should be take into account:

g1(τ) = a0 + a1e
−Γ1τ + a2e

−Γ2τ + a3e
−Γ3τ ... (3.9)

a0, a1, a2,... represent the amplitude, while Γ1, Γ2, Γ3 are the corresponding

relaxation rates.

The autocorrelation function g1(τ) can be analysed with the cumulant

method. This is performed with a function of ln g2((τ)− 1):

ln g1(τ) = lnA+ Γ1τ +
1

2!
Γ2τ

2 +
1

3!
Γ3τ

3 + ... (3.10)

The diffusion coefficient can be determined as follows:

Γ1 = Dq2 (3.11)
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If the diffusion coefficient is known the Stokes-Einstein equation can be

used for the calculation of the hydrodynamic particle radius Rh:

Rh =
kT

6πηD
(3.12)

k presents the Boltzmann constant, T is the temperature, η presents the

solution viscosity. Not only the particle size but also the polydispersity index

(PDI) is accessible by the cumulant expansion:

PDI =
Γ2

Γ2
1

(3.13)

Briefly, one can say that DLS is a powerful and essential tool for the in-

vestigation of the nanoparticle in bulk.

3.3 Zeta potential measurements

The surface charge of particles can be determined by the zeta potential meas-

urements. The potential of charged particles in solution are mainly driven

by ions. Counterions interact with the oppositely charge particle surface and

form the so-called Stern or Helmholtz layer as shown in Figure 3.6. With in-

creasing the distance to the charged particle the ion interaction to the particle

surface weaken and loosely connected ions to the particle surface are present

in a diffuse layer leading to an exponential decay of the potential. With ap-

plying an electric field, the particle starts to move and ions in the slipping

plane will be dismantle and a show a potential difference, which is known as

zeta potential ξ.

The ξ -potential depends on the electrophoretic mobility of the particle µE,

which is defined as:

v = µEE (3.14)

v is the particle velocity and E is the applied electric field.

From equation 3.14 the ξ -potential can be calculated via the Henry equa-

tion as follows:

ξ =
3ηµE

2ǫ0ǫrf (κR)
(3.15)

ξ is the zeta-potential, ǫ0 the vacuum permittivity, ǫr the relative permit-

tivity, η is the dynamic viscosity of the used solution and f (κR) is the Henry
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Figure 3.6: Schematic presentation of the ion distribution around the particle with the

potential trend as a function of particle distance.

function, which includes the particle size and ionic strength via the Debye

length κ.

Two approximations has to taken in consideration depending on the particle

size. The Smoluchowski approximation with f (κR) >> 1 is used for large

particles with the ξ -potential:

ξ =
ηµE

ǫ0ǫr
(3.16)

The Hückel approximation with f (κR) << 1 is used for small particles with

ξ =
3ηµE

2ǫ0ǫr
(3.17)

3.4 Ellipsometry

Ellipsometry is based on polarised light and a suitable method for the de-

termination of the thickness as well as the refractive index of thin films95. An

electromagnetic wave can be separated in an electric field ~E and a magnetic

field ~B, which move perpendicular to each other and mutually perpendicular

to the wave vector ~k. The state of polarisation can be classified as a res-

ult of the trace of the electric field vector during one period. The possible

polarisation states are linearly, circularly and elliptically. The given state of
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polarisation can be described as a superposition of two linearly polarised light

waves within a orthogonal coordinate system.

~E(~r, t) =

(

|Ep| cos(2πvt− ~k~r + δp)

|Es| cos(2πvt− ~k~r + δs)

)

(3.18)

|Ep| and |Es| represent the amplitudes, δp and δs are the phases, ~k the wave

vector and v the frequency. The state of the polarisation is represented by

the amplitudes as well as the phase, while the time dependence is neglectable.

The Jones vector is then defined as:

~E =

(

|Ep| eiδp

|Es| eiδs

)

=

(

Ep

Es

)

(3.19)

The state of polarisation depends on the phases as follows:

1. linear, when δp-δs=0 or δp-δs=π

2. elliptical, when δp 6=δs and |Ep|6=|Es|

3. circular, when δp-δs=π/2 and |Ep|=|Es|

The ellipsometry experiment the changes in the polarisation of the incident

( ~Einc) and reflected light ( ~Eref) is measured. The electric field vector for both

p- and s-vectors remains linearly polarised and changes after the reflection.

To quantify the changes, two parameters are introduced as follows:

∆ =
(

δrp − δrs
)

−
(

δip − δis
)

(3.20)

and

tanΨ =

∣

∣Er
p

∣

∣ /
∣

∣Ei
p

∣

∣

|Er
s | / |Ei

s|
(3.21)

Here, ∆ represents the changes in the phase, while the tangent of Ψ de-

scribes the changes in the amplitude.

The reflectivity properties of the layer is connected to the reflection coef-

ficients rp and rs, respectively. This is given by:

rp =

∣

∣Er
p

∣

∣

∣

∣Ei
p

∣

∣

ei(δ
r
p−δip) (3.22)

and

rs =
|Er

s |
|Ei

s|
ei(δ

r
s−δis) (3.23)
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From this relation the ellipsometry equation can be written as:

tanΨei∆ =
rp
rs

(3.24)

Usually, tanΨ and ∆ is measured. With the knowledge of these two para-

meters and a suitable layer model the thickness and refractive index is access-

ible.

3.5 Contact angle measurements

Contact angle measurement is a simple and fast method to determine the

surface wettablitiy. Thus, the surface is covered by the investigated polymer

film and a liquid drop is placed on the surface. The angle between the liquid

and the substrate is then called the contact angle θ as shown in Figure 3.7.

q
sS

sL

sLSqq

a) b) c)

Figure 3.7: Schematic presentation of contact angle of a water droplet. a) hydrophilic

surface with a contact angle lower than 90 ◦, b) hydrophobic surface with a contact angle

higher than 90 ◦, c) contact angle with its surface tension contributions.

A surface is called hydrophilic when a water droplet exhibits a contact

angle lower than 90 ◦ as shown in Figure 3.7a). A surface is hydrophobic if

the water drop have a contact angle higher than 90 ◦ as shown in Figure 3.7b).

The contact angle can also be calculated with the Young´s equation:

cos θ =
σS − σLS

σL

(3.25)

σS is the surface tension of the substrate, σLS represents the surface tension

between the substrate and liquid, σL represents the surface tension of the

liquid.
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Experimental section

4.1 Materials

The monomer N-isopropylacrylamide (NIPAM, 97 %), the co-monomer allyl

acetic acid (AAA, 97 %) as well as acrylic acid (AAc, 99 %), the cross-linker

N,N‘-methyleneacrylamide (BIS, 95 %) were obtained from Sigma Aldrich.

The radical starter potassium persulfate (KPS, 99 %) was obtained from

Fluka. For the co-non-solvency experiments, ethanol (EtOH, for synthesis,

Merck), iso-propanol (iPr, p.a., Merck) and tetrahydrofuran (THF, 99.9 %,

Sigma Aldrich) were used to induce the particle collapse. For the polyelec-

trolyte multilayer experiments, polyethylenimine (PEI, Sigma Aldrich), poly-

allylamine hydrochloride (PAH, Sigma Aldrich), 3-aminopropyltrimethoxysilane

(AMPS, Sigma Aldrich) and polystyrene sulfonate (PSS, Sigma Aldrich) were

used. The chemical structures are shown in Figure 4.1.

For AFM experiments both silicon wafer (Wacker Syntronic AG) and gold

coated silicon wafer (Georg Albert PVG-Beschichtungen) were used. The used

water was filtered by a Milli-Q system.

4.2 Microgel synthesis

The microgels were prepared via surfactant free precipitation polymerisa-

tion45. The monomer NIPAM, cross-linker BIS and the desired co-monomer

content (with respect to the NIPAM mass) were dissolved in Milli-Q water.

The solution was heated to 70 ◦C under a constant nitrogen stream and allow

to equilibrate for 30 min at this temperature. To start the polymerisation, a

solution of 1.5 mg KPS dissolved in 1mL Milli-Q water was added. Within

10 minutes, the colourless solution turned into a milky mixtures. After a
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Figure 4.1: Chemical structures of a) NIPAM, b) BIS, c) AAA, d) AAc, e) PEI, f) PSS,

g) AMPS and h) PAH.

reaction time of 4 hours at 70 ◦C, the mixtures was cooled to room temper-

ature and stirred over night. The suspension was centrifuged for one hour

at 9000 rpm and afterwards dialysed for 14 days with daily water exchange.

The cleaned microgel was freeze-dried. The synthesised microgels are listed

in Table 4.1. AAA-10 and P10 exhibit nominal the same AAA content, but

are two different batches.

Table 4.1: The synthesised microgels. The second shows the cross linker-content with

respect to the NIPAM mass. The third and fourth column specifies the co-monomer

content AAc and AAA with respect to the NIPAM mass.
Microgel type BIS, % AAc, % AAA, %

PNIPAM-5 5 - -

AAc-50 5 50 -

AAA-5 5 - 5

AAA-10 5 - 10

AAA-20 5 - 20

AAA-25 5 - 25

AAA-50 5 - 50

P10 5 - 10

4.3 DLS experiments

The dynamic light scattering measurements were performed with two different

setups. The particles were measured using an ALV goniometer setup with a
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Nd:YAG laser at a wavelength of 532 nm. Due to the low polydispersity of

the solution, the scattering angle was fixed to 60 ◦. The obtained data were

analysed by CONTIN96.

The change in the particle size in chapter 8 was record using a Zetasizer

Nano ZS (Malvern Instruments Ltd.). In the light scattering experiments the

scattering angle was fixed to 173 ◦.

4.4 Sample preparation

To study single adsorbed particles with the AFM, the sample preparation was

as follows:

The cleaned silicon wafer were coated with PAH by dipping in aqueous

PAH solution (0.1 M) for 30 min. Afterwards the coated silicon wafer was

washed with Milli-Q water for one minute to remove residual polyelectrolyte.

A 0.05 wt-% microgel solution was spin coated on the PAH coated silicon wafer

using a SCS P6700 spin coater. The spin coating process was performed at

2000 rpm for 300 s to ensure single adsorbed microgel particles55.

For contact angle measurements, a monolayer of the investigated particles

is necessary and can be achieved as follows: a 0.5 wt-% particle solution was

spin coated on a PAH coated silicon wafer. The spin coating process was

performed at 500 rpm at 300 s to gain a close-packed particle layer58.

4.5 Preparation of the polyelectrolyte multilayer

To form polyelectrolyte multilayers the well-known layer-by-layer technique

developed by Decher was used44. The procedure is shown in Figure 4.2 and can

be described as follows: The cleaned silicon wafer was first coated with 0.1 M

polyethylenimine (PEI) solution for 30 min. The PEI layer serves as primer for

all polyelectrolyte multilayers. To remove residual polyelectrolyte the coated

wafer was rinsed with Milli-Q water three times for one minute. On the PEI

layer, several polyelectrolyte (PAH, PSS, AMPS) were adsorbed. The PEI

coated silicon wafer were deposited in the desired polyelectrolyte solution for

30 min. Afterwards the coated wafer was rinsed with Milli-Q water three times

for one minute. This procedure was also used to prepare Si/PEI/(PSS/PAH)x
with x = 1, 3, 6. The concentration of all used polyelectrolyte solutions was

0.1 M.
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Figure 4.2: Preparation of the multilayer systems.

4.6 AFM experiments

All AFM measurements were performed with a JPK NanoWizardII from JPK

Instruments. AFM images under ambient conditions were recorded with a

AC 160 TC probe from Olympus in intermittent contact mode. The liquid

measurements as well as the force measurements were carried out in an ECCell

from JPK instruments. The imaging in liquid state was performed with an

uncoated CSC 37 cantilever, while for force measurements an uncoated CSC 38

probe was used. Both cantilever types were obtained from MicroMasch. In

this thesis two kind of VPTT are named. V PTTimaging is obtained from imaging

experiments, while V PTTforce is generated from force measurements.

The particle volume from adsorbed microgels were calculated for at least

three particles with equation 4.1:35

VAFM = π

∫ h

0

f 2(l)dl (4.1)

where h is the particle height, f(l) represents the cross section and l is the

scan direction.

In this work, another important parameter for AFM measurements is in-

troduced. The swelling ratio fV depicts the swelling ability of the microgels

from ambient conditions to the liquid state and is defined as:

fV =
Vliquid

Vambient

(4.2)

Vliquid is the particle volume in the liquid state, while Vambient is the particle

volume at ambient conditions. The swelling ratio f can be also written as a

function of particle height fh or particle width fw. Due to the introduction of

the swelling ratio, one obtains information about the swelling ability of the

studied particle.
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4.7 Contact angle measurements

The contact angle measurements were performed via the sessile drop method

using an OCA system. A microgel solution with a concentration of w=0.5 wt-

% was used to form a close-packed particle monolayer via spin coating at

500 rpm for 300 s. A water droplet was placed on the particle monolayer

and the contact angle of the water droplet was determined by the direct

observation of the drop shape.
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Chapter 5

Mechanical properties of microgels

5.1 Introduction

Hydrogels are in the focus of a variety of research fields. One of the mostly

investigated polymer is N-isopropylacrylamide (NIPAM) due to its volume

phase transition temperature (VPTT) of around 32 ◦C, which is close to the

human body temperature5,9–11,97. Below this temperature, water serves as

"good" solvent leading to a highly swollen polymer network. At temperatures

exceeding the VPTT, the hydrogel excludes water and polymer-polymer inter-

actions are favoured leading to a particle collapse. PNIPAM based microgels

are not only sensitive to temperature changes but also to other external para-

meters such as solvent quality42, ionic strength25,55 and pH25,98,99. Switching

from swollen to the shrunken state offers applications in multiple areas like

drug delivery100–102, coatings58,69,77, and sensors29.

Especially for coating applications, various methods are accessible to study

the particle behaviour69,103,104 at an solid interface. To determine the local

mechanical stiffness of adsorbed particles atomic force microscopy is the essen-

tial method37,73. The particle composition plays a crucial role for the particle

stiffness. Below VPTT, particles with a lower cross-linker content exhibit

a lower particle stiffness compared to particles with higher cross-linker con-

tent67. With increasing the temperature above VPTT the polymer network

collapses resulting to an tremendous increase in the particle stiffness compared

to the swollen particles at low temperatures. The particle stiffness between

swollen and deswollen particles can differ by a factor of 768. However, not only

different cross-linker content affects the particle stiffness but also the incor-

poration of co-monomers has an impact on the particle stiffness. Burmistrova

et al. compared the particle stiffness of pure PNIPAM and PNIPAM-co-AAc
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particles35. At temperatures below VPTT both particles, pure PNIPAM and

PNIPAM-co-AAc, exhibit almost the same Young’s modulus. With increas-

ing the temperature across VPTT, highly charged PNIPAM-co-AAc particles

show a decrease in the particle stiffness compared to pure PNIPAM particles

due to electrostatic repulsion in PNIPAM-co-AAc particles.

Other groups also showed that not only electrostatic repulsion but also

other interactions such as hydrophobic effects affects the particle behaviour105–108.

Since hydrophobic interactions result often to a counteractive effect the ques-

tion arises which effect has a co-monomer with amphiphilic character on the

mechanical particle properties.

This paper deals with the investigation of mechanical properties of single

adsorbed particles on a surface. The impact of the various co-monomers on

particle stiffness is studied. For this purpose, the more hydrophilic AAc

and the amphiphilic AAA have been incorporated into the microgels. Fur-

thermore, the shrinking behaviour for both particle types is correlated with

the mechanical properties. The shrinking behaviour and the indentation ex-

periments for adsorbed particles were followed via atomic force microscopy

(AFM). Additionally, we measured the contact angle to understand the hy-

drophobic nature of the particle. Furthermore, we performed dynamic light

scattering to study the particles in the bulk phase.

5.2 PNIPAM based microgels: Competing impact of

hydrophobic and electrostatic interactions on mech-

anical properties

5.2.1 Results

Microgel behaviour in bulk phase

Figure 5.1 shows the particle volume (a) and swelling ratio (b) for AAA mi-

crogels as a function of temperature. The swelling ratios were calculated with

respect to the particle volume at 20 ◦C. The particle volume increases with

increasing the co-monomer content, due to the higher charge density within

the particles. The incorporation of AAA affects no significant shift in the

VPTT of the particles. PNIPAM-5, AAA-10 and AAA-20 particles collapse

at 32 ◦C. At very high AAA content, however, a slight increase of the VPTT

to 34 ◦C takes places as shown for AAA-50 particles. All AAA particles show

only one VPTT independent of their AAA content. In contrast to AAA
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Table 5.1: VPTT of the synthesised microgels in the bulk phase. Values marked with *

of AAc-10 and AAc-20 were published previous by our group35

Microgel name VPTT, ◦C

PNIPAM-5 32

AAA-10 32

AAA-20 32

AAA-50 34

AAc-10* 31 46

AAc-20* 33 45

AAc-50 29 46

particles, the shrinking behaviour of AAc particles (AAc-10 and AAc-20 data

published before by our group35 expect AAc-50 particles) strongly depends on

the co-monomer content. With incorporation of AAc and increasing this AAc

content, the VPTT increases towards higher temperatures. Furthermore, all

AAc particles exhibit not only one but two VPTTs. The first transition of

AAc particles takes places between 29 and 33 ◦C, which equals the collapse

of pure PNIPAM. The second phase transition occurs at around 46 ◦C and

equals the complete particle collapse as discussed below. It seems, that the

second VPTT is independent of the AAc content. The VPTTs of AAA and

AAc microgels are summerised in Table 5.1.
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Figure 5.1: Particle volume (a) and swelling ratio (b) of AAA microgels in the bulk phase

as a function of temperature.

Shrinking behaviour of adsorbed AAA- and AAc-microgels

Figure 5.2 shows exemplarily AFM images of PNIPAM (a, e), AAA-10 (b, f),

AAA-20 (c, g), and AAA-50 (d, h) particles at 20 ◦C and 50 ◦C. From these
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20°C

50°C

a)

e)

b) c) d)

h)g)f)

PNIPAM-5 AAA-10 AAA-20 AAA-50

Figure 5.2: AFM images of pure PNIPAM (a, e), AAA-10 (b, f), AAA-20 (c, g) and

AAA-50 (d, h) at 20 ◦C (a,b, c, d) and 50 ◦C (e, f, g, h),respectively. Scan size: 5x5 µm

AFM images, the particle cross sections were extracted as shown in Figure 5.3.

Both Figures indicate a clear thermo-responsive behaviour of particles, i.e.

their swollen state at low temperatures and their deswollen state at high tem-

peratures. The particle shrinking takes place in vertical and lateral dimension.

In order to determine the VPTT of the particles, the particle volume was cal-

culated from the cross section. Figure 5.4 shows the particle volume (a) and

swelling ratio (b) of AAA microgels. The swelling ratio was calculated with

respect to the particle volume at 20 ◦C. Adsorbed particles exhibit a similar

behaviour as particles in bulk phase and undergo a VPT with increasing the

temperature. As shown in Table 5.2, the incorporation of AAA increases the

V PTTimaging from 33 ◦C for PNIPAM-5 particles to 36 ◦C for AAA-10. Fur-

ther increase in the AAA content results in a more pronounced V PTTimaging

increase. AAA-20 particles shrink at 37 ◦C, while AAA-50 particles collapse

at 40 ◦C. However, the VPTT of all adsorbed AAA particles increases towards

higher temperatures compared to their counterparts in bulk. The swelling ra-

tio provides further information about the particle behaviour. PNIPAM-5 and

AAA-50 exhibit a swelling ratio of around 0.5, while for AAA-10 and AAA-20

the swelling ratio were determined to around 0.6. The difference between

the individual swelling ratios suggest an interplay between electrostatic and

hydrophobic interactions within the particles.

AAc microgels show a similar trend as AAA microgels (AAc-10 and AAc-

20 data published before by our group35 expect AAc-50 particles). The

V PTTimaging shifts towards higher temperatures with increasing the co-monomer

content. AAc-10 particles collapse at 40 ◦C. AAc-20 and AAc-50 particles
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Figure 5.3: Particle cross sections of PNIPAM-5 (a), AAA-10 (b), AAA-20 (c) and AAA-

50 (d) at 20 ◦C (straight line) and 50 ◦C (dashed line).

shrink at 42 ◦C and 45 ◦C, respectively. As shown in Table 5.2, AAc particles

exhibit a stronger increase in the V PTTimaging as their corresponding AAA

counterparts indicating stronger electrostatic repulsion within AAc microgels.

Young’s modulus of adsorbed PNIPAM-co-AAc and PNIPAM-co-AAA mi-

crogels

Figure 5.5 shows the Young’s modulus of the whole AAA-20 particle at 20 ◦C

and 50 ◦C. It should be noted, that the scale bars for 20 ◦C and 50 ◦C differ

from each other, due to the large difference in the particle stiffness. Below

the VPTT, the highest Young’s modulus is located in the particle centre and

decreases to the particles periphery. With increasing temperature, two effects

are observed. The particle size of AAA-20 decreases, due to the particle

collapse, and the particle stiffness increases, which is a direct result from the

particle collapse. In order to understand change of the particle stiffness of

AAA microgels during the particle collapse, indentation measurements were

performed at different temperatures. These indentation measurements were

also performed for AAc microgels to understand the origin of the different

shrinking behaviour between AAA and AAc microgels.
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Figure 5.4: Particle volume (a), swelling ratio (b) and the surface-to-bulk ratio (c) of AAA

microgels as a function of temperature. The swelling ratio was calculated with respect to

the particle volume at 20 ◦C. The surface-to-bulk ratio is a ratio between the volume of

the particles at the surface and from the bulk phase. Error bars are within the symbols.
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Figure 5.5: Young’s modulus of the whole particle for AAc and AAA-20 at 20 ◦C and

50 ◦C, respectively. The bright colour indicate a large Young’s modulus, while the darker

parts exhibit a low Young’s modulus. Scan size: 1x1 µm

Figure 5.6 shows the Young’s modulus for AAc (a) and AAA microgels (b)

as a function of temperature (AAc-20 data published before by our group35

expect AAc-10 and AAc-50 particles). It should be noted, that all data points

shown in Figure 5.6 are taken from the particle centre. AAc and AAA particles

show the same qualitative trend and exhibit their lowest Young’s modulus at

temperatures below 30 ◦C. However, it should be noted, that pure PNIPAM

particles are stiffer than AAc and AAA microgels. Above VPTT, the stiffness

of all particles increases, due to particle shrinking.

It is obvious, that both co-monomers have a different impact on the particle

stiffness at high temperatures. The incorporation of AAA leads to a decrease

in the particle stiffness leading to softer AAA-10 particles compared to pure
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Table 5.2: VPTT and the contact angle of the synthesised microgels. The second column

shows VPTT obtained from imaging experiments, while the third shows the VPTT ob-

tained from indentation experiments. The fourth column represents the contact angle of

a water droplet on a microgel monolayer. Values marked with * of AAc-10 and AAc-20

were published previous by our group35

Microgel name V PTTimaging, ◦C V PTTforce, ◦C contact angle, ◦

PNIPAM-5 33 37 25.7 +
−

4.3

AAA-10 36 40 38.6 +
−

0.9

AAA-20 37 42 76.5 +
−

4.9

AAA-50 40 55 93.2 +
−

6.4

AAc-10 36* 45 63.4 +
−

3.7

AAc-20 46* 55* 68.4 +
−

3.4

AAc-50 45 - 69.8 +
−
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Figure 5.6: The Young’s modulus of AAc (a) and AAA particles (b) as a function of

temperature. Data points for AAc-20 were published previous by our group35
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PNIPAM particles, due to the electrostatic repulsion within AAA-10. Fur-

ther increase in the AAA content results in a steady increase of the Young’s

modulus as observed for AAA-20 particles compared to AAA-10 particles.

The Young’s modulus increases from around 590 kPa for AAA-10 particles to

630 kPa for AAA-20 particles. The particle stiffness of AAA-50 is 1200 kPa

and therefore higher than for pure PNIPAM particles with 1070 kPa. The

steady increase of the particle stiffness in the AAA microgel series indicates

extra interaction within the particles. To understand the nature of this beha-

viour, contact angle measurements were performed at a closed packed AAA

microgel monolayer at room temperature. The results are shown in Table 5.2.

An increase in AAA content leads to a more hydrophobic particle resulting in

larger contact angle.

The incorporation of AAc leads again to a decrease in particle stiffness

compared to pure PNIPAM particles. In contrast to AAA particles, a further

increase in the AAc content results in a steady decreases in the particle stiff-

ness. AAc-10 particles exhibit a Young’s modulus of around 560 kPa, while

AAc-20 particles has a Young’s modulus of around 400 kPa. However, AAc-50

does not show a change in the particle stiffness over the whole temperature

range. The monotonously decreases in the particle stiffness indicates an in-

creased charge density within the microgels. It should be noted, that the

particle stiffness decreases again at very high temperatures. This could be re-

lated to the relaxation of the polymer network and is still under investigation

of further experiments. Contact angle measurements were also performed at

a closed packed AAc microgel monolayer at room temperature, which remains

more or less constant and therefore independent of the AAc content.

The incorporation of different co-monomers affects not only the particle

stiffness but also also the VPTT of the particles. As observed in imaging

experiments, an increase in the co-monomer content leads to an increase in the

VPTT towards higher temperature. However, the V PTTforce of AAc microgels

exhibits a stronger shift as their AAA counterparts. Furthermore, Table 5.2

compares V PTTimaging and V PTTforce, of the particles. Interestingly, the VPTT

of the particle increases from imaging (V PTTimaging) to indentation (V PTTforce)

experiments.

5.2.2 Discussion

In order to understand the competition between electrostatic and hydrophobic

interaction, two types of microgels have been studied; particles with the more
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hydrophilic co-monomer AAc and particles with the amphiphilic AAA. The

behaviour of AAA microgels show a strong interplay between electrostatic and

additional hydrophobic interaction, while the behaviour of AAc microgels is

clearly driven by electrostatic repulsion.

The impact of electrostatic interaction on microgel behaviour

Microgels with various AAc and AAA contents have been investigated to

study the impact of charge density, and therefore enhanced electrostatic in-

teraction within the particles. Compared to pure PNIPAM particles, the

incorporation of AAc results in an increasing particle size and an increased

VPTT towards higher temperatures in the bulk phase. This is related to the

repulsive interaction between the co-monomer charges and an increased os-

motic pressure27,35,55. Interestingly, AAA microgels exhibit only one VPTT,

while two VPTTs can be observed for AAc microgels. This behaviour will be

discussed below.

Both, AAc and AAA, particles show compression during the spin coating

process. Hence, the particle volume of adsorbed particles is smaller com-

pared the particle volume in bulk below the VPTT. Additionally, the interac-

tion between the particle and surface cannot neglected and exhibit an impact

on the particle volume71. The pH values of AAc and AAA particles are

well above their pKa resulting in electrostatic attraction between the posit-

ively charged PAH layer and the negatively charged particles. Hence, strong

particle-to-surface interaction takes place leading to a smaller particle volume.

With increasing the temperature above VPTT, the particle-to-surface attrac-

tion becomes more pronounced leading to a decreased deswelling ability of

the particles. The decreased deswelling ability assumes a large charge dens-

ity, which consequently results in strong electrostatic repulsion within the

particles and larger adsorbed particles compared to their collapsed bulk coun-

terparts. This behaviour was observed before56.

The increased repulsive interaction within the particles prevent not only a

complete particle collapse, but results also in an increase in the VPTT of the

particles. This effect becomes more apparent with increasing the co-monomer

content. The VPTT of adsorbed AAA and AAc particles increases from 32 ◦C

for PNIPAM-5 particles to 40 ◦C for AAA-50 and 45 ◦C for AAc-50 particles,

respectively. To understand the VPTT shift, the particle morphology has

to be considered35. It is assumed that microgels consist of PNIPAM-rich

and co-monomer-rich domains, which are formed during the synthesis due

to the differing reactivity of the components. In adsorbed particles, these
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both domains, PNIPAM-rich and co-monomer-rich, interdigitate leading to

only one average VPTT. The interdigitation of the domains has also a direct

impact on the elasticity of the particles below the VPTT. The incorporation

of co-monomer into the particles leads to particle softening compared to pure

PNIPAM particles due to the more flexible polymer network.

The impact of electrostatic and hydrophobic interaction on microgel behaviour

As mentioned above, the remarkable difference between bulk AAA and AAc

microgel is the one step VPT of AAA and the two VPT of AAc microgels.

This observation assumes a competition between electrostatic repulsion and

hydrophobic attraction within AAA microgel, while the behaviour of AAc

microgels is clearly driven by electrostatic nature.

The extra hydrophobic attraction within the particles counteract the elec-

trostatic repulsion leading to only one VPTT of the AAA particles, both in

bulk and at the surface. The decrease in the VPTT of AAA microgels, in

comparison to AAc microgels, is consistent with the literature. An increase in

the hydrophobicity leads to a decrease in the VPTT105. During the particle

collapse, the highly swollen and hydrophilic PNIPAM particles turn into more

hydrophobic particles. The increased hydrophobicity of the particle favours

bonds with hydrophobic parts of the incorporated co-monomers. In case of

AAA microgels, the hydrophobic tail of the AAA and the PNIPAM back-

bone form additional hydrophobic bonds during the particle collapse (shown

in Figure 5.7) and influence the particle behaviour. Fan et al. have shown

the incubation of organic salt into microgels106,109. The incubation of organic

salt is driven by hydrophobic interaction between the isopropyl group and the

alkyl tail of the organic salt. The same effect leads to an enhanced attrac-

tion between the hydrophobic tail of the AAA and the PNIPAM backbone

resulting in a compact polymer network.

If additional hydrophobic attraction within AAA particles take place, a

particle stiffening should be observed. Indentation measurements of AAA mi-

crogels confirm this assumption. Measurements in the particle centre show

competition between electrostatic repulsion and hydrophobic attraction. AAA-

10 particles experience a particle softening compared to pure PNIPAM particles.

This indicates, that electrostatic repulsion dominates the hydrophobic attrac-

tion at low AAA co-monomer content as for AAc particles. Increasing the

AAA content results in stronger hydrophobic attraction within the particle,

which overcome the electrostatic repulsion leading to a particle stiffening at

high temperatures. AAc microgels, which are clearly dominated by electro-
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Figure 5.7: Counter acting effect of electrostatic and hydrophobic interactions within

the particle. At low AAA content electrostatic repulsion dominates, while hydrophobic

attraction dominates at higher AAA content.

static repulsion, show a monotonously decrease in the particle stiffness due

to the less compact polymer network. Certainly, the behaviour of adsorbed

AAA microgel indicates the complexity of these particles. Adsorbed AAA

microgels show an increase in the VPTT with increasing the AAA content.

The increase in the VPTT can be attributed to the compressed nature of

the particles leading to a strong overlapping of the PNIPAM-rich and AAA-

rich domains35. Hence, the charge density within the AAA particles increases

and, in comparison to bulk AAA microgels, compensates the additional hydro-

phobic attraction leading to an increase in the VPTT of adsorbed AAA micro-

gels. This is in contrast to the findings in indentation experiments, where the

particle stiffness increases due to the hydrophobic attraction. But it should be

noted, that scanning experiments takes place on the particle periphery, while

the particle stiffness is measured in the particle interior (indentation depth

around 128 nm). The co-monomer units are located in the particle shell98.

The hydrophobic alkyl chain, however, is more directed towards the particle

interior.

Another indication for the interplay between electrostatic repulsion and

hydrophobic attraction is concluded from contact angle measurements. With

increasing AAA content, a steady increase in contact angle takes place. The

lowest contact angle was observed for AAA-10, while AAA-50 particles exhibit

the largest contact angle. Thus, it is concluded, that the hydrophobicity

increases with incorporation of AAA. In contrast to that, the contact angle

of the AAc microgels remains more or less constant with increasing the AAc

content. This assumes that the behaviour of AAc microgels is not influenced

by additional hydrophobic interaction.
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Differences in V PTTimaging and V PTTforce

Both microgels show the same trend between V PTTimaging and V PTTforce. All

particles show a lower VPTT in imaging measurements (V PTTimaging), while

force measurements (V PTTforce) reveal a particle collapse at higher temper-

atures. The differences between the two VPTT might arise from the core-

shell-like character of the particles35,110. The particle interior is highly cross-

linked, due to faster cross-linker consumption at the beginning of the syn-

thesis111. The cross-linking decreases towards the particle periphery, which

forms the particle shell. Furthermore, most of the co-monomer charges are

located in the lower cross-linked particle shell98. With increasing temperat-

ure, the particle core collapses first, while the particle shell remains swollen

due to the electrostatic repulsion. Hence, the particle volume decreases, while

the Young’s modulus remains low, since particle stiffness is mainly measured

in the particle periphery. A further temperature increase allows a collapse of

the particle shell. Consequently, the further decrease in the particle volume

takes place, while an increasing Young’s modulus is observed, since the particle

stiffness is determined in the collapsed particle shell. This two-step particle

shrinking, separated into particle core and shell collapse, is assumed to result

in differences of the V PTTimaging and V PTTforce. Furthermore, the shift from

V PTTimaging to V PTTforce becomes larger with increasing the co-monomer con-

tent indicating an enhanced co-monomer content within the particle shell and

a larger particle shell for microgels with higher co-monomer incorporated.

5.2.3 Conclusions

The chapter addresses the competition between hydrophilic and hydrophobic

interaction of PNIPAM microgels, which differ in type and concentration of

the co-monomer. The used co-monomers are the well known acrylic acid

(AAc) and the amphiphilic allyl acetic acid (AAA). The Young’s modulus

was determined for AAc and AAA microgel and correlated to the shrinking

behaviour at the surface as well as in bulk. Furthermore, the contact angle

was determined for adsorbed particles.

AAc mircogels show an increase in their particle size and VPTT for both,

bulk and adsorbed, particles and a particle softening with increasing the AAc

content. The behaviour of AAc microgels is clearly dominated by electrostatic

repulsion within the particles. In contrast, AAA microgels exhibit only one

VPTT in bulk phase and show an increase in the particle stiffness with increas-

ing the AAA content. The increase in the VPTT of adsorbed AAA particles
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displays the complexity of the interplay between electrostatic repulsion and

hydrophobic attraction within the AAA particles.

Due to a long-chained co-monomer, two features for PNIPAM-co-AAA

microgels are accessible. The particle properties below the VPTT are mainly

dominated by electrostatic repulsion, while the hydrophobic attraction between

the co-monomer and the polymer backbone influences the particle behaviour

above the VPTT. This makes it possible to develop new and innovative sensor

and coating applications.

5.3 Polyethylenglycol (PEG) based microgels

5.3.1 Results

The studied microgels were synthesised by Nathalie Pinkerton from Princeton

University. The microgels are composed of 1k PEG polymerised into micro-

gel particles using a Micheal addition reaction. The difference between the

individual samples is the PEG concentration at the time of polymerisation.

The concentrations were 30, 40, 50 and 60 % PEG. Another appraoch was the

incorporation of polystyrene nanoparticles. Therefore, the used PEG concen-

tration was fix to 30 % and different concentration of nanoparticles (2.5, 5, 7.5

and 10 wt-%) were incorporated. The eight microgels are listed in Table 5.3.

Table 5.3: The particles obtained from the Prud’homme group at Princeton University.

The second column represents the PEG concentration, while the third column specifies

the polystyrene content.
Sample name PEG content Polystyrene content

wt-% wt-%

PEG-30-NP-2.5 30 2.5

PEG-30-NP-5.0 30 5.0

PEG-30-NP-7.5 30 7.5

PEG-30-NP-10 30 10

PEG-30 30 -

PEG-40 40 -

PEG-50 50 -

PEG-60 60 -

For AFM measurements, the samples were spin coated for 300 s at 2000 rpm

onto gold coated silicon wafers. Figure 5.8 shows the AFM height images as
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PEG-30 PEG-40 PEG-50 PEG-60

a)

g) h)

d)c)

f)e)

b)

Figure 5.8: PEG particles with different PEG content. The numbers indicate the PEG

content in the particle. Top row: AFM height images Scan size: 10x10 µm2. Bottom row:

AFM phase images Scan size: 4.5x4.5 µm2.

well as the AFM phase images for particles with 30 wt-% PEG (PEG-30),

40 wt-% PEG (PEG-40), 50 wt-% PEG (PEG-50) and 60 wt-% PEG (PEG-

60), respectively. The particle size is independent on the PEG content of the

particles and no trend can be observed. PEG-30 and PEG-50 particles exhibit

the smallest particle size, while PEG-40 and PEG-60 particles are the largest

ones. Furthermore, all PEG particles show no difference in the phase images

and display a smooth particle shape.

In order to study the impact of PEG content on the particle stiffness, in-

dentation measurements have been performed. Figure 5.9 shows the particle

cross section and the Young´s modulus of the particular PEG particles. PEG-

30 and PEG-40 particles exhibit the lowest particle stiffness, while an increase

in the PEG content causes an increase in the particle stiffness as shown for

PEG-50 as well as PEG-60 particles. Furthermore, the highest Young´s mod-

ulus is centrally located and decreases towards the particle periphery.

Additionally, four samples with a fixed PEG content of 30 % and differ-

ent polystyrene content have been synthesised to study the impact of nano-

particles content on the particle stiffness. Figure 5.10 shows the AFM height

(a-d) as well as phase image (e-h) for PEG-30 particles with different poly-

styrene content incorporated. The particle height differs for all particles and

shows no significant trend. The smallest particles were obtained with 5 wt-

% as well as 7.5 wt-% NP incorporated. The largest particle size can be

observed for PEG-30-NP-10 particles. The AFM phase images show an in-

teresting particle feature. While the AFM height image shows a uniform
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Figure 5.9: Young´s modulus vs the particle cross section for the PEG particles, which

differ in the PEG content.
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PEG-30
NP-2.5

PEG-30
NP-5.0

PEG-30
NP-7.5

PEG-30
NP-10

a)

g) h)

d)c)

f)e)

b)

Figure 5.10: PEG-30 particles with different polystyrene content. Top row: AFM height

images Scan size: 10x10 µm2. Bottom row: AFM phase images Scan size: 4.5x4.5 µm2.

particle shape, the AFM phase images offer additional information about the

incorporated nanoparticles.

PEG-30-NP-2.5 particles show a homogeneous particle shape in the height

and phase images. An increase in the polystyrene content in the particles

leads to a change in the particle shape, which becomes more inhomogeneous.

Phase images of PEG-30-NP-5.0 particles (Figure 5.10f) as well as PEG-30-

NP-7.5 particles (Figure 5.10g) exhibit particle domains, which differ from the

remaining particle softness. The inhomogeneous particle shape becomes more

pronounced at higher polystyrene nanoparticles as shown for PEG-30-NP-10

particles (Figure 5.10h). The observed domains in the phase images indicate

cluster formation of the polystyrene nanoparticles, which are stiffer compared

to the surrounding polymer network.

To study the influence of polystyrene nanoparticles on the particle stiffness,

force measurements were performed across the particle. Both the particle

cross section as well as the force curves was extracted from the particle centre

perpendicular to the scan direction to avoid any scan effects. Figure 5.11 shows

the particles cross section and the Young´s modulus of the particular particles.

PEG-30-NP-2.5 particles show an uniform particle stiffness along the particle

cross section. The same trend can be observed for PEG-30-NP-5 particles.

The Young´s modulus does not change with the particle shape. Both particle

types, PEG-30-NP-2.5 and PEG-30-NP-5, exhibit the same particle stiffness

of around 200 kPa, which equals the particle stiffness of PNIPAM particles.

An increase in the nanoparticle content results in a increase in the particle

stiffness as well as heterogeneous particle stiffness as shown for PEG-30-NP-
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Figure 5.11: Young´s modulus vs. the particle cross section for the PEG-30 particles with

different polystyrene content.

7.5 particles. A further increase in polystyrene content to 10 wt-% leads again

to a uniformly distributed Young´s modulus.

5.3.2 Discussion

All PEG particles, pure PEG and PEG with nanoparticles, do not follow a

specific trend in particle size. Neither a higher PEG content nor varying

polystyrene content influences the particle size leading to random size distri-

bution. However, an increase in the PEG content leads to an increase in the

particle stiffness from around 400 kPa for PEG-30 particles to around 600 kPa

for PEG-60 particles. An increase in the PEG content leads to a more cross-

linked and compact particle resulting in particle stiffening112. Furthermore,

the possibility arises to form intramolecular cross-links between the polymer

chains due to H-bonds, which would also lead to particle stiffening113. It seems

that such intramolecular connections are more pronounced at high PEG con-

centrations than for low ones. For all PEG particles the same trend can be

observed, that the highest Young´s modulus is located in the particle centre

and decreases towards the particle periphery. Such behaviour can be related
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to the cross-linker density of the PEG particles as observed for PNIPAM mi-

crogels110. The particles display a particle core and shell region. The particle

core can be more cross-linked as the particle shell, which would lead to a

stiffer particle centre. The less cross-linked particle shell instead would be

softer leading to a Young´s modulus reduction.

The obtained results for PEG-30-NP-X (X=2.5, 5, 7.5 and 10) can be traced

back to the incorporated polystyrene nanoparticles. At low polystyrene con-

tent, the incorporated nanoparticles, which are randomly distributed, within

the particles play a minor role in the particles stiffness. The particle stiffness

for PEG-30-NP-2.5 and PEG-30-NP-5 particles is in the same order of mag-

nitude. Furthermore, no decrease in the particle stiffness towards the particle

periphery can be observed. It seems, that the nanoparticles serve as an ex-

tra cross-linker within the particles. Hence, the polymer network becomes

more homogeneous leading to an uniform stiffness along the particles. The

situation changes with increasing the polystyrene content. At a content of

7.5 wt-%, a strong polystyrene cluster formation can be observed in the phase

images. Furthermore, the particle stiffness increases tremendously indicating

a strong impact of the polystyrene particles on the particle behaviour. In case

of PEG-30-NP-10, again the phase images show cluster formation. However, a

decrease in the stiffness takes places assuming that higher polystyrene content

leads a restricted but soft polymerk network.

5.3.3 Conclusion

In this section, a series of polyethyleneglycol particles (PEG) obtained from

Princeton university have been studied. The mechanical properties of these

particles were determined via AFM indentation experiments.

The particle stiffness of PEG particles can be controlled by either the PEG

content or the incorporation of polystyrene particles. An increase in the PEG

content leads to an increase in the particle stiffness due to the formation of

H-bonds between the PEG segments. The increase in the PEG leads also to

a stiffer particle centre and a decrease in the stiffness towards the periphery

assuming a stronger core-shell like structure at higher PEG contents. The in-

corporation of polystyrene particles leads to a decrease in the particle stiffness

compared to the one without polystyrene particles. Furthermore, the particle

stiffness keeps constant along the particle cross section. This indicates a homo-

geneous distribution of polystyrene particles within the particles. However,

PEG-30-NP-7.5 show larger particle stiffness compared to the other PEG-
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30-NP particles. This gives a hint that the incorporation of the polystyrene

nanoparticles was more effective for PEG-30-NP-7.5 than for the other ones.

But this behaviour is not fully understood and is still under investigation. The

nanoparticles apparently confine the polymer network due to extra cross-links

between polymer and nanoparticles. With increasing the polystyrene concen-

tration, small cluster of these polystyrene particles have been observed in the

phase image, which confirms the assumption that these cluster formation leads

to homogeneous particle stiffness.

5.4 Polyglycerol (PG) based microgels

5.4.1 Results

This section deals with polyglycerol particles (PG) synthesised by Dirk Stein-

hilber from the Haag group at the Freie Universität Berlin. The focus on

these samples is the tuning of the particle stiffness. The aim was to synthesis

soft particles for medical applications since it is assumed that softer particles

are more efficient for anti-cancer drug delivery systems114,115.

Two samples were synthesised for this purpose. Both samples consist of

dendritic polyglycerol dPG sub-compartments. These dPG sub-compartments

were cross-linked in different ways. In case of the first sample, called PG-1,

these dPG sub-compartments were cross-linked with steric sophisticated ether

groups as cross-linker, while in the second sample, called PG-2, dPG sub-

compartments are connected with a linearly cross-linker containing an acetal

group.

Figure 5.12 shows the AFM images for PG-1 and PG-2 particles. It should

be noted that the scale bars differ for both images, due to the large difference

in the particle size of PG-1 and PG-2. PG-1 particles show a larger particle

size compared the PG-2 particles. It seems, that PG-1 particles exhibit a

stiff polymer network resulting in larger particles. In contrast to PG-1, PG-2

particles, which mainly consist of more linear cross-linked polymer segments,

are more flexible. Thus, PG-2 particles trend to flatten on the surface leading

to a smaller particle size.

To confirm the softening of the particles stiffness, force measurements were

performed for both particle types. Figure 5.13 shows the Young´s modulus

against the particle cross section for PG-1 and PG-2 particles, respectively.

The largest Young´s modulus for both particle types is located in the particle

centre and decreases towards the particle periphery as observed before for
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PG-1 PG-2

a) b)

Figure 5.12: AFM images for PG-1 (left) and PG-2 particles (right). The scale bar differ

for both images, due to the large size differences between the particles. Scan size: 5x5 µm2.
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Figure 5.13: Young´s modulus vs the particle cross section for the PG-1 particles (left)

and PG-2 (right).

PNIPAM particles in the first part of the chapter and literature36. PG-2

particles exhibit only half the particle stiffness of PG-1 particles.

5.4.2 Discussion

The obtained results are remarkable but expected. PG-1 particles have the

largest particle size and particles stiffness, due to the inflexible nature of the

polymer network. Such compact nature of the particles is a direct result of

the particle stiffening. The stiff nature of the particles apparently arises from

the steric cross-linker. Hence, the particle is unable to flatten. Furthermore,

the polymer segments might more restricted and less mobile. However, PG-
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2 particles exhibit a more flexible polymer network, which is able to flatten

on the surface leading to small particles in the adsorbed state. The flexible

nature of the PG-2 particles leads also to a particle softening. The decrease of

the particle stiffness towards the particle periphery for both PG-1 and PG-2

particles indicates a core-shell-like particle structure with a higher cross-linked

particle interior and the less dense particle periphery.

5.4.3 Conclusion

In this section, a series of polyglycerol particles (PG) obtained from Freie

Universität Berlin have been studied. The mechanical properties of these

particles were determined via AFM indentation experiments.

Two types of polyglycerol particle with different chemical bonds were stud-

ied. In first batch, particles consist of subparticles cross-linked with ether units

have been studied. The second batch, particles consisting of subparticles con-

nected with a more linearly acetal cross-linker. The ether connected particle

leads to larger and stiffer particles due to the steric nature of the cross-

linker. Particles with the more linearly cross-linker results in smaller but

softer particles due to the flexible nature of the acetal cross-linker, which is

able to flatten at the surface.

5.5 Outlook

The PNIPAM particles provide a great potential for further investigations. On

the one hand, the salt effect on the mechanical properties for such PNIPAM

particles can be studied. The question arises what will happen if the particle

charges are screened by counterions. This leads directly to another question.

The size of AAc as well as AAA containing microgels can be tuned by varying

the pH. The particle stiffness should be investigated at various pH. Here, the

particle should be uncharged (low pH), moderate charged (pH around 7) and

highly charged (high pH). The stiffness should decrease with increasing the

pH, due to the increased electrostatic repulsion within the particles. The third

aim would be the investigation of co-monomers with even longer alkyl chains

to get a better understanding of the interplay between electrostatic repulsion

and the hydrophobic attraction. With the focus on applicable relevance in

terms of coatings, it is important to understand the mechanical properties of

particle monolayers. This needs information about the particle stiffness of two

overlapping particles. ————————————————————————
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Chapter 6

The impact of co-non-solvency effect on

PNIPAM based microgels at an

interface

This chapter contains parts of the publication: The impact of the co-non-

solvency effect on PNIPAM microgels at interfaces Colloid and Polymer Sci-

ence, (2014), 292, 2439-2452.

6.1 Introduction

Microgels based on PNIPAM serve as excellent enzyme carrier or sensor sys-

tems8,102. For such applications it is fundamental to understand the microgel

behaviour in water/organic solvent mixture as well as in pure organic solvents.

PNIPAM based microgels exhibit an excellent swelling ability in pure eth-

anol or pure water39,41,64. The microgels are highly swollen in pure water

or pure organic solvent, due to the hydrogen bonds between the solvent and

the polymer backbone. Therefore, pure water or pure organic solvent serve as

good solvents for microgels. However, a solution of two "good" solvents, water

and organic solvent (EtOH, iPr and THF) turns into a "poor" solvent result-

ing in a miscibility gap116,117. At low organic solvent concentration, water

molecules form a clathrate structure around the organic solvent molecules60.

This leads to a less hydrated polymer network and stronger polymer-polymer

bonds (hydrophobic interactions between the isopropylgroups) in the particle

interior leading to particle collapse63,118. At higher organic solvent concen-

tration, water molecules are not able to surround the organic solvent and the

clathrate structure breaks up60. Thus, free and more movable organic solvent
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molecules are able to interact with the polymer network leading to a reswell-

ing of the particle66,119. Beside the clathrate model, the assumption of the

competitive absorption seems also to be a reasonable explanation of the the

co-non-solvency effect42,61. In this model, both solvents (water and organic

solvent) compete to form H-bonds with the polymer network. However, this

model neglects the solvent-solvent interaction.

For applications e.g. as sensors it is not only important to understand the

bulk behaviour but also to understand the microgel properties at surfaces. So

far the understand about the co-non-solvency effect at surfaces is limited and

the explanations, which are given, are poor. Heppner et al. described the

co-non-solvency behaviour of adsorbed PNIPAM particles via the VPTT at

different water/methanol mixtures43. The particles have been placed between

two gold layers like in an etalon. They used reflectance spectroscopy to follow

the VPT. The VPT of the adsorbed particles was compared to the VPT

in solution. It turned out, that the VPTT of the particles shifts to lower

temperatures with increasing organic solvent content and that the minimum

in VPTT was at 65 % methanol for both in solution and in the etalon. Also

the values of the VPTT were the same. In this context, Heppner et al. did

not detect any effect of the geometrical confinement on the co-non-solvency

behaviour.

This chapter deals with the co-non-solvency phenomenon of microgels. It

clarifies the property differences between bulk and surface behaviour. Mi-

crogels containing allyl acetic acid as co-monomer were synthesized. The

co-monomer concentration was fixed to 0 % (PNIPAM-5) and 5 % (AAA-5),

respectively. Ethanol (EtOH), iso-propanol (iPr) and tetrahydrofuran (THF)

were used as organic solvents to induce the co-non-solvency effect. These or-

ganic solvents differ in their polarity and molecular size, which allows studying

the swelling/shrinking behaviour of the microgels depending on the chemical

nature of the used organic solvents. Furthermore, the swelling ability of the

synthesized particles was studied at the surface.

6.2 Results

6.2.1 Co-non-solvency effect of microgel particles in bulk

Figure 6.1a) shows the hydrodynamic radius and Figure 6.1c) shows the

particle volume (calculated from the hydrodynamic radius) of PNIPAM-5 as

a function of the organic solvent composition at 20 ◦C. The particle radius
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Figure 6.1: Hydrodynamic radius for PNIPAM-5 (a) and AAA-5 (b) measured with DLS

and the calculated particle volume for PNIPAM-5 (c) and AAA-5 (d) as a function of

different water-organic solvent composition.

in the swollen state (pure water) is about 450 nm. The addition of organic

solvent leads to a decrease in the particle size. A minimum appears at a

volume fraction of 10 % EtOH (Rh = 230 nm) and of 10 % iPr (Rh = 210 nm),

while the minimum shifts to 20 % for THF (Rh = 125 nm). A further increase

in the solvent content results in a reswelling of the particles.

In general, AAA-5 particles show a similar behaviour as PNIPAM-5 particles

in the hydrodynamic radius (Figure 6.1b) and calculated particle volume (Fig-

ure 6.1d). Again, the particles are largest in pure water with a particle size

of about 400 nm. With increasing the organic solvent content a decrease in

the particle size occurs but AAA-5 particles reach their minimum in size at

a solvent content of 20 % for all three solvents. Further increase in solvent

content leads to a particle reswelling. As observed for PNIPAM particles,

AAA-5 offers smaller particle sizes in pure organic solvent than in pure water.

Consequently, a co-non-solvency effect can be observed for PNIPAM-5 and

AAA-5, respectively.
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Figure 6.2: AFM-images for PNIPAM-5 in liquid state at the surface for different water-

EtOH composition. Scan area: 5x5µm2.

6.2.2 Co-non-solvency effect of microgel particles after adsorp-

tion

In order to study the co-non-solvency effect at the surface, the AFM-images of

the particles were recorded in the liquid state. All particles were spin coated

from the corresponding water-organic solvent mixtures. Figure 6.2 repres-

ents the AFM-images of PNIPAM-5 as a function of different water-EtOH

solutions. PNIPAM-5 microgels exhibit its most extended dimension in pure

water, due to the formation of hydrogen bonds between the solvent and the

polymer network. The addition of ethanol leads to a particle shrinking with

its particle minimum at 40 % EtOH. Further increase in the EtOH content

results in a particle reswelling. The same behaviour for PNIPAM-5 particles

can be observed in water-iPr solutions (Figure A.3) and water-THF solutions

(Figure A.4), respectively.

To get a better understanding of the particle behaviour at the surface, the

PNIPAM-5 particle cross sections from AFM-images were extracted for all

three water-organic solvent mixtures (Figure A.5). As observed in the AFM

images, particles in pure water exhibit the largest dimension. The addition of

organic solvent causes a decrease in lateral as well as in vertical direction for

all water-organic solvent mixtures. The strongest lateral particle shrinking ap-

pears from in pure water to a organic solvent content of 5 %. Further increase

in the organic solvent has less impact in the lateral shrinking. On the other

hand the decrease in the particle height takes place at higher organic solvent

content. At a certain mixture composition is reached a particle reswelling
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Figure 6.3: Particle volume for PNIPAM-5 in liquid state at the surface as a function of

different water-organic solvent composition. For data points with invisible error bars, the

error bars are smaller than the symbol size.

takes places. The particle reswelling occurs mainly in vertical direction, while

the lateral reswelling plays a minor role.

The particle volume was calculated from the particle cross sections to de-

termine the exact particle minimum. Figure 6.3 shows the particle volume

of PNIPAM-5 particles as a function of the three water-organic solvent mix-

tures. PNIPAM-5 particles have the largest particle volume in pure water.

The addition of organic solvent causes a decrease in particle volume until a

minimum in the particle volume is reached. The impact of EtOH and iPr

on the particle volume of PNIPAM-5 particles is more pronounced than for

THF. At small EtOH and iPr concentration the particle deswells stronger than

for low THF concentrations. The smallest volume for PNIPAM-5 particles

in water-EtOH appears at a solvent content of 40 % and at 50 % in both

water-iPr and water-THF solutions. Furthermore, particle reswelling occurs

at higher solvent concentrations. The particle volume in the corresponding

organic solvents is smaller than in pure water.

To understand the particle collapse, the changes in lateral and vertical

direction were extracted from the particle cross sections. Figure 6.4 shows

the swelling ratio of the particle height and particle width for PNIPAM-5

particle at different water-organic solvent mixture with respect to the particle

height and width taken in pure water. At low organic solvent content, the

particle shrinking is mainly affected by a strong decrease in the particle width

for all water-organic solvent mixtures. Further increase in the organic solvent

leads to a pronounced decrease in the particle height, while the particle width

has less impact on the particle shrinking. The particle reswelling process
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Figure 6.4: Particle height and particle width ratio (with respect to the corresponding

values spin coated from pure water) of PNIPAM-5 spin coated from different a) water-

EtOH b) water-iPr and c) water-THF mixtures, respectively.
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Figure 6.5: AFM-images for AAA-5 in liquid state at the surface for different water-EtOH

composition. Scan area: 5x5µm2.

mainly occurs in vertical direction. The particle width in contrast exhibits a

small contribution in the particle reswelling.

For AAA-5 particles qualitatively the same behaviour can be observed

at the surface. Figure 6.5 represents the AFM-images of AAA-5 particles

against different water-EtOH mixtures, while the AFM-images for water-iPr

(Figure A.6) and water-THF solutions (Figure A.7) can be found in the Ap-

pendix. For all three water-organic solvent solutions a co-non-solvency effect

for AAA-5 particle can be observed. The particles are highly swollen in pure

water and shrink after the addition of organic solvent. The smallest particle

dimension occurs at a solvent content of 50 % for EtOH and THF, respect-

ively. It shifts to a organic solvent content of 40 % for water-iPr mixtures.

At higher solvent contents the particles start to reswell. As for PNIPAM-5

particles, the AAA-5 particles are smaller in pure solvents than in pure water.

The AAA-5 particle cross sections (Figure A.8) show the impact of the

organic solvents on the particle height and particle width. AAA-5 particles

exhibit the largest particles in pure water. The addition of organic solvent

leads to a decrease in the particle height and particle width for all water-

organic solvent mixtures. At a certain organic solvent content the AAA-

5 particles start to reswell, which mainly takes places in vertical direction

as observed for PNIPAM-5 particles. The particle cross sections were used

to calculate the particle volume for the exact determination of the particle

minimum.

Figure 6.6 shows the particle volume for AAA-5 as a function of the dif-
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Figure 6.6: Particle volume for AAA-5 in liquid state at the surface as a function of

different water-organic solvent composition. For data points with invisible error bars, the

error bars are smaller than the symbol size.

ferent water-organic solvent compositions. Again, the particles show their

largest particle volume in pure water as observed before for the particle cross

sections. The addition of organic solvent leads to a decrease in the particle

volume. EtOH and iPr have high impact in the particle volume decrease.

In contrast, low THF concentration causes a less pronounced decrease in the

particle volume. The smallest particle volume for AAA-5 in water-EtOH and

water-THF solution is determined at a solvent content of 50 %. It is 40 % for

water-iPr mixtures. Further increase in the solvent concentration leads to a

particle reswelling as observed before for PNIPAM-5 particles. Again, AAA-5

particles are smaller in the pure organic solvents as in pure water.

Figure 6.7 shows the contribution of the particle height ratio and particle

width ratio (with respect to the particle height and width in pure water) on

the shrinking process of the AAA-5 particles as a function of the different

water-organic solvent mixtures. Again at low organic solvent content (5 %),

the particle width shows a strong decrease for all water-organic solvent solu-

tions, while the particle height plays a minor role in the particle shrinking.

The decrease in the particle height dominates the particle shrinking at higher

organic solvent content. The particle reswelling process is strongly influenced

by the particle height, while the lateral swelling is less pronounced. This

behaviour can be observed for all three water-organic solvent compositions.

6.2.3 Effect of spin coating conditions on the particle deswelling

As shown in the bulk measurements, the particles experience a co-non-solvency

effect in water-organic solvent mixtures. So far, the particles have been spin
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Figure 6.7: Particle height and particle width ratio (with respect to the corresponding

values spin coated from pure water) of AAA-5 spin coated from different a) water-EtOH

b) water-iPr and c) water-THF mixtures, respectively.
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Figure 6.8: AAA-5 particles in different water-EtOH mixtures: a) Particle height as well

as particle width, b) particle volume. For data points with invisible error bars, the error

bars are smaller than the symbol size.

coated from the corresponding water-organic solvent mixtures leading to dif-

ferent pre-conditions of the particles before reimmerse for AFM studies. In

order to fix the pre-conditions, the particles were spin coated from pure water

and measured in different water-EtOH mixtures.

The AFM-images for AAA-5 as a function of water-EtOH solutions are

shown in Figure A.9. AAA-5 particles are highly swollen in pure water and

exhibit their largest size. The particle size decreases with increasing the EtOH

content in the mixture. The minimum is located at an EtOH concentration

of 50 %. Further increase in the solvent concentration leads to a particle

reswelling. It is worth to note, that the particle pattern does not change and

that particle desorption does not take place.

To understand the shrinking process the particle height as well as the

particle width were extracted from the AFM-images. Figure 6.8a) shows the

difference in the particle height and width in pure water and different water-

EtOH mixtures of AAA-5 particles spin coated from water normalized with

respect to the particle height and width measured in pure water. The particles

shrink in lateral and vertical direction. At low EtOH concentrations (5 %)

the particle width changes from αw=1 to αw=0.7, while the particle height

decreases from αh=1 to αh=0.8. Further increase in the ethanol concentration

leads to a marginal change in the particle width. On the other hand, the

particle height shrinks tremendously. In pure ethanol the particles reswell

mainly occurs in vertical direction, while a marginal reswelling in lateral dir-

ection takes place.

Figure 6.8b) shows the calculated particle volume ratio (normalized with

respect to the particle volume in pure water) of AAA-5 particles. As observed
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Figure 6.9: AFM-images of PNIPAM-5 in ambient conditions spin coated from different

water-EtOH compositions. Scan area: 5x5µm2.

for the AFM-images, the particles offer the largest particle volume in pure

water and decreases to a minimum of 50 % EtOH. In pure ethanol the particles

start to reswell. Thus, the particles clearly show a co-non-solvency effect.

6.2.4 Adsorbed microgel particles in ambient conditions

After the spin coating process, the particles are in ambient conditions. For

AFM studies in liquid the particle have been reswelled in the respective

solvent. However, to study the impact of the drying process during spin

coating on the particle behaviour, the particles were investigated under ambi-

ent conditions. In addition, the swelling ability of the particles from ambient

conditions to the liquid state will be quantified.

PNIPAM microgel particles

In order to understand the swelling ability of these microgel at surfaces it is

essential to study the particle behaviour in ambient condition. The particles

have been spin coated from the particular water-organic solvent composition.

Figure 6.9 shows AFM-images of PNIPAM-5 particle in ambient conditions

spin coated from different water-EtOH compositions. The particles are smal-

lest after spin coating from pure water and increases with increasing the or-

ganic solvent content during spin coating. The same particle behaviour can be

observed for water-iPr (Figure A.10) and water-THF (Figure A.11) mixtures.

Cross sections were extracted from the corresponding AFM-images to cla-

rify the changes in lateral and vertical direction. Figure A.12 shows the
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Figure 6.10: PNIPAM-5 in ambient conditions after spin coating: a) Particle volume for

different water-organic solvent compositions. b) Particle cross sections spin coated from

pure solvent. The error bars are within the symbols.

particle cross sections for PNIPAM-5 particles as a function of the different

water-organic solvent mixtures. For all three water-organic solvent mixtures,

the particle height of PNIPAM-5 increases with increasing the organic solvent

content. The particle width in contrast increases at low organic solvent con-

tent and show a decrease with further addition of organic solvent.

The particle volume was calculated and is shown in Figure 6.10a). PNIPAM-

5 particles show their smallest particle volume after spin coated from pure

water. The particle volume increases dramatically for microgels spin coated

from the pure solvents (water, EtOH, iPr and THF, respectively). The largest

particle volume is obtained in iPr. It is smaller in pure THF and pure EtOH.

Figure 6.10b) represents the cross sections for the PNIPAM-5 spin coated

from pure water and the pure organic solvents in ambient conditions. Particles,

which were spin coated from pure water, offers the smallest particle height.

The particle height increases for pure solvents in the order of EtOH < THF

< iPr. Furthermore, the particles show differences in the lateral dimension.

Particles spin coated from iPr and THF show a stronger decrease in the lateral

direction as particles, which were spin coated from pure water or EtOH.

PNIPAM-co-AAA microgel particles

Figure 6.11 shows the AFM-images of AAA-5 particles in ambient conditions

in dependence of the water-EtOH composition. Thereby, AAA-5 particles

show the same behaviour as PNIPAM-5 particles. Particles, spin coated from

pure water, offer the smallest particle size. With increasing the EtOH content,

the particle size increases in vertical direction. AAA-5 particles show no
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Figure 6.11: AFM-images for AAA-5 in ambient conditions spin coated from different

water-EtOH composition. Scan area: 5x5µm2.

minimum in particle size. Consequently, no co-non-solvency effect can be

observed in ambient conditions. The same behaviour can be observed for

AAA-5 particles spin coated from water-iPr and water-THF solutions as shown

in Figure A.13 and Figure A.14.

Figure A.15 shows the particle cross sections of AAA-5 particles for the

three water-organic solvent mixtures. In all three water-organic solvent mix-

tures, the particle cross sections show an increase in the particle height with

increasing the organic solvent content. The particle width in contrast increases

not as pronounced as for the particle height with increasing the organic solvent

content.

Figure 6.12a) depicts the volume for particles spin coated from the partic-

ular water-solvent compositions. AAA-5 exhibits its smallest particle volume

in pure water. With increasing the solvent content the particle volume in-

creases. The change in the particle volume occurs in the order of EtOH < iPr

< THF.

Figure 6.12b) compares the cross sections for AAA-5 particle spin coated

from the pure solvents (water, EtOH, iPr and THF) and shows the increase

in the particle volume. The change in the particle volume mainly takes place

in vertical direction. The particle width in contrast plays a minor role in the

volume increase.
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Figure 6.12: AAA-5 in ambient conditions: a) Particle volume different water-organic

solvent compositions. b) particle cross sections spin coated from pure solvent. The error

bars are within the symbols.

6.2.5 Swelling ability of adsorbed PNIPAM-5 and AAA-5 particles

The swelling ability can be tuned by parameters such as cross-linker content

as well as co-monomer content. The particle swelling ratio fw from ambient

conditions to liquid state serves as an important parameter to understand the

impact of these parameters on the microgel-to-surface interaction.

The particle width in the corresponding water-organic solvent mixture was

normalized to the particle width in ambient conditions as follows:

fw =
w(liquid)

w(ambient)
(6.1)

where w(liquid) is the particle width in liquid state, w(ambient) represents

the particle width in ambient conditions, while fw is the particle width ratio

between the liquid and ambient state. In case of a large fw, the microgel-to-

surface interaction is weak, while small fw indicates less particle swelling and

consequently strong microgel-to-surface interaction.

Figure 6.13a) shows the particle width ratio for PNIPAM-5 in different

water-organic solvent mixtures. PNIPAM-5 particles exhibit a good swelling

ability in pure water (fw=1.3). The swelling ratio decreases with the addition

of organic solvent and reaches a minimum at 50 % organic solvent content in

all three water-organic solvent mixtures. The particles show an increase in

the swelling ability in all pure organic solvents.

The swelling ratios of AAA-5 particles in the three water-organic solvent

mixtures is shown in Figure 6.13b). AAA-5 particles shows a stronger swelling

ability (fw=1.8) as PNIPAM-5 particles (fw=1.3) in pure water. Again, the

addition of organic solvent leads to a decrease in the swelling ability for AAA-
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Figure 6.13: Swelling ratio of microgel particles in lateral direction spin coated from

different water-organic solvent mixtures for: (a) PNIPAM-5 and (b) AAA-5.

5 particles from fw=1.8 to about fw=1.0 at 20% solvent content. The particle

width ratio does not change significant with further increase in the organic

solvent content.

6.3 Discussion

Table 6.1: Column two to four show the solvent content at which the particle minimum

appears for bulk measurements, while column five to seven show the solvent content at

which the particle minimum takes place at the surface.
Microgel type Bulk Surface

EtOH iPr THF EtOH iPr THF

PNIPAM-5 10 % 10 % 20 % 40 % 50 % 50 %

AAA-5 20 % 20 % 20 % 50 % 40 % 50 %

The discussion will be divided into two parts. The first part of the paper

compares the co-non-solvency effect for particles in bulk and at the surface,

while the second part highlights the shrinking/reswelling behaviour of the

particles in detail at the surface.

Shift in the particle size minimum from bulk to adsorbed particles

Particles at the surface have been spin coated from and reimmersed in the

corresponding water-organic solvent mixtures, while particles for DLS meas-

urements have been dissolved in the corresponding water-organic solvent mix-

tures. Table 6.1 summarizes the obtained results for the particles in bulk as
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well as at the surface. Both particle types, PNIPAM-5 and AAA-5, show a

clear co-non-solvency effect in bulk and at the surface. The size minimum

as well as the increase in the correlation length for particles in bulk takes

place at a solvent content of 10-20 %. This behaviour is consistent with the

literature38,41,65. On the other hand, the size minimum for adsorbed particles

shifts tremendously from 10-20 % organic solvent content to an organic solvent

content of 40-50 %. Both co-non-solvency effects, in bulk and at the surface,

can be explained by the formation of clathrate structures60. Such clathrate

structure arises due to the formation of a hydration shell around the organic

solvent. This leads to a dehydration of the particles resulting in polymer-

polymer interactions within the polymer network and the particle shrinking.

With increasing organic solvent content, the water molecules are not able to

hydrate the organic solvent anymore, whereby the clathrate structure breaks

up and both solvents, water and organic solvent, interact with the particle

resulting in the particle reswelling.

The shift in the size minimum from 10-20 % in bulk to 40-50 % for adsorbed

particles might arise due to a shift in the distribution equilibrium between

water and the organic solvent within the particles. For the bulk phase it is

known that the polymer density is higher in the microgel interior and decreases

towards the particle periphery. In the literature, this is often called core-shell

like structure36,110. DLS measurements show a stronger PNIPAM microgel

swelling in pure water than in pure organic solvent, indicating a higher affinity

for water. This might lead to a preferential water uptake of PNIPAM-rich

phases. Therefore, it is assumed that the water/organic solvent ratio is higher

in the PNIPAM rich core than within the less cross-linked shell. In addition

at the surface, the particles are compressed and become a denser polymer

network. According to the argument that PNIPAM-rich phases attract water

stronger than organic solvent, the water to organic solvent ratio is higher in

adsorbed microgels with respect to the bulk phase.

The fact that the water to organic solvent ratio is higher in the particle in-

terior was observed before. Gawlitza et al. reported that the particles still ex-

hibit a water content of 46 % in the interior after transferring the particle from

water to isopropanol. Their interpretation is the formation of a water cage

within the particles, which is formed during the solvent exchange120. Wang

et al.66 reported a similar behaviour. They showed that the organic solvent

content within the particles decreases with increasing the organic solvent con-

tent in the mixture, while the water content increases in the particle interior.

It is worth to notice that in both papers the microgel was not dried between
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the solvent exchange. This is different to the present paper, where the dried

particles have been dissolved in the corresponding water-organic solvent mix-

tures for both, DLS and AFM experiments. In order to get information about

the effect of intermediate drying after spin coating on co-non-solvency effect,

the microgels have been studied by AFM under ambient conditions after spin

coating from different water-organic mixtures.

The co-non-solvency effect disappears under ambient conditions. This

means that no liquid and therefore no clathrate structures are formed in the

gas phase. The particle volume depends tremendously on the solvent mix-

ture from which the microgels were spin coated and increases monotonously

with increasing ratio of organic solvent. This leads to the conclusion that

after spin-coating organic solvent molecules are stronger entrapped than wa-

ter within the microgels. During spin coating the microgels dry from the outer

layer to the interior. This creates a shrunken and dense outer shell, which

can be easier penetrated by the water molecules than by the organic solvent

molecules (EtOH, iPr and THF). It leads to a strong enrichment of organic

solvent molecules within the gels. Obviously, the size of the solvent molecules

is more dominating than the vapour pressure, and the particle volume in-

creases with increasing organic solvent/water ratio. Spin-coating from pure

water instead of water-organic solvent mixtures has no qualitative impact on

the co-non-solvency (size minimum at 50 % organic solvent). Consequently,

the entrapment of organic solvent during the spin coating process has no in-

fluence on the shift of the size minimum.

In this case there was no enrichment of organic solvent during drying (after

spin coating), but the result is qualitatively the same as after spin coating from

water-organic solvent mixtures.

Particle behaviour of adsorbed particles under ambient conditions and in li-

quid state

In the following, the particle behaviour at the surface in liquid state and under

ambient conditions is discussed in detail. During the particle collapse in liquid

state, two features can be observed. First, the shrinking/swelling behaviour in

vertical as well as in lateral direction differs for both PNIPAM-5 (Figure A.5

and Figure 6.4) and AAA-5 particles (Figure A.8 and Figure 6.7). Both

particle types show a strong lateral shrinking at low organic solvent content

(5-20 %), while the vertical shrinking is less pronounced. In contrast, particles

at intermediate organic solvent content (20-50 %) show a reverse behaviour.

The lateral particle shrinking plays a minor role and the particle shrinking in
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vertical direction dominates, which is significantly involved in the size min-

imum of the particles. An important factor for the differences in the lateral

and vertical shrinking behaviour of the particles arises from the PAH prelayer.

Such hydrophilic layer exhibits excellent swelling properties in pure water121.

The swelling of the PAH layer is affected by the water uptake resulting in flex-

ible polyelectrolyte chains, which provide a smooth and homogeneous PAH

prelayer122–124. Thus, particles spin coated from pure water tend to broaden

in lateral direction, which increases the particle to surface interaction between

the positively charged PAH and the negatively charged microgel particles. On

the other hand, such PAH layer tend to coil in water-organic solvent mixtures,

due to the unfavourable interaction between the PAH layer and the organic

solvent. This increases the layer roughness resulting in an inhomogeneous

charge distribution within the PAH layer125. Due to the less smooth charge

distribution in the PAH prelayer, the attraction between the particles and the

PAH prelayer is weakened leading to a pronounced lateral shrinking until the

electrostatic interaction between the positively charged PAH prelayer and the

negatively charged particle overcome the lateral shrinking. This behaviour can

be observed at higher organic solvent content given that the lateral shrinking

plays a minor role. The fact that strong electrostatic interactions hinder a

further lateral particle shrinking can be concluded from the particle reswell-

ing. The reswelling in lateral direction is negligible, which means that the

particle is highly restricted due to the strong microgel-to-surface interaction.

In contrast to the particle width, the particle height is less hindered by elec-

trostatic attraction between the positively charged particle and the negatively

charged surface. Consequently, the particle shrinking (at low organic solvent

content) as well as the particle reswelling (at high organic solvent content)

is unrestricted and therefore more pronounced as in lateral direction. It is

concluded, that the shrinking/reswelling behaviour of the particles is mainly

affected by the changes in particle height.

The chemical nature has a strong impact on the particle shrinking. Water-

EtOH as well as water-iPr mixtures exhibit a stronger impact on the shrinking

behaviour than water-THF mixtures (PNIPAM-5: Figure 6.3, AAA-5: Fig-

ure 6.6). The ability to form H-bonds between the corresponding solvents

plays a crucial role. The H-bonds between water and THF molecules are

weaker than between two water molecules126. Thus, the clathrate formation

between water and THF molecules could be less pronounced than for water-

EtOH and water-iPr mixtures. Consequently, the dehydration of the polymer

network by THF molecules is weaker leading to a smaller particle shrinking.
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Figure 6.14: Schematic diagram of the solvent entrapment: First, the particle are dissolved

in pure water. The addition of organic solvent causes a particle shrinking (co-non-solvency

effect). At the surface the particles still experience the co-non-solvency effect as well as the

solvent molecules can penetrate through the polymer network. During the spin coating

process the surrounded water-organic solvent mixture will be removed leading to solvent

entrapment. The more organic solvent in the water-organic solvent mixture is the more

organic solvent is entrapped resulting in a pronounced increase of the particle volume.

The influence of different organic solvents on the co-non-solvency behaviour

of microgel particles have been reported before65.

The above mentioned organic solvent entrapment within the microgels dur-

ing spin coating is basically influenced by the particle composition. Particles

with a higher charge density show a strong volume increase when spin coated

from pure THF, while particles with lower charge density show their largest

particle volume spin coated from pure iPr. The solvent-particle interaction

cannot be responsible for the volume change, since the volume for particle spin

coated from pure water and pure EtOH is small compared to the particles spin

coated from pure THF and pure iPr. Moreover, the size of the solvent mo-

lecules plays a crucial role for the volume increase. The significant larger THF

and iPr molecule are not able to leave the particle during the drying process.

The solvent entrapment results not only in an increase in the particle

volume but also changes the particle flexibility. Burmistrova et al. have

shown, that particles spin coated from pure water are soft leading to a flexible

polymer network35. Such soft and flexible particles tend to broaden at the

surface. In contrast, particles spin coated from water-organic solvent mixture

show a decrease in lateral dimension (PNIPAM-5: Figure A.12 and AAA-5:
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Figure A.15). Consequently, the restricted and entrapped organic molecules

freeze the polymer network resulting in an inflexible and stiff particle, which

is not able to flatten at the surface as shown in Figure 6.14.

To investigate the swelling ability of the particles, the particle width ratio

(Figure 6.13) in liquid state and in ambient conditions for the corresponding

water-organic solvent mixtures have been calculated. Compared to the pre-

vious results, PNIPAM-5 and AAA-5 particles show different swelling abilit-

ies. AAA-5 particles exhibit a stronger swelling behaviour in pure water as

PNIPAM-5 particles. This result was expected, due to the electrostatic contri-

bution in the AAA-5 particles compared to the PNIPAM-5 particles. During

the swelling process the co-monomer charges dominate leading to electrostatic

repulsion to each other and a larger polymer network. The particle shrink-

ing set in, due to the addition of organic solvent causes a decrease in the

particle width as intensively discussed above. PNIPAM-5 particles show a

strong reswelling ability, while AAA-5 particles exhibit no lateral reswelling.

This behaviour arises from the particle-surface interaction. The reswelling of

AAA-5 particles is strongly hindered, due to the interactions between the neg-

atively charged particles and the positively charged surface. This electrostatic

interaction leads to a particle-surface interaction and restricts a reswelling in

lateral direction. The particle-surface interaction of PNIPAM-5 particles is

weaker, due to the lack of charges in the particles, resulting in a stronger

reswelling ability.

6.4 Conclusion

The co-non-solvency effect of particles based on PNIPAM was studied intens-

ively at the surface and compared with results obtained from measurements

in bulk phase. The impact of co-monomer as well as the cross-linker dens-

ity were investigated in dependence of three different water-organic solvent

(EtOH, iPr and THF, respectively) mixtures. The particles were investigated

in bulk via dynamic light scattering (DLS), while for studies at the surface

were performed with atomic force microscopy (AFM).

Particles in bulk show the well-known co-non-solvency effect with a particle

size minimum at a solvent fraction of 10-20 %. The size minimum shifts to

an organic solvent content of 40-50 % for adsorbed particles. The shift in

the particle minimum to higher organic solvent fractions is attributed to the

higher water/organic solvent ratio within the particle, which occurs during the

particle reimmersion in solvent mixtures after the spin coating process. This
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results from the strong compression of the particles at the surface compared

to the particles in bulk phase. Therefore, a higher organic solvent content

is needed to remove the water in the particle interior and to initialize the

particle shrinking, due to co-non-solvency.

The particle shrinking at the surface can be separated in lateral and vertical

shrinking, in which the shrinking in vertical direction is mainly responsible

for the particle size minimum. The lateral shrinking plays a minor role and

is strongly influenced by solid surface. Particles with a higher charge density

form stronger microgel-to-surface attraction than the ones with lower charge

density leading to a restricted particle shrinking in lateral dimension.

6.5 Outlook

The next step in this field of research would be the study of the temperature

induced co-non-solvency effect. The question arises, if the particle collapse

can be enhanced at high temperatures. It is also important to gather inform-

ation about the change in particle stiffness during the organic solvent induced

collapse. Furthermore, the SANS experiments should be performed for more

water/organic solvent concentrations as well as other organic solvents such

as EtOH or iPr to acquire a detailed insight into internal particle structure

during the particle collapse.
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Chapter 7

The Influence of different layer systems

on the particle behaviour

7.1 Introduction

The increasing numbers of publications for the investigation of nanoparticles

at the surface depicts the importance of research in this field76,127–130. Such

studies are fundamental and required for applications in e.g. biosensors131,132.

Polyelectrolytes are also in the focus of current research and raise atten-

tion in several applications133. Such polyelectrolyte multilayers can be built

up with the layer by layer technique and can be tuned employing external

parameters44,134,135. Beside the number of the deposited layers, ionic strength

and type of ions have a strong effect on the film thickness136,137. The impact

of the anions on the film thickness is much higher than for the cation. Also

the mobility of the polyelectrolyte chains within the multilayer films can be

controlled138. The charge screening of the cationic polyelectrolytes within the

films results in flexible polymer chains, which are more mobile within the

films.

Serpe et al. investigated PNIPAM microgels with acrylic acid incorporated

at polyelectrolyte multilayers71. The impact of pH on the surface coverage

was studied. PSS coated surfaces revealed that higher surface coverage was

achieved at low pH, while with increasing pH the surface coverage became

poor. This was explained by the electrostatic interaction between the particles

and the surface.

This chapter combines the properties of the microgel particles as well as

the polyelectrolyte multilayers. It focuses on the shrinking/swelling behaviour

of particles based on PNIPAM at different surface coverage. The fundamental
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question arises: How does the shrinking/swelling behaviour of the particles

depends on the layer composition? Furthermore, what impact has the penet-

ration depth of the particle and the surface charge on the thermo-responsive

behaviour of the particles? The materials employed for layer formation are

gold, PAH, AMPS, and different double layers composed of PSS-PAH. Sev-

eral heating/cooling cycles have been performed to understand the shrink-

ing/swelling ability of the microgels.

7.2 Results

7.2.1 Layer characterisation

Table 7.1: Prepared layer systems. The first column illustrates the layer composition. The

second column shows the layer thickness under ambient conditions has been determined

by ellipsometry. Column 3 to 4 depict the layer roughness against water at 20 ◦C (column

3) and at 50 ◦C (column 4), respectively. The layer roughness has been determined by

AFM.
Layer Thickness Roughness Roughness

composition (nm) at 20◦C (nm) at 50◦C (nm)

Gold 100 0.47+
−

0.03 0.5+
−

0.05

AMPS 4.2 +
−

1.2 0.34+
−

0.13 0.31+
−
0.07

PAH 6.9 +
−

1.4 0.69 +
−

0.11 0.41 +
−

0.13

PSS-PAH-1 4.1+
−

2.4 0.50+
−

0.13 0.65+
−

0.05

PSS-PAH-3 9.9+
−

1.9 2.00+
−

0.26 1.94 +
−

0.38

PSS-PAH-6 21.5+
−

1.2 4.46 +
−

1.10 5.31 +
−

0.93

The layer properties are essential for the adsorbed particles. The layer

thickness and roughness are important parameters, which influence the particle

behaviour.

The all layers have been prepared following the procedure described in the

experimental chapter (chapter 4). Table 7.1 shows the layer thickness and

layer roughness of positively charged coatings at different temperatures. The

layer thickness under ambient conditions has been determined by ellipsometry,

while the layer roughness has been determined by AFM. The thickness for

AMPS and PAH systems are similar to one another, being in the same order

of magnitude. AMPS layers exhibit a thickness of about 4 nm, while the layer

thickness of PAH yield a value of 6 nm. The roughness, which was determined

by the AFM, differs between these two layer systems. AMPS layers provide
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a smoother surface against water with a roughness of 0.34 nm compared to

PAH layers with a roughness of 0.69 nm. The film roughness for both layer

systems shows no temperature dependence.

PSS-PAH layer systems show a similar behaviour. PSS-PAH-1 multilayers

display a film thickness of 4.1 nm. An increase in the layer number causes

an increase in the layer thickness. The thickness for PSS-PAH-3 layer was

determined to 9.9 nm, while PSS-PAH-6 layer exhibit a thickness of 21.5 nm.

7.2.2 Thermo-responsive particle behaviour on surface coatings

P10 particles, which are similar to AAA-10 particles in chapter 5 but a dif-

ferent synthesis batch, were measured against water to study the influence

of different layer systems on the particle behaviour during different heat-

ing/cooling cycles. Figure 7.1 and Figure 7.2 show the AFM images and the

particle volume for P10 particles spin coated on gold, PAH and AMPS layers

during heating/cooling cycles. The particles retain their thermo-responsive

behaviour on the different layer systems. The particle volume for particles spin

coated on AMPS decreases with increasing the heating/cooling cycles, while

the particle volume spin coated on gold and PAH remains more or less con-

stant. To gain more insight into the shrinking/swelling behaviour of the P10

particles during the several heating/cooling cycles, cross section (Figure A.16),

particle height (Figure 7.3a) and particle width (Figure 7.3b) were plotted as

a function of the heating/cooling cycles. Particles spin coated on AMPS ex-

hibit the largest particle height with 400 nm, while particles spin coated on

PAH and gold have smaller vertical dimension with around 340 nm. During

the heating/cooling cycles, the shrinking/swelling ability of P10 particles spin

coated on AMPS layers differs strongly from the shrinking/swelling ability of

particles spin coated on PAH and gold layers. As shown in Figure 7.4a), the

particle height ratio of particles spin coated on AMPS decreases from α = 1 to

α = 0.25 during the heating process and increases back to α = 1. The particle

height ratio of particles spin coated on PAH and gold decreases only to α = 0.6

and α = 0.5 and reswells back to α = 1 during the heating/cooling process. In-

terestingly, no hysteresis in the particle height can be observed for all layer

systems during the heating/cooling cycles.

The particle width of P10 particles spin coated on PAH and gold shows

the similar behaviour as the particle height and remain constant during the

heating/cooling cycles. However, the particle width of particles spin coated

on AMPS decreases from 1500 nm to 1400 nm during the first and from
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Figure 7.1: AFM images of P10 particles in liquid state spin coated on different single

layer coatings during the first heating/cooling cycle. Scan size: 5x5 µm2.

1400 nm to around 1300 nm during the second heating/cooling cycle. This

means particles spin coated on AMPS shows a strong hysteresis behaviour

in lateral dimension, while no hysteresis in lateral dimension is detected for

particles spin coated on PAH and gold.

7.2.3 Effect of polyelectrolyte multilayers of different thickness

In order to study the effect of surface softness on the VPT, particles spin

coated on PSS-PAH multilayer with different layer thickness were investig-

ated. Figure 7.5 and Figure 7.6 show the AFM images and the calculated

particle volume of P10 particles spin coated on different PSS-PAH multilayers

against water during the heating/cooling cycles. Again, the particles retain

their thermo-responsive behaviour but the volume of particles depends on

the coating system. The volume of particles spin coated on PSS-PAH-1 and

PSS-PAH-3 are in the same order of magnitude. However, with increasing

the layer number to six, the particle volume decreases tremendously. The ef-

fect of the different multilayers becomes obviously during the heating/cooling

cycles. All particles show a hysteresis behaviour during the individual heat-

ing/cooling cycles. Particles spin coated on PSS-PAH-1 and PSS-PAH-3 layers

exhibit a similar hysteresis effect during the first two heating/cooling cycles.

Afterwards, no further decrease in the particle volume can be observed. In
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Figure 7.2: Particle volume calculated from the particle cross section of P10 particles

during the two heating/cooling cycles.
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Figure 7.3: Particle height (a) and particle width (b) of P10 particles spin coated on

different single layer coatings.

contrast, particles spin coated on PSS-PAH-6 show the strongest hysteresis

during the heating/cooling cycles. After two cycles, the particles exhibit only

half of its initial particle volume.

The particle cross section (Figure A.17), height(Figure 7.7a)) and width

(Figure 7.7b)) provide information to understand the shrinking/swelling be-

haviour of the particles spin coated on different multilayers. The particle cross

sections confirm the hysteresis behaviour in vertical and lateral dimension.

The particle height for particles spin coated on PSS-PAH-1 and PSS-PAH-3

are in the same order of magnitude, while particles spin coated on PSS-PAH-6

exhibit the smallest vertical dimension. The difference in the particle height

for particles spin coated on PSS-PAH-1 and PSS-PAH-3 are insignificant dur-

ing the heating/cooling cycles. However, particles spin coated on PSS-PAH-6

show a large hysteresis in their shrinking/swelling behaviour. The particle

height ratio (with respect to the initial particle height), shown in Figure 7.8a),
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Figure 7.4: Particle height ratio (a) and particle width ratio (b) of P10 particles spin

coated on different monolayer systems during the two heating/cooling cycles. The values

are normalised with respect to the initial particle height and particle width, respectively.

confirms this impression. The particle height ratio for particles spin coated on

PSS-PAH-1 and PSS-PAH-3 decreases from α = 1 to α = 0.9 for both particles

spin coated on PSS-PAH-1 and PSS-PAH-3 during two heating/cooling cycles.

In contrast, the particle height ratio for particles spin coated on PSS-PAH-6

decreases from α = 1 to around α = 0.75 during two heating/cooling cycles.

The impact of the different layer thickness on the shrinking/swelling beha-

viour can be clearly seen in the particle width. As shown in Figure 7.7b),

the initial particle width for particles spin coated on PSS-PAH-1 decreases

from 1300 nm to 1200 nm in the first and from 1200 nm to 1150 nm in the

second heating/cooling cycle. The particle width for particles spin coated on

PSS-PAH-3 and PSS-PAH-6 decreases about 150 nm and 250 nm during the

two heating/cooling cycles. Figure 7.8b) shows the particle width ratios (with

respect to the initial particle width) of all particles. Indeed, the particles spin

coated on PSS-PAH-1 and PSS-PAH-3 exhibit a similar particle width ratio,

while particles spin coated on PSS-PAH-6 show the strongest hysteresis effect.

7.2.4 Particle behaviour at ambient conditions

Information about the particles at ambient conditions are essential to under-

stand the complete particle behaviour at the surface. Figure 7.9 shows the

AFM images for P10 at ambient conditions as a function of different layers.

As shown in chapter 6, all P10 particles spin coated on the different layer

systems exhibit a smaller particle size in vertical, as well as lateral direction

compared to their counterparts in water.

For a better understanding of this, the particle cross sections were extrac-
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Figure 7.5: AFM images of P10 particles in liquid state spin coated on PSS-PAH multilay-

ers of different layer numbers during the first heating/cooling cycle. Scan size: 5x5µm2.

ted to clarify the lateral and vertical particle size at the layer systems. Fig-

ure 7.10a) shows the cross section of one particle spin coated on gold, AMPS

and PAH layers. An average of three different particles yield a particle height

of 98 nm on AMPS, 135 nm on PAH and 130 nm on gold. The average width is

949 nm on AMPS, 849 nm on PAH and 932 nm on gold. Particles spin coated

on AMPS and gold show a larger lateral dimension, while particles spin coated

on PAH exhibit a smaller particle width. In contrast, the particle height for

particles spin coated on gold and PAH is larger compared to particles spin

coated on AMPS layer. Particles spin coated on PSS-PAH multilayers show

a different behaviour as shown in Figure 7.10b). An increase in the layer

number leads to a decrease in the particle height for particles spin coated on

PSS-PAH-3 and PSS-PAH-6 layers. The average particle height on PSS-PAH-

1 is 182 nm, for PSS-PAH-3 97 nm and for PSS-PAH-6 105 nm. Not only the

particle height changes but also the particle width changes with increasing

the number of layers. The average particle width is for particles spin coated

on PSS-PAH-1 798 nm, for PSS-PAH-3 957 nm and for PSS-PAH-6 791 nm.

Particles spin coated on PSS-PAH-1 and PSS-PAH-6 layers exhibit the same

particle width. Particles spin coated on PSS-PAH-3 layers, in contrast, ex-

perience an increase in particle width.
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Figure 7.6: Particle volume calculated from particle cross sections of P10 particles during

two heating/cooling cycles.
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Figure 7.7: Particle height (a) and particle width (b) of P10 particles spin coated on

multilayer with different film thickness.

7.3 Discussion

7.3.1 Properties of different single layer coatings

The results for the single layer coatings are consistent to one another. On the

one hand both layer systems, PAH and AMPS, exhibit a film thickness, which

is in the same order of magnitude. On the other hand, the surface roughness

of PAH layers is larger than that of AMPS layers. This fact has its origin

potentially in the poor surface coverage of PAH compared to AMPS layer. In

case of multilayer systems, here namely the PSS-PAH system, an increase in

the film thickness takes place with increasing layer number. This is in good

agreement with the literature and is explained by the overcompensation of

the charges and the entropy driven adsorption121,139,140. The charges of the

adsorbing polyelectrolyte overcompensate the charges of the end-termined

polyelectrolyte layer leading to a charge reversal. Secondly, the entropically
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Figure 7.8: Particle height ratio (a) and particle width ratio (b) of P10 particles as a func-

tion of different PSS-PAH multilayers during the two heating/cooling cycles. The values

are normalised with respect to the initial particle height and particle width, respectively.

favoured ion release between end-termined polyelectrolyte layer and the free

polyelectrolyte leads to adsorption and thus an increase in film thickness. The

polyelectrolyte adsorption not only leads to an increase in the film thickness

but also to an increase in the film roughness. This can be explained by the

internal roughness between the single PAH layer and the PSS layer141. The

higher the number of deposited layers the rougher the multilayer surface. All

polyelectrolyte layers, monolayers and multilayers, smoothen in their liquid

state. Here, the interaction between the polyelectroytes and water molecules

are favoured leading to a flexible and smooth film121,123.

7.3.2 Particle behaviour at different single layer coatings

PNIPAM-co-AAA particles were spin coated on different single layer coatings.

The layer coatings were two positively charged coatings (PAH and AMPS lay-

ers) and gold. All particles remain their thermo-responsive behaviour during

several heating/cooling cycles. However, particles spin coated on AMPS show

a hysteresis, while particles spin coated on PAH and gold layers exhibit no

hysteresis. This is an interesting, since both layers, PAH and AMPS, are

positively charged, which should lead to electrostatic attraction between the

negatively charged particles. However, particles spin coated on AMPS ex-

hibit a smaller particle height as well as a larger particle width under ambient

condition and a larger lateral dimension against water compared to particles

spin coated on PAH. These facts assume a stronger electrostatic attraction

between the particles and AMPS layers compared to the particle/PAH sys-

tem. A similar observation was shown before for other particle/polyelectrolyte
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Figure 7.9: AFM images of P10 particles as function of different layer systems under

ambient conditions. Scan size: 5x5µm2.

systems71. Thereby, the surface coverage of the AMPS and PAH layers plays

an important role. As mentioned above, the higher roughness of PAH layers

suggests a poor surface coverage. Hence, the electrostatic attraction between

the negatively charged particle and the positively charged PAH layers is less

pronounced as compared to the more homogeneous AMPS layers and particle.

These stronger electrostatic attraction affects the hysteresis in lateral dimen-

sion for particles spin coated on AMPS compared to particles spin coated

on PAH. Particles spin coated on AMPS not only show a hysteresis but also

exhibit a larger shrinking/swelling ability in lateral dimension compared to

particles on PAH. The particle width decreases about 400 nm during the heat-
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Figure 7.10: Particle cross sections of P10 particles at ambient conditions spin coated on

(a) different monolayer systems and (b) different PSS-PAH multilayers.
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ing process, while the width of the particles spin coated on PAH decreases

200 nm during the heating process. This indicates a better sliding ability for

particles on AMPS compared to particles on PAH due to the hydrophobic

effect of AMPS layer. The hydrophobic effect of the AMPS has its origin in

the longer alkyl tail of the surfactant. Therefore, the AMPS surface and the

particle do not integrate strongly due to the hydrophobic differences (AMPS:

hydrophobic, particle: hydrophilic) resulting a better sliding and consequently

a better shrinking ability. In contrast, PAH layer exhibit dangling ends, which

interfere with the particles leading to restricted shrinking process.

7.3.3 Particle behaviour on multilayers with different film thick-

ness

PNIPAM-co-AAA (P10 particles) have been spin coated on different PSS-

PAH-X (X=1,3,6) multilayers and have been studied during several heat-

ing/cooling cycles. As observed for single layer coatings, the particles remain

their thermo-responsive behaviour during several heating/cooling cycles. The

initial volume of particles spin coated on PSS-PAH-1 and PSS-PAH-3 is more

or less in the same order of magnitude, while particles spin coated on PSS-

PAH-6 experience a reduction in the volume compared to particles spin coated

on PSS-PAH-1 and PSS-PAH-3. The same trend can be also observed for

the particle height. Particles on PSS-PAH-1 and PSS-PAH-3 exhibit sim-

ilar particle height, while a decrease in the height takes place for particles

on PSS-PAH-6. However, the main reason for the differences in the particle

volume has its origin in the particle width decreasing in the order of PSS-PAH-

1 > PSS-PAH-3 > PSS-PAH-6. These observations are a combined interplay

between electrostatic attraction, hydrophobic effects and the multilayer thick-

ness. The electrostatic attraction between the negatively particles and pos-

itively charged multilayers should be the same for PSS-PAH-1, PSS-PAH-3

and PSS-PAH-6, since PAH is the outer layers for all prepared multilayers.

It is known from literature that the surface potential remains constant irre-

spective of the number of deposited double layers142. Hence, the electrostatic

attraction plays a minor role in the decrease of the initial particle volume.

However, an increase in the layer thickness has a tremendous impact on the

particle volume. The thickness of the multilayers increases in the order of

PSS-PAH-1 > PSS-PAH-3 > PSS-PAH-6 leading to a strong particle penet-

rate into the multilayer and a smaller particle volume. Measurements under

ambient conditions support this. The particle penetration into PSS-PAH-1
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layers is rather weak compared to particles spin coated PSS-PAH-6 leading to

a large particle height.

With starting the heating/cooling cycles the effects of particle penetration

into the multilayer thickness becomes more pronounced leading to a continu-

ous decrease in the volume of all particles. Particles on PSS-PAH-1 and

PSS-PAH-3 show less reduced particle volume during the heating/cooling

cycles, while the strongest decrease in the particle volume is observed for

particles on PSS-PAH-6. Interestingly, the height of particles on PSS-PAH-1

and PSS-PAH-3 decreases marginal. In contrast, particle on PSS-PAH-6 show

a strong decrease in the particle height. However, the largest contribution of

the volume decrease is attributed to the particle width, which decreases for all

particle during the heating/cooling cycles. Furthermore, the particle reswell-

ing ability decreases from the first to the second heating/cooling cycle. The

change of the volume for particles on PSS-PAH-1 and PSS-PAH-3 is mainly

affected by the decrease in the particle width, while the decrease in particle

height less pronounced. Lateral shrinking/swelling behaviour is mainly af-

fected by electrostatic interaction, while the shrinking/swelling behaviour in

vertical dimension is influenced by the particle penetration into the multilay-

ers. Since the particle width decreases stronger compared the particle height,

it can be concluded that electrostatic interactions dominate over particle pen-

etration. Not only electrostatic interaction affects the shrinking/swelling be-

haviour of particles on PSS-PAH-6 but also the penetration depth of the

particles. Particles spin coated on PSS-PAH-6 penetrate deeper into the mul-

tilayers. Hence, a strong interpenetration between particle and multilayers

takes place. This interpenetration leads to a restricted shrinking/swelling abil-

ity during the individual heating/cooling cycles and a hysteresis behaviour in

lateral as well as vertical dimension. Additionally, the roughness within such

multilayers increases with increasing the layer number121. This effect could

enhance the particle hysteresis, since the particles are not able to slide freely.

7.4 Conclusion

The shrinking/swelling behaviour of particles spin coated on different single

layer coatings (AMPS, PAH and gold) and multilayers (PSS-PAH-X, X=1,

3 and 6) have been studied intensively during several heating/cooling cycles.

Particles spin coated on thinner layers show mainly a decrease in their lateral

dimension, while with increasing the layer thickness the particle shrinks in

both, lateral and vertical, dimension.
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The shrinking/swelling behaviour of particles spin coated on thinner layers

is mainly affected by electrostatic attraction since the penetration of these

particles is less pronounced. Thus, no additional interaction takes place

between the particles and layer coatings. With increasing the layer thickness,

the particles penetrate deeper into the layer coatings. Hence, the shrink-

ing/swelling ability is restricted due to the interpenetration of the multilayers

into the particles and the internal roughness of the multilayer.

7.5 Outlook

Further experiments would focus on multilayers with more PSS-PAH mul-

tilayers to afford a better understanding of the correlation between film thick-

ness and particle behaviour. The investigation of different single layers on

the particle behaviour needs to be studied. Here, the focus should lay on

more biocompatible polyelectrolytes. The salt and pH dependence on such

particle/multilayer systems are other parameters, which are interesting and

useful for application. On the one hand, particles at high ionic strength show

a decrease in size. On the other hand, the size of the multilayers increases

with increasing the ionic strength. This is an interesting effect, which has to

be studied.
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Chapter 8

Interaction between microgel particles

and azobenzene containing surfactant

This chapter was a cooperation with Dr. Yuriy Zakrevskyy from AK Svet-

lana Santer from the Univerity Potsdam and contains parts of the paper:

"Light-Controlled Reversible Manipulation of Microgel Particle Size Using

Azobenzene-Containing Surfactant, Adv. Funct. Mater., (2012), 22, 5000-

5009" as well as "Effect of pH and co-monomer content on the swelling be-

haviour of microgel-azobenzene containing surfactant complex", accepted for

publication in Polymer.

8.1 Introduction

The challenge in the sensor applications demand fast and precise response to-

wards external parameters143–145. Such application requires a matrix, which

is sensitive to external parameters. Microgels based on PNIPAM fulfill such

specifications, due to their thermo-responsive behaviour146,147. The incorpor-

ation of pH responsive co-monomers in microgels results not only in thermo-

responsive but also in pH responsive microgel99,148. The change in the salt

concentration also causes a change in the particle size, due to the charge

screening in the polymer network25.

A more convenient method to induce the particle collapse arises from the

incorporation of small molecules120,149. The change in the particle size can be

easily achieved by irradiation to generate heat in the particle150. The heat

generated allows a partial PNIPAM collapse. Such remote controlled systems

play an increasing role in applications151.

A more gentle way to realize the particle collapse is the incorporation of
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azobenzene containing surfactants in the polymer matrix106,109. Such azoben-

zene can switch between their trans- and cis-state depending on the irradi-

ation wavelength. The driving force for the surfactant uptake arises from

electrostatic as well as hydrophobic interactions between the particle and the

surfactant. The hydrophobic trans-conformation binds to the microgel, while

the hydrophilic cis-conformation shows a lower affinity to interact with the

microgel.

This chapter discusses the interaction between PNIPAM particles, which

contain the co-monomer AAA, and an azobenzene containing surfactant. The

microgel concentration was fixed during the experiments, while the surfact-

ant concentration was steadily increased. Another aim is the particle size

manipulation via UV-VIS irradiation. Furthermore, the behaviour of the mi-

crogel/surfactant complex in different buffer solutions at a fixed pH is in-

vestigated. The experiments in bulk are done using DLS and zeta potential

measurements.

8.2 Microgel/surfactant complex in pure water

8.2.1 Formation of the microgel/surfactant complex

The formation of the microgel/surfactant complexes can be performed by

mixing a negatively charged microgel and positively charged surfactant, which

is shown in Figure 8.1, in pure water. The effective microgel charge was

determined via titration with a 2.5 mM NaOH. The titration yields a effective

AAA incorporation of 9 %. For the microgel/surfactant complex preparation,

the surfactant in trans-conformation was used. All presented measurements

were performed at 20 ◦C.

N
N

O N
Br

Figure 8.1: Chemical structure of the used surfactant synthesised by Nino Lomadze from

University Potsdam.

The understanding of the microgel/surfactant complex formation necessit-

ates the construction of a phase diagram of the microgel and the surfactant

as shown in Figure 8.2. The microgel concentration is plotted on the ordin-

ate, while the charge ratio Z (the molar ratio of surfactant divided by the
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molar ratio of the co-monomer units AAA within the microgels) is plotted on

the abscissa. Both, the ordinate and the abscissa, are plotted in log scale to

observe a change in the order of two or more magnitudes. Surfactants, like

the azobenzene containing surfactant, are able to form micelles at a certain

concentration. This concentration is the so-called critical micelle concentra-

tion (CMC) as is shown by the blue line in Figure 8.2. To avoid influences

arising from the formation of micelles, all experiments were performed below

the CMC.
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Figure 8.2: Phase diagram of AAA-50 particles and the azobenzene surfactant constructed

via turbidity measurements29. The measurements were performed at 20 ◦C.

In the following, the interaction between the microgel and the surfactant

will be discussed. The microgel concentration is fixed examplary to 3.8 10−5

M and 3.8 10−5 M (horizonal grey lines in Figure 8.2), while a steady increase

in the surfactant concentration, which also means an increase in the charge

ratio Z, takes place. The microgel undergoes several transition steps during

the increase of the surfactant concentration. At low charge ratios the pos-

itively charged surfactant starts to bind to the negatively charged microgel.

Further increase in the surfactant concentration initiates the particle con-

traction. The red area in Figure 8.2 indicates the contraction range of the

microgel/surfactant complex. Again further increase in the surfactant con-

centration leads to a complete charge compensation in the microgel resulting

in the precipitation of the microgel/surfactant complex. The grey area in Fig-

ure 8.2 shows the precipitation range of the microgel/surfactant complex. At

higher Z ratio the microgel/surfactant complex regains its colloidal stability

due to charge reversal of the mircogel/surfactant complex.

To study the interaction between microgel and the surfactant during the
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formation of the microgel/surfactant complex, dynamic light scattering and

zeta potential measurements at two fixed microgel concentrations were per-

formed. The microgel concentrations are 3.8 · 10−5 M and 3.8 · 10−6 M, which

are marked with the horizontal grey lines in Figure 8.2. The surfactant was in

trans-conformation during the complex formation and therefore also during

the measurements.
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Figure 8.3: The hydrodynamic radius (a) and zeta potential (b) of AAA-50 particles as

a function of charge ratio Z at two different AAA concentrations. The surfactant was

in trans-conformation during measurements. The grey lines represent the precipitation

range of the microgels at different concentrations (1: 3.8 · 10−5 M, 2: 3.8 · 10−6 M). The

measurements were performed at 20 ◦C.

Figure 8.3a) shows the hydrodynamic radius of AAA-50 particles as a func-

tion of the charge ratio Z at the two different AAA concentrations. At low Z

ratio, the particle radius does not change significantly. The large scattering

of the obtained radii in this region is related to the flexible polymer network

in the swollen state. The particles start to contract at a certain Z ratio. Fur-

ther increase in the surfactant concentration leads to low net charge of the

particles. The precipitation range starts at Z=1.8 and ends at Z=2.5 for a

microgel concentration of 3.8 · 10−5 M, while for a particle concentration of

3.8 ·10−6 M it starts at Z=10 and ends at Z=18. The microgel/surfactant com-

plex restores its colloidal stability at higher charge ratio Z. Remarkably the

hydrodynamic radii show no large scattering at higher Z values, which means

that the surfactant also stabilises the particle morphology.

To get a better understanding of this particle collapse, zeta potential meas-

urements were performed as shown in Figure 8.3b). Here, the zeta potential of

AAA-50 particles is plotted as a function of the charge ratio Z at the same con-

centration as it was done for the hydrodynamic radius measurements. The
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Figure 8.4: The hydrodynamic radius of AAA-50 particles as a function of charge ratio

Z at different AAA concentrations. The measurements were performed at 20 ◦C. Data

points of precipitation range were removed.

AAA-50 particles exhibit a zeta potential of -40mV at low Z ratios, due to

the negatively charged co-monomer AAA. A steady increase in the positively

charged surfactant concentration causes an increase in the zeta potential. A

zeta potential of 0 mV is reached at Z=1.8 for a microgel concentration of

3.8 · 10−5 M, while the neutral zeta potential for a microgel concentration of

3.8·10−6 M is located at Z=10. These results perfectly match with to the precip-

itation range obtained from the light scattering experiments. Further increase

in the surfactant content leads to both colloidal stability of the particles and

a positive zeta potential.

The results obtained from light scattering measurements as well as from

zeta potential measurements confirm that the formation of the microgel/ sur-

factant complex occurs in several steps. The first step can be described as

the surfactant binding to the microgel. The surface charge of the microgel

will be gradually compensated by the positively charged surfactant, which

creates an increase in the zeta potential but has no effect on the particle

size. Further increase in the charge ratio leads to a progressive charge com-

pensation within the microgel, which results in the particle contraction. The

microgel/surfactant complex precipitates, if the positively charged surfactant

compensates the complete negative microgel charge leading to a neutral zeta

potential. At higher Z ratio, the particles regain their colloidal stability via

the surfactant uptake within the particle as well as the binding of the posit-

ively charged surfactant on the particle surface, which leads to a positive zeta

potential at high Z ratios.

Figure 8.4 shows the hydrodynamic radius for different microgel concen-
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trations as a function of the charge ratio Z. The hydrodynamic radius of the

particles decreases by more than half of its initial size during the formation

of the microgel/surfactant complex. The contraction range shifts to higher

charge ratios with decreasing the microgel concentration due to the differ-

ent concentration ratio between microgel and surfactant. At low microgel

concentration, the surfactant concentration is lowered within the microgels.

Hence, more surfactant (higher charge ratio) is needed to initialise the particle

contraction. Whereas at higher microgel concentration, low charge ratio af-

fects a high surfactant concentration within the microgel leading to microgel

contraction.

8.2.2 Light induced particle collapse

As mentioned previously, the azobenzene containing surfactant can be switched

between its hydrophobic trans-conformation, which is thermodynamically more

stable, and its hydrophilic cis-conformation, which is thermodynamically un-

favoured, simply by UV-VIS irradiation. The switching from trans- to cis-

conformation can be realised by UV light, while the switching from the cis- to

the trans-state can be done by blue light. Figure 8.5 shows the hydrodynamic

radius of the particle as a function of the irradiation step. The AAA-50

particles exhibit a particle size of about 600 nm. The irradiation with blue

light causes a decrease in the particle size of about 350 nm. Again, the col-

lapsed particles have been irradiated with UV light resulting in a particle

reswelling leading to a particle size of about 600 nm. This procedure can

be repeated several times to cause a particle collapse with blue light and a

particle reswelling with UV light.
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Figure 8.5: The hydrodynamic radius after the irradiation with blue and UV light. The

measurements were performed at 20 ◦C.
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The particle collapse and the particle reswelling is related to the bind-

ing ability of the surfactant in its different conformation states. The trans-

conformation of the surfactant is generated by blue light irradiation. The sur-

factant in its trans-conformation binds to the microgel leading to a particle

collapse. The formation of the microgel/surfactant complex is driven by the

electrostatic interaction between the negatively charged particles and the pos-

itively charged surfactant. Additionally, the hydrophobic interaction between

the surfactant and the particles favours the binding of the trans-conformation

to the particles.

The irradiation with UV light leads to a switching in the surfactant con-

formation from trans- to cis-state and the unbinding from the particles. Thus,

the repulsive interaction in the particles increases, leading to a particle reswell-

ing. Consequently, the cis-conformation shows a lower binding ability to the

particles.

The swelling and deswelling process of the particle initialised by the UV-

VIS irradiation is clearly driven by the charge compensation of the micro-

gel/surfactant complex. Additionally, hydrophobic interaction between the

surfactant in the hydrophobic trans-state and the particles enhances the sur-

factant binding.

8.2.3 Influence of co-monomer concentration on the particle con-

traction

Two microgels with different co-monomer concentrations were investigated to

study the effect of the co-monomer content on the particle contraction process.

AAA-25 particles and the before well studied AAA-50 particles were chosen

for this purpose. The incorporation of AAA was determined via titration with

2.5 mM. The titration of AAA-25 and AAA-50 particle yields an incorporation

of 3.8 % AAA and 9 % AAA, respectively. The co-monomer concentration was

fixed to 1 · 105 M for both particle types. It should be noted that the particle

number for AAA-25 particles is 2.4 times higher than for AAA-50 particles

but the effective co-monomer concentration is the same for both AAA-25 and

AAA-50 particles.

Figure 8.6 shows the change in the particle size as a function of the charge

ratio Z for both AAA-25 and AAA-50 particles. AAA-25 as well as AAA-50

particles exhibit nearly the same particle size of about 580 nm at a low charge

ratio Z. The increase in the surfactant concentration causes a particle contrac-

tion for both particle types. The AAA-25 particles start to shrink at Z=1 until
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Figure 8.6: Particle radius of AAA-25 (black squares) and AAA-50 particles (red dots) as

a function of surfactant concentration. The particle radius without surfactant is 730 nm

for AAA-25 and 791 nm for AAA-50. Concentration of the microgels: 10−5. The grey

bars indicate the corresponding precipitation range. The measurements were performed

at 20 ◦C.

Z=2. The contraction range for AAA-50 particles starts at Z=0.6 and ends at

Z=2. Consequently, both AAA-25 particles and AAA-50 particles contract in

nearly the same Z ratio interval. Further increase in the charge ratio results in

a precipitation of the microgel/surfactant complex. AAA-25 particles precip-

itate between a charge ratio of Z=4 and Z=6, while the precipitation range for

AAA-50 particles shifts to slightly lower Z values. AAA-50 complexes start to

precipitate at Z=2 and end at Z=3. As mentioned above, the particles regain

their colloidal stability at higher charge ratios. Thereby, it can be observed

that both particles differ in size. With a similar particle size for AAA-25 and

AAA-50 particles at low Z ratio, the microgel/surfactant complex of AAA-50

particles shrink to a size of 250 nm, while the microgel/surfactant complex of

AAA-25 particles exhibits a size 400 nm after regaining their colloidal stability

at high Z ratios.

The obtained results indicate a highly similar behaviour for both particle

types. The particle contraction, which is nearly in the same Z ratio range

for both particle types, is mainly driven by the charge compensation of the

particles and is independent of the particle composition. In contrast, the

precipitation range of AAA-25 shifts slightly to larger Z values compared to

AAA-50, that might be connected to the different sizes of contracted particles

and/or the corresponding differences in the surface charge densities of both

microgels.

The shrinking process of AAA-50 particles is stronger compared to the one

of AAA-25 particles. AAA-50 particles shrink from 580 nm to about 250 nm,
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while AAA-25 particles collapse from 600 nm to about 400 nm. For the un-

derstanding of this shrinking behaviour, the particle morphology has to be

taken into consideration. As shown in chapter 5, the incorporation of AAA

into the particles increases the particle hydrophobicity due to the longer al-

kyl chain. The increased hydrophobicity and additionally the higher charge

density within AAA-50 particles favours an increased surfactant binding via

hydrophobic and electrostatic interactions leading to a higher surfactant con-

centration within AAA-50 compared to AAA-25 particles. Hence, the AAA-50

particle becomes even more hydrophobic due to the higher surfactant concen-

tration within the particle leading to a less hydrated and therefore stronger

contracted particle.

8.3 Microgel/surfactant complex in different buffer solu-

tions

8.3.1 Phase diagram of AAA-50 particles in buffer solutions

As shown above, the formation of microgel/surfactant complexes and the res-

ulting possibility to cause particle swelling/contraction by UV-VIS irradiation

offer new application field.

From the obtained results arise the question of the microgel/surfactant

complex behaviour in buffer solutions to use such systems in biological applic-

ations. The complex formation was studied in three different buffers (phos-

phate, Tris and phthalate) with a concentration of 1 mM. The AAA-50 concen-

tration was 1 · 10−5 M, which is two orders of magnitude lower than the buffer

concentration. The difference in both concentrations was used to ensure a

stable pH during the addition of the surfactant.

Figure 8.7 shows the phase diagram of AAA-50 particles dissolved in dif-

ferent buffer solutions at different pH values as function of the charge ratio Z.

The charge ratio Z is plotted in log scale. The grey area represents the pre-

cipitation area of the microgel/surfactant complex in phosphate buffer from

pH=6 to pH=8, while the precipitation range for Tris and phthalate buffers

are illustrated by the two grey bars at a fixed pH of 7.

As discussed above, the formation of the microgel/surfactant complex oc-

curs in several steps. At first, the surfactant binds to the microgel, which

leads to a particle contraction. Further increase in the charge ratio results

in a complete charge compensation of the negatively charged microgel. The

microgel/surfactant complex regains its colloidal stability in the third step.
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Figure 8.7: Phase diagram of the AAA-50/surfactant complex in different buffer solu-

tions152. The buffer concentration was 10−3 M. The measurements were performed at

20 ◦C.

From the obtained results it can be seen that the precipitation range can

be adjusted by the pH of the solution. At pH=6, the co-monomer units are

not fully deprotonated and necessitate less surfactant for a complete charge

compensation. Therefore, the microgel/surfactant complex precipitates at

Z=5 and regains its colloidal stability at Z=12. With increasing pH the AAA

deprotonation elevates resulting in a higher charge density in the particle.

Consequently, the precipitation range shifts to higher Z ratios for higher pH

values. At a certain pH, all AAA groups are deprotonated leading to a con-

stant precipitation range. Changing the buffer system at pH=7 causes a slight

shift in the precipitation range to lower Z values for Tris buffer and to higher

Z values for phthalate buffer. The differences in the precipitation range are

related to the chemical nature of the buffer system. Tris contains an amino

group, which can interact with the AAA leading to a shift to lower Z ratios.

In contrast, the phthalate buffer dissociates to phthalate anions, which can

interact with the positively charged surfactant resulting in a shift to higher Z

ratios.

8.3.2 Contraction process of AAA-50 particles in buffer solution

To understand the role of the buffer in the particle contraction, the micro-

gel/surfactant complex were studied at different pH values in phosphate buf-

fer.

Figure 8.8 shows the particle radius of AAA-50 in phosphate buffer at

different pH values as a function of the charge ratio Z. At low charge ratios,
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Figure 8.8: The hydrodynamic radius of AAA-50 particles in phosphate buffer at different

pH as a function of charge ratio Z. The ionic strength of phosphate buffer was 10−3 M.

The measurements were performed at 20 ◦C.

the particles size is about 400 nm. The discrepancy in the particle size at low

charge ratios results from the flexible polymer network and leads to a large

variation in the particle size. With increasing in the charge ratio Z no particle

contraction can be observed as for the microgel/surfactant complex formation

in pure water.

Reference measurements were performed to investigate the disappearance

of the particle contraction during the microgel/surfactant formation in the

buffer solution. Figure 8.9 shows the particle radius as well as the zeta po-

tential of AAA-50 particles without surfactant in different buffer systems as

a function of pH. Neither the particle radius nor the zeta potential of the

particle change significantly. As shown above, the particle size of AAA-50

particles was found to be about 550 nm and decreases to 330 nm in buffer

solution. Furthermore, the zeta potential in pure water was determined to a

value of -40 mV and increases to -25 mV in buffer solution.

The result obtained from the reference measurements clarifies the missing

particle contraction during the formation of the microgel/surfactant complex

in buffer solution. The mixing of the microgel in buffer solution leads to

charge screening of the negatively charged AAA-50 particles by the posit-

ively charged counterions resulting in a decrease in the particles size from

550 nm in pure water to 330 nm in buffer solution153. These counterions

screen the binding sites of the negatively charged particles for the positively

charged surfactant. Therefore, the surfactant cannot attain in the polymer

network nor trigger the particle contraction. A similar effect was observed for

PNIPAM-co-AAc microgels/lysozyme complexes154. Thus, only the particle

surface provides the possibility for the surfactant binding. Precipitation of
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Figure 8.9: The hydrodynamic radius (top) and zeta potential (bottom) of AAA-50

particles in different buffer systems as a function of pH. The ionic strength of all buf-

fer solutions was 10−3 M. The measurements were performed at 20 ◦C.

the microgel/surfactant complex takes places, if the negatively charged sur-

face is completely compensated by the positively charged surfactant as shown

in Figure 8.7.

8.4 Conclusion

The binding process between a azobenzene containing surfactant, which is

positively charged, and a negatively charged microgel is studied intensively.

The surfactant can be switched between the trans- and cis-conformation, due

to UV-VIS irradiation. PNIPAM-based particles containing different AAA

co-monomer contents are used as microgels.

The formation of the microgel/surfactant complex has been performed in

pure water and different buffer systems. The complex formation in pure water

can be separated in four states. The first state is the surfactant binding to

the microgel, particle contraction takes place in the second state, due to the

charge compensation. The third state is the complete charge compensation of

the microgel and the resulting precipitation of the microgel/surfactant com-

plex. In the fourth state, the formed microgel/surfactant complex regains its

colloidal stability. The contraction range as well as the precipitation range

depends on the microgel concentration. Furthermore, the particle contraction

shows significant differences between microgels with low and high co-monomer

content. Particles with higher co-monomer content show a higher degree of

contraction than particles containing less co-monomer.

The particle contraction during the complex formation disappears in buffer
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solution. The buffer counterions screen the co-monomer charges and hinder

the interaction between the microgel and the surfactant. Only the precipita-

tion of the microgel/surfactant complex takes place meaning that the surfact-

ant binding occurs at the microgel surface.

The cis-trans isomerism of the azobenzene containing surfactant has been

utilised to manipulate the particle size by UV-VIS irradiation. Blue light

generates the trans state, which is able to bind to the microgel leading to a

particle collapse. The cis state can be realised by UV irradiation. The cis

conformation unbinds from the microgel leading to a particle reswelling.

8.5 Outlook

The behaviour of such microgel/surfactant complexes is intensively studied in

bulk. The next experiments should deal with the behaviour of such complexes

at the interfaces, which offers great potential in sensor applications. The

experiments should focus on the change in the particle size as a function

of the surfactant concentration. The thermo-responsive behaviour of these

complexes should also be studied. One should also address the question of the

particle stiffness and the size manipulation via UV-VIS irradiation.
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Chapter 9

In situ particle degradation of

PG-based microgels by AFM

This chapter contains parts of the paper: Visualization of real time degrada-

tion of polyglycerol via Atomic force microscopy, accepted for publication in

Macromolecular Rapid Communication.

9.1 Introduction

Not only PNIPAM based microgels raise interest in research but also mi-

crogels based on other monomers115,155. Polyglycerol (PG) based microgels

are promising candidates for drug delivery and protein carriers, due to their

high biocompatibility156–160. These polymers can be synthesised with vari-

ous architectures161. For instance, particle can contain a hyperbranched or

a subparticle architecture. Hyperbranched particles are synthesised by mini-

emulsion techniques and provide a high molecular weight as well as a dentrical

polymer network112,162. However, in microgels with subparticles, the small

particles are connected via linear cross-linkers leading to a larger particle163.

In particular microgels containing subparticles provide huge potential in drug

delivery, due to the possibility of double drug incorporation into the poly-

mer network. Drug loading into the polymer matrix can be realised by two

strategies. One strategy is based on diffusion of the guest molecule into the

polymer matrix159. Disadvantages in this method are the low entrapment and

the possible inactivation of the guest molecule. A better method to afford a

drug delivery system is achieved by encapsulation of the drug during polymer

synthesis. This method provides high encapsulation rates and a uniform guest

molecule distribution within the polymer matrix.
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A promising method is particle degradation triggered by biological stimuli

to ensure a controlled and homogeneous drug release162. Thereby, chemical

bonds, which can easily be broken, e.g. acetal164, ketal165,166 or phosphate

esters167, can be incorporated in the particles. Hence, particle degradation

is initialised as a response to biological media like pH or reducing agents168.

Particle residues may easily be cleared by the kidneys, thus avoiding or re-

ducing damage to the body due to toxic components156. Compared to other

particle degradation mechanisms, such as enzymatic cleavage, hydrolysis of

acid labile bonds provides two benefits. First, fast diffusion of the protons en-

sures rapid particle degradation without steric hindrance and second, the acid

environment of tumour cells does not need no additional protons to initial-

ise the degradation process169,170. However, particle degradation is not fully

understood up to now. South and Lyon showed N-isopropylmethacrylamide

(PNIPMAN) particle degradation via AFM171. Therefore, they removed the

wafer with deposited PNIPMAM particles after certain time points from the

incubation solution. The AFM scans were carried out in ambient conditions.

However, an in situ study of the degradation process is still missing, which is

essential for the knowledge of the degradation kinetics in biomedical applica-

tion. For this purpose AFM in particular is a suitable method to observe the

degradation process in lateral and vertical dimension as well as the surface

topology of the particle in short time.

This chapter discusses the particle degradation of pH-responsive microgels

(lPG-dPG microgels) based on linear(lPG) and dendritic (dPG) polyglycerol

with an acid labile acetal bond, to get a better understanding of the degrada-

tion process on the molecular scale. The acetal cleavage within the lPG-dPG

microgels can be understood as a "decross-linking"’ step back to the start-

ing macromonomers. It has been shown that the particle height decreases

exponentially, while the particle width exhibits less impact on the particle de-

gradation. Furthermore, the Young´s modulus has been also studied during

degradation process. The experiments have been performed via AFM. The

particles were obtained from the Haag group at the Freie Universität Berlin

and were synthesised by Dirk Steinhilber.
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9.2 Results

9.2.1 Microgel degradation at the surface

The microgels were spin coated on a gold coated silicon wafer for 300 s at

2000 rpm. At first, lPG-dPG microgels were imaged in pH 9 solution to

determine particle size and shape in the swollen and stable state. Afterwards,

the pH 9 solution was removed, while a pH 4 solution was injected to initialise

the degradation process.

pH=9 pH=4, 5min pH=4, 20min pH=4, 30min

pH=4, 60min pH=4, 120min pH=4, 150min pH=4, 300min

a) b) c) d)

e) f) g) h)

i)
Particle residue

Figure 9.1: AFM images of the lPG-dPG microgel at pH 9 and pH 4 as a function of time.

Scan size: 5x5 µm; Particle residue was taken under ambient conditions with a scan size

of 2x2 µm.

Figure 9.1 shows the AFM images for the particle degradation at pH 9

and pH 4 as a function of time. It should be noted that the top row shows

AFM images at small time intervals, while the bottom row shows AFM im-

ages over a larger time scale. Figure 9.2 depicts the particle volume in pH 9

and pH 4 solution as a function of time. The large particles volume in the

stable state at pH 9 decreases tremendously with the exposure at acid solu-

tion to pH 4. In particular, the first 30 minutes seem to be important for

particle degradation, since the particle volume decreases about 2.5 times of

its initial volume at pH=9. However, the particle volume reaches a plateau

after 180 minutes and does not change significantly. From AFM images and

calculated particle volume, it is possible to gain information on the time scale

of the degradation process. However, information on the mechanism of the

degradation process are not accessible. In order to get a better understanding

of this process particle cross section (Figure 9.3), particle height (Figure 9.4a),

and particle width (Figure 9.4b) were plotted to study the particle degrad-
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Figure 9.2: Particle volume of lPG-dPG microgels as a function of time at pH 9 and pH 4.
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Figure 9.3: The corresponding particle cross sections of the AFM images as a function of

time at pH 9 and pH 4.

ation in lateral and vertical dimension. Particle cross section and particle

height show a decrease in vertical direction from about 40 nm to about 15 nm

within 60 minutes, which is more than half of the initial particle height at

pH=9. The particle erosion decelerates between 60 minutes until a plateau

is reached at 180 minutes. As shown in Figure 9.4a), the particle height can

be fitted with an exponential function which reveals a degradation rate of

k = 1/t = 0.02 min−1. Interestingly, the particle shape changes from a smooth

shape at pH=9 to a crater-like shape after exposure to pH=4 solution for

120 minutes. Note that the differences in the values between particle cross

section and particle height arise from data treatment. The cross section rep-

resents only one particle, while the particle height is an average over three

particles. In contrast to the particle height, the particle width increases from

about 1000 nm to 1200 nm within 60 minutes. Further progress shows again a

decrease in the particle to its initial lateral dimension. The particle apparently

degrades from the outer particle surface to the particle inner structure.
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Figure 9.4: Particle height (a) and particle width (b) of lPG-dPG microgels as a function

of time at pH 9 and pH 4.

After particle degradation was finished the particle residue was imaged at

ambient conditions to understand the complete degradation process. To avoid

any desorption of the particle residue, the solution was allowed to evaporate.

Figure 9.1i) shows particle residues under ambient conditions. The pattern of

a degraded particle exhibits a height of about 6 nm and indicates degradation

of the particle back to their starting macromonomers.

9.2.2 Force measurements during particle degradation

To understand the inner morphology of particle during the particle degrada-

tion, force measurements were performed on three individual wafers and the

Young´s modulus was averaged over three particles. Figure 9.5 shows the

Young´s modulus as a function of time at pH 9 and pH 4. The particles show

their lowest stiffness at pH 9. Their stiffness increased from about 380 kPa

to 580 kPa with decreasing pH. Subsequently, a dramatic increase in particle

stiffness is observed after 30 minutes. Afterwards particle stiffness decreases

to about 580 kPa. The Young´s modulus of the particles was only recorded

and analysed up to 150 minutes of particle degradation, due to small particle

sizes after 150 minutes.

9.2.3 Real time particle degradation via constant force mode

The in-situ particle degradation cannot only be studied by imaging the particles

but also by measuring the particle height evolution in the constant force mode.

In this mode the applied force is kept constant, while the height is readjusted

by the piezo element. Figure A.18 shows the real time scan during particle

degradation. The particle height is plotted against the time at pH 4. In an
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Figure 9.5: The Young´s modulus of the lPG-dPG microgels as a function of time at pH

9 and pH 4.

acidic environment, the particle height decreases with time. No exponential

decay is observed. However, a linear decay takes place at the beginning of

particle degradation. After one hour the curve exhibits a slight exponential

decay. The linear decay in the beginning of the experiment could result from

the thermal drift of the piezo in z-direction (see inset Figure A.18)

9.3 Discussion
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Figure 9.6: Synthesis and degradation mechanism of PG particles.

The particle degradation of lPG-dPG microgels can be induced by changing

the pH from basic to acidic medium. The lPG-dPG microgels studied are

highly swollen at pH 9. This leads to the largest particle volume observed,

due to the stable nature of the acetal bond in basic medium and the favoured
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interactions between the polymer network and the solvent9. The decrease in

particle volume is related to the weak acetal bonds in acid conditions thus

causing an acetal cleavage and consequently starting the particle degradation.

Most of the acetal cleavage and the resulting particle degradation take places

within the first 30 minutes. The process is indicated by an exponential decay

of the particle volume. This was expected, due to the high particle volume and

the high amount of acetal bonds in the beginning of the degradation process.

Obviously, the degradation is clearly driven by the particle height. This

effect is directly related to the particle morphology. The particles consist

of small subparticles, which are connected to each other via linear and flex-

ible cross-linkers163. These subparticles rearrange in adsorbed particles as

shown in Figure 9.6 leading to strong particle flattening and therefore larger

particle surface. The large particle surface enhances the acetal cleavage in

vertical direction resulting in a rapid decrease in the particle height. The

acetal cleavage can be understood as a "decross-linking" step into the starting

macromonomers. The smaller cross-linker (lPG) resolves in the surround-

ing solution, while the heavier dPG subparticles remain at the surface. The

"crater-like" structure in the particle cross section and the increase in particle

width during the degradation process confirm the adsorption of heavier sub-

particles on top and at the periphery of the particles as shown in Figure 9.6. If

the "decross-linking" step takes place, one would expect a particle shape pat-

tern of the subparticles after the degradation process. This is indeed the case.

AFM measurements under ambient conditions show a particles shape pattern

with a height of around 6 nm indicating a bilayer of the dPG subparticles,

which have a size of around 3 nm172.

Results obtained from force measurements match the results from imaging

experiments. The lower particle stiffness at pH 9 is related to the highly

swollen state of the particle and the uninfluenced acetal bonds in the basic

environment. Thus, the particle remains flexible leading to a soft polymer

network. The acid environment affects a collapse of the particle morphology

leading to particle stiffening. The large increase in particle stiffness after

30 minutes is related to a fast degradation rate of the particle, which takes

place between 20 and 40 minutes. Hence, this fast particle degradation within

this time interval leads to particle contraction and particle stiffening. After-

wards, the particle degradation slows down and the polymer network of the

particle relaxes. This results in a particle softening to 580 kPa.

Results from imaging experiments and real time force measurements are

complementary and perfectly match. On the one hand, AFM images record
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the changes on the particle surface meaning that the whole particle shape is

analysed. On the other hand, in the constant force mode the tip penetrates

and records the differences in the particle interior. In other words, the de-

gradation at the particle surface proceeds in a non-uniform manner, while the

particle degradation in the particle interior is very homogeneous. However,

the result from the real time force measurement should be handle with care,

since a thermal drift of the piezo in z-direction could take place.

9.4 Conclusion

This chapter discusses in-situ particle degradation of lPG-dPG microgels,

which were obtained from the Haag group at the Freie Unisversität Ber-

lin, via AFM technique and thus a detailed understanding of this process is

provided. The lPG-dPG microgels, which are stable under basic conditions,

show fast particle erosion in acidic environment. Studying the degradation by

AFM provides simultaneous information about change in height and width.

The particle height decreases exponentially as a function of time, which is

mainly affected by the particle height. While the particle height decreases, the

particle width increases in the beginning of the particle erosion. Furthermore,

the particle cross-section indicates a crater-like structure. This indicates that

particles undergo a "decross-linking" step into their starting macromonomers

(cross-linker (lPG) and dPG sub-compartments). The lighter cross-linker

(lPG) resolves in the solution, while the heavier dPG sub-compartments re-

main at the surface. Measurements under ambient conditions support this

"decross-linking" step indicating a particle shape pattern.

The increasing Young´s modulus during particle degradation is a direct

result of acetal scission, due to the "decross-linking" of the lPG-dPG microgels

into their smaller and stiffer starting macromonomers.

Furthermore, a real time scan of the degradation process in the constant

force mode was performed. As expected the particle height decreases with

time at pH 4. It was shown that the particle height decreases linearly and

not exponentially as in the imaging experiments. This can be explained by

uniform degradation in the particle interior.

9.5 Outlook

With the knowledge of the mechanism of particle degradation, the release of

drugs could be study in detail. A fundamental understanding of the drug dis-
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tribution within the particle could be accessible. Further experiments could

be performed with other chemical labile functional groups. For instance ba-

sic labile bonds could be incorporated to fabricate drug delivery systems for

desired applications.

Following the degradation at different temperatures could also be an in-

teresting experiment to use such systems for biological applications. Further-

more, the particle degradation can be triggered by different external paramet-

ers such as light exposure and one should thoroughly investigate this effect.
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Conclusion and Outlook

10.1 Conclusion

This PhD gives a detailed insight into the surface behaviour of responsive

microgels in terms of their particle composition and external stimuli. Due to

the high impact of those materials for application such as sensors and drug

delivery, the understanding and improvement of the particle properties is still

of importance. This work focuses on PNIPAM-based microgels, which have

been synthesised with different co-monomers. The hydrophilic acrylic acid

(AAc) and the amphiphilic allyl acetic acid (AAA) have been chosen in terms

of their different hydrophobicity. Pure PNIPAM microgels serve as reference

sample to differentiate in the microgel properties. The characterization of

the synthesised microgels was performed mainly with AFM for studies at an

interface and DLS for studies in bulk.

The synthesised microgels increases their particle size with increasing the

co-monomer content. This finding is in good agreement with the literature.

However, with increasing the hydrophobicity of the used co-monomer, the

particle behaviour changes tremendously. Particles containing the amphiphilic

AAA co-monomer show only one, while AAc particle show two volume phase

transition temperatures (VPTT) in bulk. Both particle types show an increase

in the VPTT towards higher temperatures. With increasing the AAA content,

force indentation measurements reveal an increase in the particle stiffness

above the VPTT, while their AAc counterparts show a steady decrease in the

particle stiffness.

Bulk and adsorbed AAc microgels are mainly driven by electrostatic re-

pulsion within the particles. However, AAA microgels show a more com-

plex behaviour. The particle behaviour is strongly influenced by an interplay
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between hydrophobic effects and electrostatic repulsion within the particles.

The electrostatic repulsion are attributed to the co-monomer charges, while

the hydrophobic effects arise from the longer alkyl chain of the co-monomer.

Due to a long-chained co-monomer, two features for PNIPAM-co-AAA micro-

gels are accessible. The particle properties below the VPTT are mainly dom-

inated by electrostatic repulsion, while the hydrophobic attraction between

the co-monomer and the polymer backbone influences the particle behaviour

above the VPTT.

Another part of this thesis was the impact of the solvent quality on the

particle behaviour. The bulk behaviour was object in various publications.

However, there is a poor understanding of particle behaviour in response to

the solvent quality. The particle behaviour of pure PNIPAM particle and

particles containing AAA depending on the solvent quality has been invest-

igated in terms of the solvent polarity and their impact on applications. The

particles show a pronounced co-non-solvency effect in bulk as well as at an

interface. The minimum in the particle size appears at solvent content of

10-20 % in bulk, while the particle size minimum shifts to a solvent con-

tent of 40-50 % at the interface. The shift in the particle size minimum at

the interface can be related to the reswelling process. The water content

within the particle increases faster compared to the organic solvent content

during the reswelling process, due to the high water affinity of the particles.

Hence, a higher organic solvent content in the water/organic solvent mix-

ture is needed to reach the particle size minimum. Furthermore, it has been

shown, that the particles show a pronounced deswelling behaviour in vertical

direction, while the deswelling ability in the lateral direction is restricted, due

to the interaction between the particle and interface. The particles show a

complete different behaviour at ambient conditions. It has been shown, that

both particle types, pure PNIPAM and AAc containing particles, experience

an increase in the particle volume with increasing the organic solvent con-

tent in the water/organic solvent mixture. This can be explained by organic

solvent entrapment within the polymer network during the spin coating pro-

cess. The swift removal of the surrounding water/organic solvent solution

and the particle collapse from the particle periphery to the particle interior

afford the organic solvent entrapment. The increase in the particle volume de-

pends considerably on the organic solvent polarity as well as the cross-linking

degree of the particle. The swelling ability from ambient conditions to the

liquid state shows a dependency to electrostatic nature of the particle and the

solvent quality. Particles with a high charge density exhibit a stronger swelling
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behaviour than lower charged particles. This difference in the swelling capab-

ility is driven by the electrostatic repulsions within the particles, which set in

during the swelling process. Furthermore, the swelling ability decreases with

increasing the organic solvent content in the water/organic solvent mixture,

due to the initialisation and domination of the co-non-solvency effect.

Furthermore, the swelling ability of AAA microgels on different surface

coatings has been studied during several heating/cooling cycles. The invest-

igations reveal, that the swelling ability of the particle depends strongly on

the chemical nature of the polyelectrolyte and layer thickness.

Particles spin coated on thinner layers show a pronounced shrinking/swelling

ability in lateral dimension, while a lateral and vertical shrinking/swelling is

observed for particles spin coat on thicker multilayers. The behaviour of

particles spin coated on thinner layers is of electrostatic nature due to the

small penetration depth of the particles. The situation changes with increasing

the layer thickness. Hence, the particles penetrate deeper into the multilayers

leading to additional interactions. The interpenetration of the multilayers into

the particles and the internal roughness of the multilayers lead to a restriction

of the polymer network during the individual heating/cooling cycles resulting

in a hysteresis behaviour of the particles in lateral and vertical dimension.

The hydrophobic nature of the particle containing AAA, which was ob-

served in chapter 5, has been used to develop new light-responsive sensor sys-

tems. Therefore, a positively charged photo-sensitive azobenzene surfactant

has been incorporated into the negatively charged particles leading to a micro-

gel/surfactant complex. An increase in the surfactant concentration leads to

a particle collapse and precipitation of the complex due to charge compensa-

tion. The particle contraction is more effective for particles containing higher

co-monomer content compared to the ones containing less co-monomer. The

particle size can not only be manipulated with the surfactant content but also

by UV-VIS irradiation. Therefore, the ability of the surfactant to switch from

its trans- to its cis- was used to change the particle size. The crucial point

for this experiment is the different hydrophobicity of the two configurations,

which leads either to binding and contraction or to a release and consequently

reswelling of the microgel/surfactant complex.

In context of this PhD thesis, several particles obtained from other groups

have been studied. Particles containing different polyethyleneglycol (PEG)

content were obtained from the Prud’homme group. It has been shown, that

the particle stiffness strongly depends on the PEG content. With increasing

the PEG content the particle stiffness increases, which indicates a compact
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polymer network. The incorporation of small nanoparticles at a constant PEG

content has a minor effect on the particle stiffness.

Furthermore, particles containing polyethyleneglycerol obtained from the

Haag group have been investigated. The results reveal that the particle stiff-

ness not only depends on the co-monomer content but also on the chemical

connection of the particle. The particles from the Haag group have been also

used to perform the first in situ particle degradation by AFM. The particle

volume decreases exponentially within the first 30 minutes. Afterwards the

particle degradation slows down until an equilibrium is reached. Remark-

ably, the particle does not disappear moreover it is separated into their single

polymer segments.

10.2 Outlook

The current work should focus on the improvement and advancement of the

shown results to implement such materials to an application. The incorpora-

tion of co-monomers into PNIPAM particles impacts the microgels properties

tremendously. The next step is the incorporation of longer chain carbon acids

to study the interplay between charges and hydrophobicity intensively. Thus,

an stronger increase in particle stiffness should be observed, while the VPTT

of the particles should decreases to lower temperatures. One should think

about new PNIPAM based microgels. Here the incorporation of adamantane

molecule seems to be interesting. The adamantyl sidechain should have a

huge impact on the swelling ability of the particle due to the restrict adam-

antane structure. Furthermore, the hydrophobicity and particle stiffness of

such particles should change dramatically. Beside the adamantyl sidechain,

the incorporation of crown ether into the particles are also promising to de-

velop specific ion catcher.

The study of the co-non-solvency effect of adsorbed microgels should be

continued, due to potentially high impact in sensor applications. Thus, an

interesting point is to combine the thermo-sensitivity and co-non-solvency be-

haviour of the microgels. The question arises what happens if an already

collapsed particle (by the co-non-solvency effect) is heated above their VPTT.

Would the increase in temperature enhance the particle collapse? Is there

a counter-effect due to the thermo-sensitivity and the co-non-solvency effect

or is there a more pronounced particle collapse by these two external stim-

uli? This subject should be clarified. Besides the thermo-sensitivity of the

microgels, the influence of the underlying multilayer plays also a crucial role
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in the microgel behaviour. Therefore, it is interesting to study the co-non-

solvency effect of microgels adsorbed on different multilayer systems. The

multilayer systems restrict the shrinking performance of the microgels during

the heating/cooling cycles. The question is if the particle shrinking induced

by the co-non-solvency effect overcomes the particle restriction leading to a

stronger deswelling of adsorbed particle compared to temperature-induced

particle shrinking. The difficulty of this experiment is sensitivity of such mul-

tilayer systems to organic solvent leading to a challenging task.

The light-induced size manipulation of microgel/surfactant complexes was

studied in this thesis, but research of such complexes offer much potential

for application and has to be study in more detail. For instance, longer

chained surfactant should be studied to get a better understanding of the in-

terplay between the surfactant and the particle. Neutron scattering provides

the possibility to gain information about the internal structure of the mi-

crogel/surfactant complex. Another interesting point is the switching beha-

viour of such microgel/surfactant complexes in their adsorbed state. Here,

two strategies can be followed. First, the microgel/surfactant complexes is

formed in the bulk phase and afterwards adsorbed onto the surface. Second,

the microgels will be spin coated at the surface and then the surfactant is

added to form the microgel/surfactant complex. The question arises if the

light-induced particle shrinking of both strategies is different? Furthermore,

one can perform a in-situ particle switch to determine the time scale of the

particle shrinking. Once the switching ability for adsorbed particles is clari-

fied, a Janus particle can be used to develop movable particles simply induced

by light. Such Janus particles should consist of a surfactant-binding side and a

side, which does not interact with the surfactant. But not only the physically

bonded microgel/surfactant complexes are of interest, but also the chemic-

ally ones could offer huge impact. The incorporation of covalently bonded

photo-sensitive surfactant could be interesting for further application.

The knowledge of the particle degradation is tremendously important of

medical application. Further investigations should focus on the drug delivery.

The drug should be incorporated into the particles. Afterwards, the degrad-

ation process can be initialised and drug concentration in the supernatant

can be determined. Thus, the distribution of the drug within particle can be

determined.
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PNIPAM-5

20°C

50°C

AAc-10 AAc-20 AAc-50
a)

e)

b) c) d)

h)g)f)

Figure A.1: AFM images of pure PNIPAM (a, e), AAc-10 (b, f), AAc-20 (c, g) and

AAc-50 (d, h) at 20 ◦C (a,b, c, d) and 50 ◦C (e, f, g, h),respectively. Scan size: 5x5 µm
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Figure A.2: Particle cross sections of PNIPAM-5 (a), AAc-10 (b), AAc-20 (c) and AAc-50

(d) at 20 ◦C and 50 ◦C, respectively.
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Figure A.3: AFM-images for PNIPAM-5 in liquid state at the surface for different water-

iPr composition. Scan area: 5x5 µm2.
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Figure A.4: AFM-images for PNIPAM-5 in liquid state at the surface for different water-

THF composition. Scan area: 5x5 µm2.
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Figure A.5: Particle cross sections in a) EtOH b) iPr and c) THF mixtures of PNIPAM-5

spin coated from respective solvent mixture.
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Figure A.6: AFM-images for AAA-5 in liquid state at the surface for different water-iPr

composition. Scan area: 5x5 µm2.
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Figure A.7: AFM-images for AAA-5 in liquid state at the surface for different water-THF

composition. Scan area: 5x5 µm2.
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Figure A.8: Particle cross section of AAA-5 spin coated from different a) water-EtOH b)

water-iPr and c) water-THF mixtures, respectively.
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Figure A.9: AFM-images for AAA-5 spin coated from pure water in liquid state at the

surface for different water-EtOH composition. Scan area: 5x5 µm2.
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Figure A.10: AFM images of PNIPAM-5 in ambient conditions spin coated from different

water-iPr compositions. Scan area: 5x5 µm2.
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Figure A.11: AFM images of PNIPAM-5 in ambient conditions spin coated from different

water-THF compositions. Scan area: 5x5 µm2.
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Figure A.12: Particle cross section of PNIPAM-5 in ambient conditions after spin coating

from different a) water-EtOH b) water-iPr and c) water-THF mixtures, respectively.
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Figure A.13: AFM images for AAA-5 in ambient conitions spin coated from different

water-iPr mixtures. Scan area: 5x5 µm2.
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Figure A.14: AFM images for AAA-5 in ambient conitions spin coated from different

water-THF mixtures. Scan area: 5x5 µm2.
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Figure A.15: Particle cross section of AAA-5 in ambient conditions spin coated from

different a) water-EtOH b) water-iPr and c) water-THF mixtures, respectively.
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a) Gold
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Figure A.16: Particle cross sections of P10 particles spin coated on (a) gold, (b) AMPS

and (c) PAH layers during two heating/cooling cycles.
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a) PSS-PAH-1
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b) PSS-PAH-3

-1000 -500 0 500 1000
0

100

200

300

400

500

600

700

800

P
a

rt
ic

le
h

e
ig

h
t
(n

m
)

Y-direction (nm)

20°C, initial state

50°C, 1
st

heating

20°C, 1
st

cooling

50°C, 2
nd

heating

20°C, 2
nd

cooling

c) PSS-PAH-6
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Figure A.17: Particle cross section of P10 particles spin coated on (a) PSS-PAH-1, (b)

PSS-PAH-3 and (c) PSS-PAH-6 multilayers during two heating/cooling cycles.
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Figure A.18: Real time scan during particle degradation in constant force mode as a

function of time. Inset shows the thermal drift in z-dimension of the AFM setup.
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Abbreviations

◦C degree Celsius

% percent

Å angström

α contact angle

αw deswelling ratio of particle width

αh deswelling ratio of particle hight

αv deswelling ratio of particle volume

β apparatus constant

χ Flory-Huggin parameter

∆ρ scattering contrast

ǫ0 vacuum permittivity

ǫr relative permittivity

η dynamic viscosity

Γ relaxation rate

κ Debye length

λ wave length

φ volume fraction

Π osmotic pressure

σs surface energy

σls surface tension between liquid and surface

σl surface tension of liquid

τ correlation time

θ scattering angle

ξ correlation length

ξ zeta potential

AAA allyl acetic acid

AAA-5 particles with 5% allyl acetic acid

AAA-10 particles with 10% allyl acetic acid

AAA-20 particles with 20% allyl acetic acid

AAA-25 particles with 25% allyl acetic acid

AAA-50 particles with 50% allyl acetic acid

AAc acrylic acid

AAc-10 particles with 10% acrylic acid

AAc-20 particles with 20% acrylic acid

AAc-50 particles with 50% acrylic acid

AMPS 3-aminopropyltrimethoxysilane
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~B magnetic field

BIS N,N´-methyleneacrylamide

CMC critical micelle concentration

D diffusion coefficient

DLS dynamic light scattering
~E electric field

E electirc field

E Young´s modulus

EtOH ethanol

et al. et abtera

F force

F free energy

fh swelling ratio of particle height

fv swelling ratio of particle volume

fw swelling ratio of particle width

g1 field autocorrelation function

g2 intensity time autocorrelation function

h particle height

H enthalpie

H-bond hydrogen bond

I intensity

iPr iso-propanol

JCNS Jülicher Zentrum für Forschung mit Neutronen

k spring constant
~k wave vector

kB Boltzmann constant

kPa kilopascal

KPS potassium persulfate

m metre

M molar

MeOH methanol

mg milligram

min minute

µm micrometre

mM millimolar

mol −% mole percent

mV millivolt

n refractive index
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N number of particles

nm nanometre

Nc chain number of the polymer

Nc Avogadro constant

NIPAM N -isopropylacrylamide

NP nanoparticles

P10 particles with 10% allyl acetic acid

PNIPAM poly-N -isopropylacrylamide

PNIPAM-5 particles with 5% cross-linker

P (q) form factor

p.a. per analyse

PAH polyallylamine hydrochloride

PDI polydispersity index

PEI polyethylenimine

PEG polyethyleneglycol

PG polyglycerol

PSS polystryene sulfonate

q scattering vector

R indenter curvature

Rh hydrodynamic radius

rpm rotation per minute

s second

S entropie

S(q) structure factor

SANS small angle neutron scattering

SEM scanning electron microscopy

Si silicon

T temperature

THF tetrahydrofuran

TRIS tris(hydroxymethyl)aminomethane

UV ultra violett light

v molare volume

V particle volume

VIS visible light

VPT volume phase transition

VPTT volume phase transition temperature

VPTT(imaging) VPTT obtained from imaging experiments

VPTT(force) VPTT obtained from force experiments
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w particle width

wt-% weight percent

x deflection

Z charge ratio
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