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Chapter 1

Introduction

During the last few decades polymer materials became more popular and take place in

all areas of human life. One of the most researched polymer materials are gels [1]. Gels

are a cross-linked three-dimensional polymer matrix, which can react on changes of the

environmental conditions such as pH, temperature, light etc. [1–4]. A special class of gels

are microgels [5–7]. They have similar properties like macrogels, but due to their small

sizes in micrometer range, they can react significantly faster upon environmental changes

[7, 8].

There are many publications, which describe the properties of such microgels [5, 7, 9–

13]. One of the most popular and mostly investigated microgels are PNIPAM-based

microgels [6, 14, 15]. PNIPAM has a lower critical solution temperature (LCST) at about

32◦C. That means below this temperature the polymer network exists in a swollen state.

Above the LCST the whole gel collapses due to the increasing hydrophobic interactions.

In order to obtain microgels with different properties, for example, pH-sensitive microgel

particles, organic co-monomers can be used during the synthesis [9, 11, 16–19].

The properties of such multifunctional microgels in bulk are very well investigated. It

was shown that the LCST can be shifted by adding different co-monomers, by changing

the concentration of cross-linker, as well as by the ionic strength and pH of particle

dispersions [9, 17–26].

Such materials can be used in many fields of industry like drug delivery, paints, mi-

9



10 CHAPTER 1. INTRODUCTION

crolenses, for emulsion stabilization etc. [27, 27–34]. Thermoresponsive microgels offer

high potential to be used in coating industry, is resulting in intensive investigation of

properties of microgels deposited on solid substrates.

Few groups investigate the microgel abilities to form well packed structures on different

solid surfaces affected by the deposition methods, temperature of adsorption, particle

charges or ionic strength [35–40].

Thin films made of PNIPAM-based materials were investigated by confocal microscopy

[41], video microscopy [14], ellipsometry [36, 42–45], differential scanning calorimetry [46],

QCM [47–50]. S. Hoefl et.al. [51] showed that adsorbed PNIPAM-based microgels have

also thermoresponsive behavior. V. Nerapusri et.al. [42] used ellipsometry to deter-

mine the dependence of microgel film thickness as function of pH, temperature and ionic

strength. Unfortunately, most of these techniques provide average values of film thickness

and do not deliver any information about stimuli-induced behavior of individual adsorbed

microgel particles.

A suitable method for the investigation of swelling properties of individual adsorbed

microgel particles is Scanning Force Microscopy (SFM) [16, 51–53]. O. Tagit et.al. [52] ob-

served thermo-induced swelling/deswelling behavior of PNIPAM microgels. They showed

that microgels shrink laterally and stretch vertically above the LCST. J. Wiedemair et.al.

[53] observed the same effect for SFM measurements done by cantilevers covered with alu-

minum for increasing reflected laser beam. But this phenomenon disappeared by usage of

magnetically coated cantilevers. For this reason uncoated silicon cantilevers were chosen.

The aim of this work is to control the number density of microgels deposited on a solid

substrate and to investigate thermo-induced swelling/deswelling behavior of individual

adsorbed microgel particles. Effect of microgel dispersion concentration, dispersion pH-

value, rotation speed and repeated microgel deposition on the number density of adsorbed

microgels were investigated. The thermo-induced swelling/shrinking behavior of individ-

ual adsorbed microgel were investigated. Effect of outer stimuli (pH, ionic strength and

solvent quality), internal parameters (cross-linker and co-monomer content), deposition

techniques, and substrates were studied. The main measurement technique used in this
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work is Scanning Force Microscopy.
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Chapter 2

Theoretical backgrounds

2.1 Polymers

A polymer is a chain molecule consisting of at least few hundred covalently linked repeat

units or monomers. Polymers made of one type of monomer are called homopolymers

and in case of different monomers they are called co-polymers. Polymers are produced by

polymerization process characterized by four steps:

1. Initiation

2. Propagation

3. Termination

4. Transfer step.

In the first step an active center or initiator (I) will be generated (2.1) and reacts with

the first monomer molecules (M). This active center is transfered on the monomer (2.2):

I −→ I∗ (2.1)

I∗ +M −→ IM∗ (2.2)

From this point the second step (propagation) takes place. In this step the chain growth

starts as a cascade reaction. In this reaction the active center is transfered on the last

13
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monomer in the chain (2.3):

IM∗ +M −→ IM∗
2

IM∗
2 +M −→ IM∗

3

. . .

(2.3)

In the third step the chain growth is stopped by adding chain-terminating agent S (stop-

per) (2.4). In the last step the active center is transfered to another molecule T: for

example, solvent, monomer, initiator, polymer, etc. (2.5).

IM∗
n + S −→ IMn + S′ (2.4)

IM∗
n + T −→ IMn + T∗ (2.5)

In dependence of the type of initiator the polymerization is divided in radical and ionic

(anionic and cationic) polymerization.

For radical polymerization the initiation is carried out by radicals. The most usable

initiators are hydrogen peroxide, potassium peroxydisulfate, dibenzoyl peroxide, etc. [54].

For ionic polymerization process monomers with particular charge on one of the atoms

of weak bonds are used. For cationic and anionic polymerization cations and anions

start the chain growth, respectively and chains carriers are macroions. In contrast to

radical polymerization there is no termination by combination because of the electrostatic

repulsion between growing chains. Protonic acids and Lewis acids are usually used in

cationic polymerization processes. Alkaline metals (Li, Na, K, etc.) and their derivatives

are classical initiators of anionic polymerization. Anionic polymerization is also called

“living” polymerization due to the absence of termination step [54].

Polymers could also be synthesized via polycondensation. Polycondensation is a step-

wise process of a polymer formation. In this process the multifunctional components

react with each other with elimination of low weight molecules such as water, alcohol or

hydrogen and formation of macromolecules.
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2.2 Gels

Gels are cross-linked polymers building a three-dimensional polymer network. According

to the cross-linker species one distinguishes between physical and covalently connected

gels. Covalently cross-linked polymers loose their solubility and meltability. Physical

cross-linkers are hydrogen bonds, electrostatic forces and Van-der-Waals interactions.

Chemical cross-linked polymers can be obtained by two ways: “from monomers” and

“from polymers”. In the first case, the polymerization process takes place in a monomer-

cross-linker mixture. In the second case, pre-synthesized polymers are chemically con-

nected with each other.

The main property of gels is their response to external stimuli. Therefore, gels can be

divided into thermo-, pH-, light-sensitive etc. [1–3, 55–61].

Within bounds of this work, PNIPAM-based microgels are in sight. PNIPAM gels are

thermosensitive and have a so called lower critical solution temperature (LCST). It means

that below this temperature water is a good solvent and gels exist in a swollen state. Above

this temperature water turns into a bad solvent. Increasing hydrophobic interactions lead

to the polymer network collapse. Qualitatively, such behavior is explained by Flory-

Rehner theory [62, 63]. The gel free energy Fgel is a sum of three components: the free

energy of the network elasticity Fel, the free energy of the extensional interaction chain

units Fint, and Fch is connected with Coulomb interactions between charged network units

and counterions:

Fgel = Fint + Fel + Fch (2.6)

Volume changes occurs because of changing osmotic presure

πgel = −
(

∂F

∂V

)

T

= πmix + πel + πch (2.7)

where

πmix = −NAkT

v

(

ϕ+ ln(1− ϕ) + χϕ2
)

(2.8)

πel = νkT

(

(

ϕ

2ϕ0

)

+

(

ϕ

ϕ0

)
1

3

)

(2.9)
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πch = fνkT

(

ϕ

ϕ0

)

(2.10)

where πmix is the osmotic pressure contributed by solvent/polymer mixing, πel is the

osmotic pressure contributed by network elasticity, πch is the osmotic pressure contributed

network charges, NA is the Avogadro’s number, k is the Boltzmann constant, T is a

temperature, χ is Flory-Huggins interaction parameter, ϕ0 is a volume fraction of a gel

in the initial state, ϕ is a volume fraction of gel in the final state, ν is a chain density, f

is a number of counterions per chain, v is a molar solvent volume.

χ =
∆F

kT
(2.11)

where, ∆F is the free energy decrease associated with the formation of a contact between

chain segments.

In figure 2.1 phase diagrams of gel lower miscibility gap (a) and with upper miscibility

gap (b) are shown. There is a two-phase region below the curve and an one-phase region

above it for gels exhibiting a lower miscibility gap. Oppositely, the gels demonstrating the

upper miscibility gap have a two-phase region above the curve, and an one-phase region

below it. The filled points designate the critical temperatures. The lower critical solu-

tion temperature (LCST) corresponds to an upper miscibility gap and an upper critical

solution temperature (UCST) corresponds to a lower miscibility gap.

2.3 Microgels

According to the gel size, gels can be divided into two classes: macrogels and microgels.

Microgels are cross-linked polymer particles with sizes about one micrometer and smaller.

Those kinds of particles exhibit a similar property as macrogels made of the same material.

They also have an stimuli-responsive behavior [6, 22, 30, 64, 65]. For example, PNIPAM-

based microgels demonstrate thermoresponsive swelling/deswelling behavior [9, 16, 22].

T. Tanaka [8] showed that the characteristic time (τ) of gel volume changes is determined

by its size (R) and collective diffusion coefficient (D):

τ = R2/π2D (2.12)
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Figure 2.1: Phase diagrams of a polymer gel with (a) a lower miscibility gap or upper

critical solution temperature (UCST) and with (b) upper miscibility gap or lower critical

solution temperature (LCST). The filled point is a critical point.

Resulting from the equation (2.12) the responsibility of external parameters depends ex-

tremely on the gel size. Therefore, the microgels exhibit a faster swelling/deswelling

behavior. Due to the small sizes and fast response on the changing environment condi-

tions, microgels raise a huge interest for different applications: for drug delivery, emulsion

stabilizations, microlenses, coatings, water storage and etc. [28, 54, 66–71].

.

2.4 PNIPAM-based Microgels

In the present work PNIPAM-based microgels are synthesized via surfactant free emul-

sion polymerization [5]. NIPAM monomers are non-soluble in water at higher tempera-

tures, building droplets and the emulsion formation takes place. Via permanent stirring

monomer droplets show a low dispersity. After adding a radical starter the polymerization

reaction starts in droplets and colloidal particles are formed.

Thermo-induced swelling/deswelling behavior of PNIPAM microgels in bulk is very

well studied by different techniques: Dynamic Light Scattering (DLS), Neutron Scattering,

Electrophoresis, etc. [22, 71–75]. It was shown that pure PNIPAM microgel particles have
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the LCST at a temperature of about 32◦C [6, 73, 76, 77].

In the same manner like macrogels, microgel characteristics such as the size, swelling

ratio or the LCST can be tuned by adding charged co-monomers or varying the cross-

linker density. With increasing cross-linker content the microgel size and swelling ability

decreases due to decreasing chain length between two chemical linkages [21, 24, 75]. Usage

of co-monomers allows to change particle sizes and the LCST leading to multiresponsive

microgels. For example, in order to obtain thermo- and pH-responsive PNIPAMmicrogels,

weak acids as co-monomers are used [9, 11, 17, 51, 71, 73]. In this work acrylic acid

(AAc) was used as a co-monomer. The size of PNIPAM microgels containing AAc as a co-

monomer (P(NIPAM-co-AAc)) increases with increasing pH because of the deprotonation

of AAc units [16, 17]. It was also shown that acid co-monomers affect the particle sizes

and the LCST: the particle sizes increases and the LCST shifts to higher temperatures

with increasing co-monomer concentration due to the increasing interchain electrostatic

repulsion [4, 9, 17].

The solvent quality also plays an important role in the PNIPAM thermo-induced be-

havior. It was observed that PNIPAM is cononsoluble in water/alcohol mixtures. Conon-

solvency means that pure water or pure alcohol serves as a good solvents for PNIPAM,

but their mixture becomes a bad solvent [68, 78–81]. The alcohol/water mixture turns

into a bad solvent for PNIPAM due to the formation of different complexes between these

two solvents. With increasing alcohol content the PNIPAM starts to reswell again. Wang

et. al. [68] demonstrated that PNIPAM preferably interacts with the alcohol molecules

over water molecules.

2.5 Adsorption of microgels particles or microgel films

Due to the fast swelling/shrinking kinetics, outer stimuli responsive behavior of PNIPAM-

based microgels has a high impact for coating industry. There are many theoretical and

experimental works investigating the adsorption process and surface ordering of polymer

particles [16, 35–38, 40, 42, 82, 83].
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Here, a few main tendencies in investigation of adsorbed microgel particles were fol-

lowed: (1) creation of well ordered structures at solid surfaces [14, 16, 35, 41], (2) inves-

tigation of adsorption abilities of microgels [38, 39, 82], and (3) the study of swelling and

deswelling behavior of adsorbed microgels [36, 42, 51, 84].

C. D. Sorrell and L. A. Lyon [82] compared the adsorption ability of microgels with

different stiffnesses. They showed that the interaction between particles and surface.

Particle softness plays the most important role in particle adsorption process. Adsorbed

particles did not overlap and did not adhere on the surfaces with the significantly smaller

areas than the particle footprints. It leads to a decrease in surface coverage with increasing

particle size. However, if the particle-surface interaction was strong enough, soft particles

were able to squeeze into the hole between previously adsorbed particles.

A. B. South et. al. [39] compared two deposition methods: active (centrifugation) and

passive deposition (deposition of substrate in the particle dispersion). They found out that

large particles reached full surface coverage in active deposition faster than the small par-

ticles because of their higher sedimentation velocity. Oppositely, small particles reached

the full coverage faster in passive deposition due to their larger diffusion coefficient. After

active deposition adsorbed particle had smaller footprints and were more closely packed

than particles deposited passively because of the high energy of centrifugation procedure.

It was shown that thin films of PNIPAM-based microgel particles are also thermosen-

sitive (are swollen at lower temperatures and shrunk in higher temperatures), pH- and

ionic strength-sensitive [16, 36, 42, 51–53, 85].

2.6 Investigation Techniques

2.6.1 Characterization in Bulk

Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS) was applied for characterization of microgel particles in

bulk [86]. The schematic image of a scattering experiment is introduced in figure 2.2. The
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Figure 2.2: (a) Schematic image of DLS apparatus. (b) Definition of a scattering vector

~q. ~ki is a wave vector of the incident light, ~kf is a wave vector of the scattered light.
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coherent laser beam passes through a polarizer, reflects from two mirrors and is focused

by a lens. Afterwards, the focused beam incidents on the glass cuvette with a microgel

solution. Due to the Brownian movements of microgel the light is scattered in different

directions and is collected by a detector at a certain scattering angle. In order to control

the sample temperature the cuvette was placed in a toluene bath. Toluene was chosen

because of the similar refractive indices of both glass and toluene and glass.

In the DLS measurements, the time autocorrelation function of the scattered light

intensity g2(τ) is measured:

g2(τ) =
〈I(~q, t)I(~q, t+ τ)〉

〈I(q, t)〉2
(2.13)

where I(~q, t) is the intensity of the scattered light, ~q is a scattering vector resulting from

figure 2.2b and eq. (2.14).

|~q| = q =
4πn

λ
sin

(

θ

2

)

, (2.14)

where n is a refractive index, λ is a wavelength, and θ is a scattering angle.
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The g2(τ) is also called autocorrelation function of the second order. For further

calculation an autocorrelation function of the first order g1(τ) determined by Siegert’s

equation is required:

g2(τ) = 1 + β |g1(τ)|2 , (2.15)

where β is coherence factor determined by the detection geometry.

For monodisperse particles g1(τ) is a simple exponential function with the relaxation

rate Γ:

g1(τ) = e−Γτ (2.16)

For mixtures of particles with different sizes g1(τ) can not be described by one exponential

function and should be described as a sum:

g1(τ) = a0 + a1e
−Γ′τ + a2e

−Γ′′τ + a3e
−Γ′′′τ + . . . , (2.17)

where a0, a1, a2, . . . are expansion coefficients known as amplitudes, and Γ′, Γ′′, Γ′′′, . . . are

relaxation rates. In order to analyze the autocorrelation function g1(τ) the method of

cumulants is usually used. Analysis of an autocorrelation function by cumulant expansion

is usually performed by fitting a polynom up to the third order to the function ln g2((τ)−
1):

ln g1(τ) = lnA− Γ1τ +
1

2!
Γ2τ

2 − 1

3!
Γ3τ

3 + . . . (2.18)

Using Γ1 the diffusion coefficient D can be calculated:

Γ1 = Dq2 (2.19)

According to the Stokes-Einstein equation the hydrodynamic radius of particles Rh can

be determined:

Rh =
kT

6πηD
(2.20)

where k is a Boltzmann constant, T is the sample temperature, η is the solution viscosity.

In the course of cumulant expansion other characteristics such as the width of the

radius distribution

Width =

√
Γ2

Γ1

Rh (2.21)
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or the polydispersity index (PDI)

PDI =
Γ2

Γ2
1

q2 (2.22)

can be defined.

Mobility measurements

Charged colloidal particles are able to move in solutions under the influence of an electric

field [87]. This phenomena is called electrophoresis. The electrophoretic velocity ~v is the

velocity during electrophoresis. The electrophoretic mobility µ is the velocity per unit

field strength ~E:

~v = µ~E. (2.23)

The mobility is counted positive if colloids move toward lower potential and negative in

the opposite case. For hard colloidal particles the mobility could be recalculated to the

zeta potential ζ . One distinguishes between two laws: the Helmholtz-Smoluchowski law

and the Hueckel-Onsager law. The first law (eq. (2.24)) can be used for large particles

(ka >> 1, where k is the Debye-length and a is the colloidal particle radius). The second

law (eq. (2.25)) is valid for small particles.

µ =
ǫ0ǫζ

η
(ka >> 1) (2.24)

and

µ =
2ǫ0ǫζ

3η
(ka << 1), (2.25)

where ǫ is a relative dielectric permittivity or dielectric constant, ǫ0 is the electric field

constant. Due to the microgel porosity and softness there was no attempts to convert

mobility values into zeta potential values.

2.6.2 Characterization at Interfaces

Scanning Force Microscopy (SFM)

In order to get information about the adsorbed microgels Scanning Force Microscopy

(SFM) was used. A schematic image of SFM is presented in figure 2.3. In SFM-



2.6. INVESTIGATION TECHNIQUES 23

a

c

b

4 m

600nm

Figure 2.3: Schematic images of SFM (a) and scanning electron microscopy (SEM) im-

ages of CSC37 tips (b,c). SEM images were taken in the group of Prof. Bimberg from

Technische Universitaet Berlin.

measurements a laser is used as a light source. The laser beam falls the back of the

cantilever and is reflected to a mirror. The beam, coming from the mirror is collected by

the detector.

The SFM-measurements can be done in three modes: contact mode, non-contact mode

and intermittent or tapping mode. In contact mode the tip is in direct contact with the

sample. The tip repeats exactly the height profile of the sample. Unfortunately, this mode

is not appropriate for imaging of “soft” samples. In tapping mode and in non-contact

mode the cantilever is excited with appropriate frequency. In tapping mode it is excited

with the resonance frequency and tip contacts the sample surface shortly. In non-contact

mode the cantilever is excited as well but the cantilever frequency is distinguished from

the resonance frequency and the tip does not contact the sample during the scanning

process.

All measurements in this work were carried out in tapping (Nanoscope III) or inter-

mittent mode (JPK). How it was discussed above, the cantilever is excited by an external

oscillating force Fdriving = F0 cos(ωt), where F0 is the force amplitude, ω is the force

frequency and t is time. The coordinate of the cantilever is described by an oscillation
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equation [88–90]:

m
d2z

dt2
+ b

dz

dt
+ kz = Fts + F0 cos(ωt), (2.26)

where m is the cantilever mass, z is the cantilever deflection, k is the cantilever spring

constant, b is the friction coefficient, and Fts is the tip-surface interaction. The resonance

frequency ωr is determined by equation (2.27):

ωr =

√

ω2
0 − 2b2

2β
with ω0 =

k

m
and β =

b

2m
(2.27)

A steady-state solution of the equation (2.26) has the shape of sinusoidal oscillation:

z(zc, t) = z0(zc) + A(zc) cos[ωt− φ(zc)], (2.28)

where z0, A, and φ are the mean deflection, amplitude, and phase shift of the oscillation,

respectively; zc is the rest tip-surface separation. The phase shift is determined as:

sin φ =
Aω

A0ω0

(

1 +
Pts

Pmed

)

cos φ =
2Q

kAA0

[

〈Fts〉2
k

− 〈Fts · z〉 +
1

2
kA2

(

1− ω2

ω2
0

)

] (2.29)

where Q = mω0

b
is a quality factor, A0 = QF0

k
is the free-oscillation amplitude. Pts =

〈Fts · ż〉 is the power dissipated by the tip-surface forces, and Pmed = kA2ω2

2Qω0

. 〈Fts〉 =

1

T

∮

Ftsdt, and 〈Fts · z〉 = 1

T

∮

Ftszdt.

In intermittent/tapping mode the phase shift and amplitude changes are detected. The

phase shift can supply with information about surface softness, tip-surface interactions,

or adhesion between tip and sample. The amplitude changes are recalculated and the

height profile of the sample is obtained.

In order to characterize the surface properties the surface roughness can be calculated

from SFM height profiles. Usually the root mean squared roughness Rq is calculated:

Rq =

√

√

√

√

1

n

n
∑

i=1

h2
i , (2.30)

where n is an amount of measured points, hi is the height in point with number i. For

roughness determination usually a scan area 1x1 µm2 is used.
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For characterization o the swelling/deswelling behavior of microgel particles, their

volume was calculated by using a formula for the volume of a figure of revolution:

VSFM = π

∫ H

0

f 2(h)dh, (2.31)

where VSFM is a microgel volume, f(h) is a microgel cross section, H is a maximum of

particles height, and π is a constant.

Ellipsometry

Ellipsometry is a method allowing to measure a thickness and a refractive index of thin

films [91]. It is well known that light is an electromagnetic wave consisting of an electric

field ~E, a magnetic field ~B, and wave vector ~k. Vectors ~E, ~B and ~k build a right-hand

triple. An electromagnetic wave is also characterized by a polarization. All states of

polarization are classified according to the trace of the electrical field vector during one

period. There are three types of polarized light: linearly, circularly and elliptically. A

given state of polarization is based on a superposition of two linearly polarized light waves

within an arbitrarily chosen orthogonal coordinate system.

~E(~r, t) =





|Ep| cos(2πνt− ~k · ~r + δp)

|Es| cos(2πνt− ~k · ~r + δs)



 , (2.32)

where |Ep| and |Es| are the amplitudes, δp and δs are the phases,
∣

∣

∣

~k
∣

∣

∣
= 2π

λ
is the magnitude

of the wave vector, λ is a wave length, and ν is the frequency. In order to represent the

light polarization only wave amplitudes and phases are required. The time dependence

can be neglected. The so called Jones vector is defined as:

~E =





|Ep| eiδp

|Es| eiδs



 =





Ep

Es



 . (2.33)

The state of polarization is

• linear, if δp − δs = 0 or δp − δS = π,

• elliptical, if δp 6= δs and |Ep| 6= |Es|,
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Figure 2.4: (a) Schematic image of an s- and p-components of an electric field ( ~E) in an

ellipsometric experiment. (b) Illustration of Fresnel’s law. n0, n1, n2 are the refractive

indeces of air, film, and substrate, respectively. h is a film thickness, φ is an angle of

incident, β is an angle of refraction.

• circular, if δp − δs = π/2 and |Ep| = |Es|

In ellipsometric experiment the light with the defined polarization is incident on a sample

( ~Ei =





∣

∣Ei
p

∣

∣ eiδ
i
p

|Ei
s| eiδ

i
s



). The polarization of reflected light ( ~Er =





∣

∣Er
p

∣

∣ eiδ
r
p

|Er
s | eiδ

r
s



) differs

from the incident light. In ellipsometry experiments these changes are measured. The

wave vector and the normal of the reflecting surface define a plane of incidence. Light

with an electric field vector oscillating within the plane of incidence (p-light) remains

linearly polarized upon reflection and the same holds for s-light with ~E perpendicular to

the plane of incidence (Fig. 2.4a). To describe the changes in the light polarization, two

quantities Ψ and ∆ are defined:

∆ =
(

δrp − δrs
)

−
(

δip − δis
)

,

tanΨ =

∣

∣Er
p

∣

∣ /
∣

∣Ei
p

∣

∣

|Er
s | / |Ei

s|
.

(2.34)

Changes in phase and in amplitude are described by reflection coefficients rp and rs:

rp =

∣

∣Er
p

∣

∣

∣

∣Ei
p

∣

∣

ei(δ
r
p−δip)

rs =
|Er

s |
|Ei

s|
ei(δ

r
s−δis)

(2.35)
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With these definitions the basic equation of ellipsometry is obtained:

tanΨei∆ =
rp
rs

(2.36)

The exact formula relating the reflectivity coefficients of a single homogeneous layer

with refractive index n1 =
√
ǫ1 in between two infinite media (n0 =

√
ǫ0 and n2 =

√
ǫ2)

at an angle of incident φ (Fig. 2.4b) is given by:

∆ = arctan
Im
(

rp
rs

)

Re
(

rp
rs

) with
rp = |rp| · e−iδr,p = r01,p+r12,pe−i2B

1+r01,pr12,pe−i2B

rs = |rs| · e−iδr,s =
r01,s+r12,se−i2B

1+r01,sr12,se−i2B

(2.37)

where the reflectivity coefficients r01,p, r12,p, r01,s and r12,s describing the reflection at re-

fractive index jumps n0 → n1 and n1 → n2 for p- and s-light are given by Fresnel’s laws

(Fig. 2.4b). B = 2π h
λ

√

n2
1 − n2

0 sin
2 φ accounts for the phase shift.

If the layer thickness h << λ it is allowed to expand the complex reflectivity coefficients

in a power series in terms of h
λ
. The first term describes the reflection at a monolayer:

∆ ≈ 4
√
ǫ0ǫ2π cosφ sin2 φ

(ǫ0 − ǫ2)((ǫ0 + ǫ2) cos2 φ− ǫ0)
· (ǫ1 − ǫ0)(ǫ2 − ǫ0)

ǫ1
· h
λ

(2.38)

Usually, the film thickness and refractive index are determined by computer simulations

on basis of measured values of ∆ and Ψ.

Quartz Crystal Microbalance (QCM)

Quartz crystal microbalance (QCM) is a simple method for the determination of the

adsorbed amount of materials. The material is adsorbed on a disk of crystalline quartz

electrodes covered by gold on both sides. Due to the piezoelectric properties of quartz,

the quartz plate changes its sizes in an outer alternating electric field, resulting in a plate

vibration (Fig. 2.5a). Eigenfrequency of the bare quartz crystal is f0 (Fig. 2.5b). After

the adsorption process the eigenfrequency change takes place, which leads to a frequency

shift ∆f given by:

∆f = f − f0 (2.39)
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where f is a frequency of a quartz crystal after adsorption. Besides f , a half width of a

frequency band at a height equal to half of the band maximum Γ is also important the

determination of the dissipation D:

D =
2Γ

f
(2.40)

∆D = D −D0 =
Edis

2πEstored
(2.41)

where D0 and D are the dissipation factors before and after adsorption, respectively. ∆D

is the change of a dissipation factor in an adsorption process, Edis is the energy dissipated

during one oscillation and Estored is energy stored in the oscillating system.
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Figure 2.5: Schematic images of quartz plate in outer electric field (a) and resonance

curve of the quartz plate (b). Unloaded quartz crystal plate has resonance frequency f0

and loaded f . Γ is a half-band-half-width, ∆f is shift of frequency

In QCM measurements the changes in frequency (∆f) and dissipation (∆D) in ad-

sorption process are measured (figure 2.6). In measurements three steps take place. In

the first step the eigenfrequency of the bare quartz crystal is determined. In the second

step the flow of the solution takes place and changes in dissipation and frequency are

determined. In the third step the crystal is rinsed with solvent to remove unadsorbed

material.
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Figure 2.6: Schematic images of ∆f and ∆D in QCM measurements. The classical

measurement has tree steps: (I) flow of the solvent to determine the eigenfrequency of

the bare quartz crystal, (II) the flow of the solution, (III) flow of the solvent to rinse not

adsorbed material.

Changes of the frequency are proportional to the mass changes of the substance ad-

sorbed on the surface of quartz crystal (∆m):

∆f = − 2nf 2
0√

ρqµq
∆m (2.42)

where ρq = 2.648g/cm3 and µq = 2.947x1011g/(s2cm) are quartz density and shift coef-

ficient of elasticity, respectively, n is the overtone number, ∆m is measured in ng/cm2.

According to (2.42) the mass of adsorbed substance is:

∆m = −C∆f

n
(2.43)

where C =
√
ρqµq

2f2

0

= 17.7 ng
cm2Hz

. Equation 2.42 or 2.43 is also called Sauerbrey equation.

Contact Angle

One of the important characteristics of different substrates is the contact angle θ. It is

a qualitative measure of the wetting of solids by a liquid. The contact angle is defined
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Figure 2.7: Schematic images of contact angle θ measurements. The smaller contact

angle (θ < 90◦) means wettable surface (a), the higher contact angle (θ > 90◦) means

non-wettable surface (b). The contact angle in terms of surface tension (c).

geometrically as an angle between a liquid drop at a solid interface in the gas phase (figure

2.7). If the liquid is water and the contact angle is smaller than 90◦ the surface is wettable

and so called hydrophilic (Fig. 2.7a). In case of an angle, which is larger than 90◦ the

surface is non-wettable and so called hydrophobic (Fig. 2.7b). The contact angle is also

a result of interface interactions. The contact angle can be also determined according to

Young’s equation in terms of surface tension as (Fig. 2.7c):

cos θ =
γsg − γsl

γlg
(2.44)

where γsg is the surface tension between solid and gas or surface tension of the solid, γsl is

the surface tension between solid and liquid, γlg is the surface tension between solid and

gas or liquid tension of liquid. The determination of the contact angle, which was used

in this work, was done via the direct observation by camera of the drop shape.
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Experimental part

3.1 Materials

The monomer N-isopropylacrylamide (NIPAM, Aldrich), cross-linker N,N’-methylenebis-

acrylamide (BIS, Aldrich), the co-monomer acrylic acid (AAc, Aldrich) and radical starter

potassium persulfate (KPS, Fluka) were used for a microgel synthesis. Sodium chloride

(NaCl, Merck), sodium hydroxide (NaOH, Roth), hydrogen chloride (HCl, Roth) were

used to regulate the pH value and ionic strength of the microgel dispersions. Poly(ethelen-

imine) (PEI, Aldrich), poly(allylamine hydrochloride) (PAH, Aldrich), poly(styrene sul-

fonate) (PSS, Aldrich) and poly(diallyl-dimethyl-ammonium chloride) (PDADMAC, syn-

thesised by A. Laschewsky), 3-Aminopropyltrimethoxysilane (APMS, Aldrich) were used

to modify silicon wafers. The silicon wafers (Si) were obtained from Wacker Syntronic

AG. Silicon wafers pre-coated with gold (Si/Au) were received from Georg Albert PVG-

Beschichtungen. Ethanol (EtOH, Aldrich) and isopropanol (2-Pr, Aldrich) were used to

tune the solvent quality. Water was purified by using a MilliQ-system (Millipore). The

final resistance was 18 MΩ.

31
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3.2 Microgel synthesis

Microgels were synthesized via surfactant free emulsion polymerization [92]. NIPAM,

AAc, BIS were dissolved in 200 ml Milli-Q water. The mixture was heated to 70◦C under

a nitrogen atmosphere. To form the emulsion, the mixture was stirred with a rotation

speed of 600 rpm. After one hour 1.5 mg KPS was dissolved in 1 ml Milli-Q water

and rapidly added to the reaction flask. The transparent emulsion became turbid within

10 minutes after adding KPS. After 4 hours the reaction was switched off via cooling

down to room temperature. The cool solution was stirred over the night under nitrogen

atmosphere. To remove oligomers and unreacted monomers, microgels were cleaned by

14-days dialysis in Milli-Q water. Water was exchanged every 24 hours. After cleaning,

the microgels were freeze-dried.

microgel type NIPAM, g BIS, g AAc, g BIS, % AAc, % I.r.titrAAc, %

p1 2.26 0.154 0 5 0 0

a1 2.26 0.062 0.072 5 5 65

a3 2.27 0.154 0.144 5 10 58

a7 2.27 0.062 0.072 2 5 53

a16 2.26 0.154 0.289 5 20 75

a20 2.27 0.309 0.072 10 5 45

Table 3.1: Characteristics of synthesized microgels. In the first column the names of

samples are presented. In the second, third and fourth columns the amount of NIPAN,

BIS, AAc in gram is given. The molar percentage of BIS and AAc is in the fifth and the

sixth columns, respectively. The amount of incorporated AAc units is shown in the last

column. I.r.titrAAc is an incorporation ratio of AAc derived from titration data.

All synthesized microgels are listed in table 3.1. The first column represents the names

of the microgel samples. In the second, third and fourth columns are the amount of NI-

PAM, BIS and AAc in reaction mixtures, respectively. The fifth and the sixth columns

contain the calculated molar percentages of BIS and AAc in the reaction mixtures, re-
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spectively. After the synthesis the amount of incorporated co-monomers was determined

by titration and the molar percentage of incorporated AAc is given in the last column. A

typical titration curve of a P(NIPAM-co-AAc) microgel dispersion is shown in figure 3.1.
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Figure 3.1: Titration curve (compact line) of an a16 microgel dispersion with a concen-

tration of 0.5 wt% (0.1 g a16 in 20 ml H2O). VNaOH is a volume of added 2.5 mM NaOH

solution. The point of inflection was determined by curve numerical differentiation (dotted

line).

3.3 Microgel deposition on solid substrates

3.3.1 Substrate preparations

Two types of solid substrates were used: silicon (Si) wafers and silicon wafers pre-covered

with a gold layer (Si/Au), which has a thickness of 100 nm . The silicon wafers were

cleaned in piranha solution (H2O2 : H2SO4) for 30 minutes. Si/Au wafers were cleaned

by deposition for 5 minutes in a 1:1:5 mixture of NH3 : H2O2 : H2O at 75◦C. Afterwards,

wafers were rinsed with Milli-Q water.
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For microgel deposition Si wafers were modified by adsorption of surfactants (Si/APMS)

and polyelectrolyte layers/multilayers (Si/PEI, Si/PAH, Si/APMS, Si/PEI/(PSS/PAH)n,

where n = 1,2,3 represents the number of double layers (PSS/PAH)). Polyelectrolyte lay-

ers/multilayers were deposited by the layer-by-layer technique. For polyelectrolyte depo-

sition layer-by-layer technique was used. To deposit PEI, wafers were deposited in a 0.1 M

PEI solution for 30 minutes. Afterwards, the wafers were rinsed with MilliQ water for one

minute. For deposition of PAH, PSS and PDADMAC layers, the polymers were dissolved

in 0.1 M NaCl. The polyelectrolyte concentration was 0.1M. Wafers were deposited in

polyelectrolyte solutions for 20 minutes. After every layer deposition wafers were rinsed

three times with MilliQ-water for one minute. After rinsing of last layer wafers were dried

in nitrogen stream.

For the preparation of the Si/APMS wafers the clean silicon wafers were deposited in

APMS solution for ten minutes. Afterwards, the wafers were rinsed with ethanol for one

minute. In order to dry the wafers, they were put in a oven at 110◦C for another ten

minutes.

For all experiments only fresh prepared wafers were used.

3.3.2 Microgel deposition by dip coating

Microgels were deposited by three techniques: dip coating, spin coating and direct ad-

sorption.

Dip coating

In case of deposition at 20◦C, the substrate was deposited in microgel dispersion with a

concentration of 0.05 wt% for one hour. In case of deposition at 50◦C, the wafers were

deposited in the dispersion with a concentration of 0.015 wt% for 5 minutes, because for

longer deposition and higher concentration the surface was completely covered by microgel

particles and it was impossible to get at least three individual particles. After dip coating

the samples were placed in the SFM liquid cell filled with water and left for one hour
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for reswelling. Wafers were driven out from the microgel solution with the speed of 0.02

mm/s.

Spin coating

For spin coating SCS spin coater was used. The rotation speed varied from 500 rpm

to 5000 rpm. The deposition duration was 300 seconds for all samples. In the case of

thermo-induced swelling/deswelling microgel experiments, the samples were placed into

the SFM liquid cell filled with water and left for one hour. In order to get individual

adsorbed microgel particles in swelling/deswelling experiments, the rotation speed was

2000 rpm.

Direct adsorption

Direct adsorption taked place directly in the SFM liquid cell. By deposition at 20◦C the

liquid cell was filled with the microgel dispersion. After one hour the microgel dispersion

in the liquid cell was exchanged twice by water in the SFM liquid cell. By deposition at

50◦C few drops of microgel solution was put in the liquid cell. In 5 minutes the microgel

dispersion was exchanged by water to avoid aggregate formation and to get individual

adsorbed microgel particles. Samples were left for one hour. Samples prepared by direct

adsorption were not dried during the preparation process. Due to the very swollen state it

was not possible to take images of the particles deposited at 20◦C direct after adsorption.

The first measurements were carried out at 50◦C.

3.4 Methods and Apparatuses

3.4.1 Scanning Force Microscopy (SFM)

SFM measurements against air were carried out with a Nanoscope IIIa from Veeco in

tapping mode and with a JPK Nanowizard in intermittent mode. For studying of dry

samples in air, silicon cantilevers of the type OMCL-AC160TS from Olympus were used.
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SFM measurements in liquids were done in an ECCell (electrochemical cell) from

JPK using a JPK NanowizardII instrument in the intermittent contact mode. For these

measurements, uncoated silicon cantilevers CSC17 from Micromash were used (Fig. 2.3).

In order to investigate the thermo-induced swelling/deswelling behavior of adsorbed

microgels three types of experiments in the liquid cell were carried out:

1. In short cycles (s.c.) the temperature was changed between 20◦C, 50◦C and 20◦C

with 15◦C steps.

2. In long cycles (l.c.) samples were heated or cooled with 5◦C steps.

3. Reswelling cycles (r.c.) were carried out after main measurements (long or short

cycles). In reswelling cycles samples were completely dried. In 12 hours the samples

were immerse in liquid again and one short cycle was carried out.

The heating/cooling rate was 15◦C/30 minutes in short and reswelling cycles and

5◦C/15 minutes in long cycles.

For particle characterization, their volume was calculated (equation (2.31)). In order

to minimize the effect of scanning rates and setpoint on the particles shape, particle cross

sections were evaluated in vertical direction (parallel to the slow scan axis). In every SFM

measurement, the particle volume was determined at least for three adsorbed microgel

particles.

3.4.2 Ellipsometry

For ellipsometry measurements and their evaluation an Optrel multiscope ellipsometer

and software Elli from Optrel GBR were used. Ellipsometry measurements were carried

out in a Nullellipsometry mode. Here, the polarization of the incident light is selected in

such way that the ellipticity is canceled after reflection. That means incident elliptically

polarized light is converted into linear polarized light which is then canceled by analyzer

(Fig. 3.2).
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Figure 3.2: Schematic image of an ellipsometer in a PCSA-configuration.

3.4.3 Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS) measurements were carried at the constant scattering

angle of 75◦ using an ALV goniometer setup. Only one angle was chosen due to the

microgel monodispersity. A Nd:YAG laser with a wave-length of 532 nm and an ALV-

5000 correlator were used. In DLS measurements auto-correlation functions were recorded

and analyzed by inverse Laplace transformation.The calculation was done by using the

program CONTIN [86].

The heating/cooling rate was 2◦C/30 minutes.

3.4.4 Quartz Crystal Microbalance (QCM)

QCM measurements were carried out with Q-Sense E1 from Q-Sense.

3.4.5 Contact Angle Measurements

Contact angle measurements were carried using the Contact Angle System OCA. For the

contact angle estimation, the Sessile Drop-Method was used. All contact angle measure-

ments were done by Michael Eisele from the Technical University of Berlin.
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3.4.6 Mobility Measurements

Mobility measurements were done by Malvern Zetasizer 2000.

3.4.7 Titration

For titration of co-monomer microgel dispersions a Titrando 836 system from Metrohm

was used. Titration was done by using a 0.025M NaOH solution.
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Control of microgel number density

at solid surfaces

One of the important and widely investigated areas of colloidal particles is the controled

adsorption of colloids at different interfaces. The aim of these investigations is to pro-

duce monolayers of adsorbed colloids with appropriate structures [37–41, 82, 93, 94]. As

discussed above, PNIPAM-co-AAc microgels are sensitive to changes of environmental

conditions such as pH, temperature and ionic strength [6, 18, 22, 23, 95]. That makes

the materials based on PNIPAM interesting for functionalization of surfaces. There are

only few works on adsorbed microgel particles, which forms monolayers on different sub-

strates [35, 36, 42]. It was shown that the amount of adsorbed microgels and the structure

depends on the deposition method, pH-value of the solvent, and the substrate roughness.

In the present chapter the control of adsorbed microgel particles amount by different

preparation conditions is shown. All samples were deposited by spin coating on Si/PEI

wafers. For these purposes microgels with 5% BIS and 10% AAc (a3) were used (table

3.1).

To get information about the microgel particle size and mobility in dependence on

the pH, ionic strength and temperature, DLS and electrophoretic mobility measurements

were done.
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CHAPTER 4. CONTROL OF MICROGEL NUMBER DENSITY AT SOLID

SURFACES

4.1 Effect of the rotation speed

Figure 4.1 shows the SFM images of adsorbed microgel particles deposited from microgel

dispersions dissolved in 10−3M HCl (a-d) and 10−3M NaOH (e-h). Samples were prepared

via spin coating. The concentration of microgel dispersions was 0.5 wt%. For both

microgel dispersions, the effect of rotation speed was investigated. For a rotation speed of

500 rpm, both dispersions give a monolayer of closely hexagonally packed particles. With

increasing rotation speed, the amount of adsorbed particles decreases. For the samples

prepared with rotation speeds from 2000 rpm on (c, d and g, h), the deposition of adsorbed

particles for the appropriate pH does not depend on the rotation speed anymore. The

steady state is reached.

10-3M HCl

10−3M NaOH

ı

Figure 4.1: SFM images of dried samples. Effect of rotation speed and pH. All samples

prepared from the microgel dispersions with concentration of 0.5 wt%. Substrate: Si/PEI.

(a-d) microgels were dissolved in 10−3M HCl, (e-h) in 10−3M NaOH. Rotation speeds: (a,

e) - 500 rpm, (b,f) - 1000 rpm, (c,g) - 2000 rpm, (d,h) - 5000 rpm. Scan size: 10x10 µm2.

A qualitative explanation is that at the beginning of rotation, an aqueous dispersion

film forms and only the microgel particles within this film can adsorb onto the surface.

At 500 rpm the dispersion film is quite thick and also particles from the “film bulk” can

adsorb at the surface. With increasing rotation speed, the centrifugal force grows and the
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thickness of the dispersion film decreases. At 2000 rpm only the particles from a very thin

water layer close to the wafer surface can be deposited. The other particles are already

expelled together with the solvent. From 2000 rpm on, the time of lateral expulsion of

microgel particles in the thin dispersion film is assumed to be longer than the microgel

adsorption time. That leads to a constant number of adsorbed particles above 2000 rpm.

4.2 Effect of microgel particle concentration

To change the amount of adsorbed particles, the concentration of the microgel dispersion

was reduced from 0.5 wt% to 0.05 wt% (Fig. 4.2). Samples (a-c) were prepared from

dispersions at a concentration of 0.05 wt% and samples (d-f) were prepared at 0.5 wt%.

For both concentrations the pH of microgel dispersions increases from left to right. The

0.05wt%

0.5wt%

Figure 4.2: Effect of microgel particle concentration and pH. The rotation speed is 500 rpm

for all images. Samples (a-c) were prepared from the microgel dispersion at a concentration

of 0.05 wt% on Si/PEI; (d-f) from dispersions at a concentration of 0.5 wt%. For samples

(a,d) 10−3M HCl was used as solvent; (b,e) - 10−3M NaCl; (c,f) - 10−3M NaOH. Scan

size: 10x10 µm2.
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rotation speed was fixed at 500 rpm and the ionic strength was kept constant at 10−3 M.

The number density of deposited microgel particles increases with increasing particle

concentration. At the concentration of 0.5 wt%, the substrate coverage by microgels was

mostly homogeneous. Only small domains with a microgel multilayer were found.

For the samples prepared from a dispersion at a concentration of 0.05 wt%, the number

density of adsorbed microgels increases with increasing pH. At the higher concentration

of 0.5 wt% the adsorbed particles are closely hexagonal packed. The effect of the pH is

less pronounced, but with growth in pH, the number of defects i.e. holes or empty spaces

in the package increases. That means that the pH has an opposite effect on the packing

density at both concentrations.

4.3 Effect of pH

pH values of microgel dispersions with concentrations of 0.05 and 0.5 wt% are shown in

table 6.1 in chapter 6. Since both the PEI on the substrate and the acrylic acid monomers

within the microgel particles are weak electrolytes counteracting effects on the adsorbed

amount occurs during pH variation. PEI is positively charged up to a pH about 9-10 [96]

and the pKs of acrylic acid is between 4.5 and 5. That means that between pH 5 and

10, a stronger attraction between particles and substrate than in the acid medium takes

place. Due to the increasing particle-substrate attraction with increasing pH, the number

of adsorbed particles enhances for samples prepared from microgel dispersions with a

concentration of 0.05 wt% (Fig. 4.2 a-c). On the other hand, interparticle repulsion

becomes larger between pH 5 and 10 than at acid pH values resulting in the reduction of

the number density. At a concentration of 0.5 wt%, the particle density on the substrate

decreases with increasing pH (Fig. 4.2 d-f). This indicates a dominating effect of the

electrostatic repulsion between particles. That would mean that the effect of the particle-

substrate attraction would play a minor role at higher pH.

The fact that the particles also adsorb at low pH, where almost no electrostatic attrac-

tion between particles and substrate is present, is explained by hydrogen bonding between
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particles (both NIPAM and AAc monomers) and the substrate [97]. Note, that at low

pH the silanol group at the silicon wafer are not dissociated and the PEI does not fully

cover the substrate. Hence, hydrogen bondings between P(NIPAM-AAc)particles and the

silicon substrate silanol groups) can be formed.

4.4 Effect of number of deposition

Another way to control the numerical density of adsorbed particles is the repetition of

the spin coating process with the lower concentrated dispersion. Figure 4.3 represents

the SFM images of adsorbed microgels deposited from 0.05 wt% microgel dispersion in

10−3M HCl. Due to the small particle concentration the wafer is not covered completely

after spin coating (Fig. 4.3a). To increase the surface coverage by particles, the wafer was

covered again by microgels via spin coating. The number of adsorbed particles increases

(Fig. 4.3b). After the second spin coating the wafer still exhibits a big part of empty

surface. After the third spin coating procedure (Fig. 4.3c), the uncovered by microgels

surface area decreases. It means that repeated particle deposition is a simple way to

increase surface coverage.

a b c

Figure 4.3: SFM images of microgels deposited on Si/PEI by repeated spin coating with

the rotation speed of 1000 rpm. Microgels were deposited from dispersion in 10−3M HCl

and a concentration of 0.05wt%. The same wafer was spin coated three times. After every

spin coating process the SFM images were taken: (a) after the first spin coating, (b) after

the second, and (c) after the third. Scan area is 20x20 µm2.
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4.5 Summary

pH and temperature sensitive P(NIPAM-co-AAc) particles were deposited on oppositely

charged solid substrates. It was shown, that the surface coverage of the microgel particles

depends strongly on the pH and on the microgel concentration. The rotation speed

during the spin coating process and the number of repeated deposition procedures play

an important role. A combination of these parameters can control the amount of adsorbed

particles.

With increasing rotation speed, the particle density decreases and is constant from

2000 rpm on, which is explained by a competition between the adsorption time and the

time needed for lateral expulsion of the thin dispersion film on top of the silicon substrate.

At low particle concentration (0.05 wt%) of the dispersion the particle number density at

the solid substrate increases with increasing pH, due to an enhanced attraction between

the AAc monomers of the particles and the oppositely charged substrate. At high particle

concentration the increasing interparticle repulsion comes into play, which decreases the

adsorbed amount with increasing pH.



Chapter 5

Influence of internal microgel

parameters

As discussed above, properties of microgels depend strongly on the cross-linker and co-

monomer content [9, 17–24]. The current chapter focuses on the influence of the cross-

linker content and co-monomer content on the temperature-induced swelling/shrinking

behavior of microgel particles.

5.1 Effect of Co-monomer Content

Properties of PNIPAM-based microgels can be tuned by adding co-monomers during

synthesis [9, 11, 18–20]. One type of commonly used co-monomers are organic acids like

vinylacetic, acrylic, methacrylic, allylacetic acid etc. [9, 17–19, 51].

There are some theoretical and experimental works studying charged microgel parti-

cles, the influence of the co-monomer types and their concentration on microgel swelling/

deswelling behavior [9, 18, 19, 51, 98]. In case of using weak acids as co-monomer microgels

become also pH-sensitive. Due to the deprotonation of carboxylic (-COOH) groups, the

interchain electrostatic repulsion increases leading to the increasing particle size [9, 16, 17].

T. Hoare and R. Pelton illustrated that high ionized microgels have a sharp transition and

that the LCST is shifted to higher temperatures [18, 19]. Kratz et.al. [17] demonstrated

45
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the appearance of a two step volume phase transition for microgels with very high co-

monomer concentration. This phenomenon can be attributed to the competition between

attractive hydrophobic and repulsive electrostatic forces.

Microgel sensitivity to outer stimuli was also investigated for adsorbed microgel par-

ticles. It was shown that the film thickness made of microgels containing co-monomers

can be controlled by temperature, ionic strength and as well as pH [16, 36, 42].

Authors [14, 16, 35, 39, 40] investigated the ability of PNIPAM-based microgels to

form well organized structures at solid surfaces. Schmidt et.al. [35] demonstrated that

pure PNIPAM microgels particles and particles containing acrylic acid as co-monomer

form well organized structures at solid surfaces. The particle charge was managed by

the solvent pH value. The aim of this chapter is a detailed investigation of PNIPAM

microgels containing acrylic acid as co-monomer with concentrations of 0%, 5%, 10% and

20%. This chapter focuses mainly on the study of thermoinduced swelling/deswelling

behavior of individual adsorbed microgels, microgels in bulk and their adsorption ability,

as well.

5.1.1 Microgel characterizations in volume phase

Firstly, the behavior of microgel particles in bulk was investigated. Figure 5.1 demon-

strates the dependence of hydrodynamic radius on temperature measured by DLS for four

types of microgel particles: (a) pure PNIPAM,(b) with 5%, (c) 10% and (d) 20% of AAc

co-monomers. It can be seen that for all types of microgels the thermoinduced swelling

and shrinking is completely reversible and a slight shift in the LCST takes place in cooling

and heating processes (table 5.1). As it was expected, the hydrodynamic radius increases

with increasing AAc content because of the increasing electrostatic repulsion between the

polymer chains. Increasing concentration of AAc co-monomers leads to an appearance of

the two step phase transition.

Pure PNIPAM microgels demonstrate a sharp transition at the temperature of about

30-31◦C, which is in good agreement with the literature [9, 18, 73]. With increasing
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Figure 5.1: Temperature dependence of the hydrodynamic radii of microgel particles with

0% (a), 5% (b), 10% (c) and 20% (d) AAc contents on temperature measured by DLS in

heating (squares) and cooling (circles) processes.

AAc Rh, nm |µh|, µmcm/Vs transition temperature, ◦C

content, % 20◦C 50◦C 20◦C heating cooling

0 241 111 0.81 30.9 30.2

5 404 128 1.41 32.5 45.2 31.6 42.7

10 413 204 1.71 31.1 46.2 31.9 45.5

20 631 130 2.24 32.9 44.7 30.9 45.3

Table 5.1: Characteristics of microgel particles with 0%, 5%, 10% and 20% AAc in bulk:

hydrodynamic radius (Rh) at 20◦C and at 50◦C, mobility (µ) at 20◦C and transition

temperatures in heating and in cooling cycles.



48 CHAPTER 5. INFLUENCE OF INTERNAL MICROGEL PARAMETERS

AAc content the second transition step becomes more pronounced. It appears due to

the charged co-monomers. Microgels with the highest AAc content (20%) exhibit two

very well separated and resolved transition steps. The first transition takes place at

a temperature of about 32◦C, which results from the PNIPAM component caused by

hydrophobic attraction. The second transition appears at a temperature of about 45◦C

and is attributed to the electrostatic repulsion between the charged co-mononers. The

transition temperature does not depend on the microgel type.

5.1.2 Swelling behavior of adsorbed microgel particles

In order to investigate the swelling/deswelling behavior of adsorbed PNIPAM microgels

SFM measurements were performed in a temperature controlled liquid cell. Figure 5.2

shows the SFM images of all four types of microgel particles deposited on Si/Au wafers at

20◦C (swollen state) and at 50◦C (collapsed state). It can be observed that the particle

size increases with enhancing the amount of co-monomer.

Figure 5.2: SFM images of microgel particles with 0% (a, b), 5% (c, d), 10% (e, f) and

20% (g, h) AAc content deposited on Si/Au wafers in SFM liquid cell at 20◦C (a, c, e, g)

and at 50◦C (b, d, f, h). Scan area: 5x5 µm2.
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In order to compare the behavior of deposited microgels, the cross sections of particles

with 0%, 5%, 10% and 20% AAc in swollen (20◦C) and collapsed states (50◦C) in two

short cycles are represented in figure 5.3. All adsorbed microgels demonstrate a reversible

thermoinduced swelling/shrinking behaviour. The size changes of adsorbed microgels

mainly take place in a vertical direction. The particle size increases with increasing co-

monomer content due to the increasing intraparticle charge repulsion.
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Figure 5.3: Cross sections of microgel particles with (a) 0%, (b) 5%, (c) 10% and (d)

20% AAc contents adsorbed on Si/Au measured by SFM at two short cycles: 20◦C, 50◦C,

20◦C, 50◦C and 20◦C.

For a better understanding in the swelling/deswelling behavior of adsorbed microgels

with different AAc contents one long cycle was carried out. Based on cross section data,

figure 5.4 demonstrates the volume change of adsorbed microgels as a function of temper-

ature. Adsorbed microgels demonstrate a reversible thermo-induced swelling/shrinking

behavior. A slight shift in the LCST takes place in cooling and heating processes (table
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Figure 5.4: Temperature dependence of volume of microgel particles with 0% (a), 5% (b),

10% (c) and 20% (d) AAc contents deposited on Si/Au measured by SFM.
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5.2). For all four microgel types, adsorbed particles have just one transition temperature.

AAc LCST, ◦C Volume, x106 nm3 VT
ads/Vdry

content, % heating cooling dried 20◦C 50◦C T = 20◦C T = 50◦C

0 30.4 29.6 5.34 11.7 7.02 2.2 1.3

5 37.4 34.1 5.76 32.0 8.84 5.6 1.5

10 36.4 34.5 6.95 37.2 24,4 5.4 3.5

20 46.1 44.9 32.9 159 60.8 4.8 1.8

Table 5.2: Characteristics of adsorbed microgel particles for microgels with 0%, 5%, 10%

and 20% AAc contents: LCST in heating and cooling cycles, volume of deposited microgels

in dry state and in liquid at 20◦C and 50◦C, and particle volume in liquid cell (VT
ads) at

temperature T normalized by volume of dried particles (Vdry).

Tendentiously, with increasing co-monomer content the LCST shifts to higher tempera-

tures. The LCST of pure PNIPAM microgels (0% AAc) and extremely high AAc concen-

tration (20%) are sharper compared to those particles with 5% and 10% AAc. Adsorbed

pure PNIPAM microgels and microgels in bulk have the LCST at the same temperature

of 30◦C (tables 5.1 and 5.2). The transition temperature of deposited microgels with

20% AAc is at the temperature of around 45◦C. It corresponds to the second transition

of microgels in bulk effected by high co-monomer concentration. Particles with an AAc

concentrations of 5% and 10% have broad phase transition at temperatures between 34◦C

and 37◦C.

In figure 5.5 the volume of deposited microgels in the swollen and in the collapsed

state in long cycle (l.c.) and in two reswelling cycles (r.c.) is represented. Reswelling

cycles demonstrate the thermo-induced behavior of adsorbed particles after the complete

drying. One can see, microgels still exhibit a sensitivity to temperature changes and show

reversible swelling/deswelling behavior. The reswollen microgels exhibit the same volume

values as before drying.

Microgels in volume phase and deposited at solid surface demonstrate qualitatively

similar behavior (Fig. 5.6). Both systems show a reversible phase transition, where in
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Figure 5.5: Temperature dependence of volume of microgel particles with 0% (squares), 5%

(circles), 10% (triangles) and 20% (rhombs) AAc contents deposited on Si/Au measured

by SFM in one long cycle (l.c.) and in two reswelling cycles (r.c.).

swollen state the particle size increases with increasing AAc concentration.

5.1.3 Influence on number density of adsorbed microgel

In order to investigate adsorption properties of microgel particles with different co-monomer

contents at solid interfaces QCM-D and SFM measurements were carried out. 0.05 wt%

and 0.5 wt% microgel dispersions solved in 10−3M NaCl were used for QCM and SFM

measurements, respectively.

From QCM measurements the mass of adsorbed microgels was calculated according

to equation (2.43) (Fig. 5.7). After microgel deposition samples were rinsed with sol-

vent. 27% of pure PNIPAM microgels were desorbed during rinsing process. The amount

of adsorbed microgels with 5% AAc is smaller than for pure PNIPAM particles. AAc

co-monomers affect the particle charge. With increasing AAc concentration the particle

charge increases as well. This fact is proven by the increased value of particle mobility
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Figure 5.6: Temperature dependence of microgel particle volume (a) in bulk and (b) de-

posited on Si/Au with 0% (squares), 5% (circles), 10% (triangles) and 20% (rhombs) AAc

contents measured by DLS and SFM, respectivly.

(Tab. 5.1) and SFM images (Fig. 5.8). Due to the enhanced particle charge, interparticle

electrostatic repulsion increases leading to a decrease in the amount of adsorbed parti-

cles. On the other hand, the electrostatic substrate-particle attraction becomes stronger

resulting in the absence of particle desorption during the rinsing process.

The number density and the amount of adsorbed microgels with 10% AAc is higher

than for particles with 0% and 5% AAc (Fig. 5.7 and 5.8). With increasing AAc concen-

tration the particle charge increases resulting in the enhance in the stronger substrate-

particle attraction. It seems to be that the substrate-particle attration dominates the

interparticle repulsion resulting in an increased number density and mass of adsorbed

microgels.

By the further increase in the co-monomer content, the mass of adsorbed particles

(20% AAc) decreases and becomes lower than for particles with 10% AAc but it is still

higher than for microgels containing 0% and 5% of charged co-monomers. Microgels with

20% AAc are extremely charged and large (Tab. 5.1). Due to the large size, it becomes for

such huge particles more difficult to “see” an empty place or an uncovered by microgels

substrate surface. The increasing particle charge are resulting in the increasing inter-

particle repulstion. Both these phenomena lead to the increase in the mass of adsorbed
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Figure 5.7: Time dependence of mass changes of microgels with 0% (squares), 5% (cir-

cles), 10% (triangles) and 20% (rhombs) AAc contents adsorbed on gold crystals in QCM

measurements. In first step the crystal was washed with the solvent (10−3M NaCl). After

180 sec microgels were adsorbed from microgel dispersions with a concentration of 0.05

wt% in 10−3M NaCl. After the equilibrium was achieved (pointer on the graph) crystals

were rinsed with the solvent to remove unadsorbed particles.

particles (Fig. 5.7).

It is also interesting to notice that the adsorption ability of microgel particles at solid

interfaces does not depend on the the substrate type. The amount of microgels deposited

on gold (Fig. 5.7) and on Si/PEI (Fig. 5.8) as function of co-monomer content exhibits

qualitatively the similar behavior in both experiments.

By comparison of volume of adsorbed microgels in dried state and in liquid (table 5.2)

one can conclude that the water adsorption ability increases with increasing co-monomer

content and microgels at 50◦C still contain water. Unfortunately, it was not possible

to calculate the absolute amount of water contained in swollen and collapsed microgels

particles in the adsorbed state because water amount in dry microgels measured against
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Figure 5.8: SFM images of microgel particles with (a) 0%, (b) 5%, (c) 10%, and (d)

20% AAc contents deposited from microgel dispersions with concentration of 0.5 wt% on

Si/PEI wafers by spin coating with rotation speed of 1000 rpm. Scan area: 20x20 µm2.

air is not known and could not be estimated.

5.1.4 Summary

It was shown that the particle size and the transition temperature can be influenced by

the co-monomer concentration for both systems: for particles deposited at surface and

for particles in bulk. Particle charge plays an important role in the deposition process.

Those particles with an AAc concentration below 10%, the particle-surface attractive in-

teractions dominate the interparticle electrostatic repulsion. Consequenctly, the surface

coverage increases with increasing AAc content. For particles with 20% AAc interparticle

repulsion becomes dominant and the surface coverage decreases. Water absorption abil-

ities of particles increases with increasing co-monomer content. The substrate type does

not affect strongly on the adsorption ability of microgels.

5.2 Effect of Cross-linker Content

It was shown that the amount of cross-linker content strongly affects the microgel proper-

ties [24, 75]: the particles with more cross-linker content demonstrate a weaker swelling/

shrinking than the microgels with low cross-linker density do. The amount of cross-linker

also changes the internal structure of microgels. Microgels with higher cross-linker content
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demonstrate the core-shell like structure: a core with high cross-linker density and a shell

with lower cross-linker density [24, 75].

For the current investigation microgels containing 5% AAc and different amount of

cross-linker BIS were used. The BIS content was 2%, 5% and 10%. The characteristics

of these microgel particles are given in table 3.1.

5.2.1 Microgel characteristics in volume phase

Three types of microgel particles with different cross-linker contents (2%, 5%, 10% BIS)

were synthesized. All microgels contained 5% AAc. The microgels in volume phase were

characterized by DLS. They demonstrate the typical behavior of the value of swelling

ratio: particle volume (V ) normalized with the volume at 15◦C (V 15◦C) increases with

increasing cross-linker content at high temperatures (Fig. 5.9). The LCST is determined

from the point of inflection (Tab. 5.3).
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Figure 5.9: Swelling ratio of microgels in bulk as function of temperature for microgels

with 2% (squares), 5% (circles) and 10% (triangels) BIS contents measured by DLS
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Volume Phase Adsorbed Microgles

BIS, LCST, α LCST, α height/width VDLS/ VAFM

% ◦C 50◦C ◦C 50◦C 20◦C 50◦C 15◦C 50◦C

2 33 0.024 35 0.19 0.21 0.07 10 1.1

5 30 0.039 37 0.29 0.26 0.1 9.7 1.3

10 35 0.074 33 0.47 0.46 0.48 7.2 1.1

Table 5.3: Characteristics of microgels in bulk: the LCST and swelling ratio α, and

deposited at the surface: LCST, swelling ratio, height/width ratio at 20◦C and 50◦C; and

volume of microgels in bulk normalized with respect to the volume of adsorbed microgels

at 15◦C and at 50◦C. Characteristics for deposited particles were taken from the heating

process of the second long cycle.

The amount of incorporated AAc co-monomers decreases with increasing cross-linker

content (table 3.1). It was shown that microgel particles build a core-shell structure [24],

where the core has a higher cross-linker density compared to the shell. It was also demon-

strated that charged co-monomers are situated preferentially in the outer microgel layer

[19]. The increase in the cross-linker content leads to a decrease of the shell thickness. Due

to the thin thickness of the shell, the repulsion between charged network units increases

leading to the decreasing concentration of incorporated AAc units.

5.2.2 Individual adsorbed microgels

To investigate the thermoresponsive shrinking and swelling behavior of individual microgel

particles adsorbed on Si/Au the SFM technique in liquid was used. Figures 5.10 and 5.11

show SFM images and cross sections of microgels with 2% BIS content during the first

long cycle: 15◦C, 35◦C, 55◦C, 35◦C and 15◦C, respectively. The change in microgel size

is obvious. In order to get a better insight into the swelling ratio the volume of deposited

particles was calculated from cross sections and is shown in figure 5.12. The process

does not seem to be completely reversible. Microgels with 2% cross-linker show a strong
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Figure 5.10: SFM images against water of microgels with 2% BIS adsorbed on Si/Au in the

first long cycle: at (a) 15◦C, (b) 35◦C, (c) 55◦C, (d) 35◦C, and (e) 15◦C. Measurements

were carried out in intermittent mode. Scan area: 5x5µm2.

hysteresis during the first long cycle. The LCST at the cooling process is shifted by 2.2◦C

to 34.4◦C with respect to the heating curve. After the cooling process in the first long

cycle the microgel height and footprint becomes smaller than before the heating process;

at 15◦C particle volume changes from 1.2× 108nm3 to 7.6 × 107nm3. During the second

long cycle the LCST is again shifted by 2.1◦C to 32.6◦C, and the hysteresis is more or

less vanished after the second long cycle. With the increasing cross-linker content the

hysteresis decreases. With increasing cross-linker content the slope around the point of

inflection increases i.e. the transition becomes sharper.

Cheng et. al. [99] showed that PNIPAM homopolymers are able to build intra and

inter polymer chain hydrogen bonds during the heating process. Those H-bonds can be

broken during a subsequent cooling process to a temperature of about 4◦C. In the present

experiment the microgels were cooled down to 15◦C and the H-bonds were observed not to

disappear completely. The remaining H-bonds can be considered as new additional cross

linkers. Due to these new cross linkers, the particles can not swell to their initial sizes

and the hysteresis takes place. With increasing BIS content the chain length between two

cross linkers decreases and the intrachain hydrogen bonds can not be formed during the

heating process, resulting in a smaller hysteresis.

In order to compare the effect of cross linker on the swelling/shrinking behavior the

swelling ratio of all three gel particles after adsorption at the Si/Au substrate is shown

in figure 5.13. The adsorbed particles demonstrate the behavior similar to microgels in

the volume phase: with increasing BIS content the swelling ratio of adsorbed microgels
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Figure 5.11: Cross sections of individual microgel particles with (a) 2% and (b) 5% BIS

adsorbed on Si/Au in dependence on temperature. The data from the first long cycle (l.

c.). The cross sections at temperatures 15◦C, 35◦C, 55◦C, 35◦C,15◦C are represented. In

order to demonstrate the qualitative differences in the thermo-induced swelling/deswelling

behavior of adsorbed particles with lower and higher cross-linker contents, the relative

changes in particle height z/z15◦C are shown.

decreases.

To be sure that the hysteresis disappears after the first and the second long cycles,

two short cycles between 20◦C and 50◦C with 15◦C steps were driven. The volume nor-

malized by the particle volume at 20◦C in the first short cycle is shown in figure 5.14. It

was observed that all three types of microgels adsorbed on the surface have a reversible

thermo-induced behavior. With increasing number of heating processes, the hysteresis de-

creases. The adsorbed microgels demonstrate the thermoresponsive behavior in reswelling

experiments as well. The samples were dried at room temperature over night. For SFM

measurements the sample was left in liquid to reswell. After one hour the SFM mea-

surements were performed. No microgel particle desorption could be observed during the

reswelling process. It should be noted that the microgels deposited on the solid surface

still exhibit the swelling/shrinking behavior even after the complete sample drying.

The characteristics of microgel particles such as the LCST, swelling ratio of microgels

in bulk; the LCST in the heating process of the second long cycle, the swelling ratio, the
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Figure 5.12: Swelling ratio of microgels with (a) 2%, (b) 5% and (c) 10% BIS contents

adsorbed on Si/Au in the first and in the second long cycle as function of temperature

measured by SFM.

height-to-width ratio at 20◦C and at 50◦C of adsorbed microgels, and the ratio of particle

volume in bulk to the volume of deposited on the Si/Au microgels, are given in table 5.3.

The values of VDLS/VSFM in swollen state (at 15◦C) indicate that the internal density

of particles deposited at the surface is higher than for the particles in bulk. This ratio

decreases with increasing cross-linker content due to decreasing polymer chain length

between two cross-linker resulting in an increasing particles stiffness. With increasing

temperature up to 50◦C the ratio decreases. For this temperature particles exist in the

collapsed state and the chain length between two BIS molecules is extremely short, which

leads to a decrease of this ratio.
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Figure 5.13: Swelling ratio of microgels with 2% BIS (squares), 5% BIS (circles) and 10%

BIS (triangles) adsorbed on Si/Au got by SFM for the heating process in the second long

cycle as function of temperature.

The height/width ratio of adsorbed particles increases with increasing BIS content

showing that the particles become stiffer with increasing BIS concentration. Particle

stiffness increases due to the decreasing polymer chain length between two cross-linkers

in the gel network. The height/width ratio at 50◦C is significantly smaller than for the

particles at 20◦C. This effect is attributed to the collapse mainly in the vertical direction

(Fig. 5.11 a). In case of 10% BIS this ratio is almost temperature independent indicating

the preservation of particle shape in heating and cooling processes (Fig. 5.11 b). It also

indicates much smaller shrinking (0.47) compared to particles with lower BIS contents

(0.19 for 2% BIS and 0.29 for 5% BIS). This result shows that microgels with 10% BIS

possess a hard particle like behavior. The lower cross-linked microgels collapse mainly

in vertical direction and the particles shape changes: becomes flatter. The higher cross-

linked microgels collapse in vertical as well as in lateral directions and keep their shape

(Fig. 5.11). Due to the higher internal density of adsorbed microgel, the transition of

deposited particles becomes sharper (figures 5.9 and 5.13). The LCST of the microgels at

surface tends to be higher than in volume phase. The swelling ratio of gel particles in bulk
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Figure 5.14: Swelling ratio of adsorbed microgels with 2%BIS (quadrats), 5% BIS (circles)

and 10% BIS (triangles) at 20◦C and 50◦C in different heating/cooling cycles: in the

second long cycle (2 l.c.), in the first and in the second short cycle (1 s.c. and 2 s.c.) and

in the first and in the second reswelling cycle after drying (1 r.c. and 2 r.c.). Microgels

were adsorbed on Si/Au.

and adsorbed at the surface increases with increasing BIS content indicating a decreasing

swelling ability. This phenomenon is explained by decreasing chain length between two

cross-linkers in the gel network. With decreasing chain length, the gel network becomes

stiffer and looses the network elasticity leading to a decrease in the amount of adsorbed

solvent.

5.2.3 Summary

The thermo-induced swelling behavior of microgels with different cross-linker contents

was compared between microgels in bulk and after adsorption on the surface. For both

the swelling ratio increases with increasing of cross-linker content. Reversible swelling/

shrinking behavior during several cycles was observed and hysteresis decreases with in-

creasing BIS content. Microgels deposited at solid interface have higher internal density
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than the microgels in bulk. After adsorption the lower cross-linked microgel particles be-

come flatter in the heating process. The shape of highly cross-linked microgels is invariant

in swelling/shrinking processes.
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Chapter 6

Influence of outer stimulis

The P(NIPAM-co-AAc) microgels exhibit in bulk responsive behavior upon changing en-

vironmental conditions such as pH and temperature (Chapter 3). Due to these unique

properties of PNIPAM-based microgels, it is interesting to investigate the response of

adsorbed microgels to the changing outer stimuli such as solvent pH value, ionic strength

and solvent quality.

The first part of this chapter focuses on the investigating of the thermo-induced

swelling/shrinking behavior of microgels adsorbed on Si/PEI in solvents with different

pH-values and ionic strengths.

The second part discusses the behavior of adsorbed microgels in alcohol/water mix-

tures.

6.1 Effect of pH and Ionic Strength

There are few works on the swelling behavior of grafted PNIPAM layers [43, 46, 48,

100]. They demonstrated, that such coatings still show a swelling/deswelling behavior

after adsorption. The swelling/deswelling behavior of adsorbed microgel monolayers was

investigated by ellipsometry in [36, 42]. This method provides information about the mean

value of monolayer thickness but does not inform about the swelling/deswelling behavior

of individual adsorbed microgel particles which does not contact with each other, so that

65
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their swelling/deswelling behavior is not influenced by other particles.

For studying the swelling/deswelling behavior of single adsorbed particles in liquid a

preparation condition was chosen, where the particles are separated from each other. The

microgel particles a3 (10% AAc, 5% BIS ) were deposited on Si/PEI by spin coating with

a rotation speed of 2000 rpm from a 0.5 wt% microgel dispersion dissolved in 10−3 M

NaCl. After that the dry samples were fixed in a liquid cell, which was filled with the

respective solvent. The effect of pH and the ionic strength on the swelling/deswelling

behaviour of adsorbed particles induced by temperature change beyond the LCST was

investigated.

6.1.1 Aqueous dispersions of P(NIPAM-co-AAc) microgels

To get information about the microgel particle size and mobility in dependence on the

pH, ionic strength and temperature, DLS and electrophoretic mobility measurements were

done.

Effect of particle concentration on pH

Table 6.1 shows the pH values of microgel dispersion in dependence on the particle concen-

tration and solvent at 20◦C. The ionic strength was kept constant at 10−3M. In the basic

medium (10−3M NaOH) the pH value of the microgel dispersion decreases with increasing

microgel concentration. This is caused by the increasing amount of dissociated acrylic

acid monomers in the system. The free protons partially neutralize the OH− ions. This

effect is less pronounced in the neutral/slightly acid regime (10−3M NaCl) and vanishes

in the acid medium (10−3M HCl).

Effect of outer pH

Table 6.2 shows the values of hydrodynamic radii and electrophoretic mobilities of micro-

gels at 20◦C in three different solvents HCl, NaCl and NaOH at a constant ionic strength

of 10−3M. Since the electrostatic repulsion and osmotic pressure within the microgel par-
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solvent: pH of microgel dispersions

10−3M 0 wt% 0.05 wt% 0.5 wt%

HCl 3.0 3.2 3.2

NaCl 5.2 5.0 4.1

NaOH 9.7 9.0 5.5

Table 6.1: pH of microgel dispersions at three concentrations 0 wt% or pure solvent, 0.05

and 0.5wt% at 20◦C.

solvent: Rh, nm |µ|, mcm/Vs

10−3M 20◦C 20◦C

HCl 254 ± 3 0.14 ± 0.01

NaCl 416 ± 9 1.56 ± 0.05

NaOH 503 ± 7 2.07 ± 0.05

Table 6.2: Dependence of hydrodynamical radii Rh and electrophoretic mobility |µ| on pH.

NaCl Rh, nm |µ|, mcm/Vs

concentration, M 20◦C 50◦C 20◦C 50◦C

0 460 ± 8 210 ± 5 2.53 ± 0.04 3.80 ± 0.08

10−3 416 ± 9 256 ± 2 1.56 ± 0.05 3.30 ± 0.06

10−2 359 ± 4 214 ± 5 1.01 ± 0.07 2.35 ± 0.03

Table 6.3: Dependence of hydrodynamical radii Rh and electrophoretic mobility |µ| on the

temperature and ionic strength.
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ticles increases [72], the particles swell and their hydrodynamic radius increases with

increasing pH. An increase in the hydrodynamic radius and particle charge affects oppo-

sitely the particles electrophoretic mobility. On one hand, increasing particle size leads to

decreasing mobility value. On the other hand, with increasing particle charge, the parti-

cle mobility increases. The experimental data (table 6.2) shows that the value of particle

mobility increases with increasing pH. It would mean that the particle electrophoretic

mobility is defined mainly by the particle charge.

Effect of ionic strength

Table 6.3 shows the values of Rh and the mobility at 20◦C and 50◦C for dispersions of

three different ionic strengths of 0, 10−3 and 10−2M. With increasing ionic strength, the

mobility decreases due to the enhanced screening. This effect can be observed for both

below and above the LCST.

In addition, internal charges are screened, that leads to a decrease in the hydrodynamic

radii with increasing ionic strength. Besides, the screening of the internal charge, the

osmotic pressure is reduced in the particle network, which also supports the microgel

shrinking. This phenomenon is only obvious at 20◦C. At 50◦C, a non-monotonous behavior

is detected with a maximum in size at intermediate ionic strength. This phenomenon is

not clarified so far. The similar value for the lowest and highest ionic strength can be

explained by the fact that the particles are already in a collapsed state, and that the

shrinking due to increasing ionic strength at 50◦C is rather minor.

Two counteracting parameters might affect the mobility: electrostatics and particle

size. Increasing ionic strength leads to a decrease in particle charge due to counterion

screening effect. A decrease of particle charge reduces both the mobility and the hydro-

dynamic radius. A reduction in hydrodynamic radius, which leads to a more compact

internal structure, should decrease the drag forces and might increase the mobility. Since

the latter phenomenon was not observed in the presented experiments, the mobility is

obviously dominated by electrostatic forces. This is also supported by the fact, that at

50◦C the mobility decreases monotonously with increasing ionic strength, while the radius
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Figure 6.1: Effect of pH. The particles were deposited on Si/PEI from 10−3 M NaCl at

2000 rpm and studied in aqueous solutions containing (a) 10−3M HCl, (b) in 10−3M NaCl

and (c) in 10−3M NaOH at 20◦C. Scan size 5x5 µm2.

shows a non-monotonous behavior.

6.1.2 Behavior of adsorbed microgels

Effect of pH

Figure 6.1 (a) shows SFM images of adsorbed microgels studied in 10−3M HCl, (b) in

10−3M NaCl and (c) in 10−3M NaOH. Figure 6.2 shows the cross section for the adsorbed

microgel particles deposited in 10−3M NaCl and in 10−3M NaOH at 20◦C. With increasing

pH, the size of particles increases due to enhanced electrostatic repulsion within the

particles. This is in good agreement with DLS measurements (table 6.2).

The pH has a strong effect on the strength of adhesion of the particles at the surface.

Only in NaCl solution the particles were fixed at the surface below and above the LCST. In

NaOH solution the gel particles were fixed at the substrate, but above the LCST material

(PNIPAM or PEI is not clear as far) was detached from the substrate to the tip and gave

artifact during scanning (“double tip” and “smearing out” effects). At 20◦C under both

conditions the cross section could be analyzed as shown in Fig. 6.2.

In HCl, the adsorbed particles became already mobile at 20◦C. During scanning the

particles left the surface or were rolled by the tip, resulting in an image, which is rather

smeared out. This is caused by the low particle charge. In addition, the low charge leads

to a reduced external repulsion, which causes domains of particles and singles particles



70 CHAPTER 6. INFLUENCE OF OUTER STIMULIS

400 600 800 1000 1200 1400 1600
0

50

100

150

200

250

300

350

400

450

 

 

z,
 n

m

y, nm

 10-3M NaCl
 10-3M NaOH

NaCl

NaOH

Figure 6.2: The cross section of particles deposited on Si/PEI in 10−3M NaCl and 10−3M

NaOH at 20◦C.

could not be detected anymore.

Therefore, only measurements in NaCl could be performed for the study of shrink-

ing/swelling behavior of individual microgel particles. This condition was chosen for the

studies, described in the following.

Effect of ionic strength

In figure 6.3, SFM images of adsorbed microgel particles, which were deposited in H2O,

10−3M NaCl and 10−2M NaCl solutions, are shown at two different temperatures: 20◦C

and 50◦C. Figure 6.4 demonstrates cross sections of adsorbed microgel particles in solvents

at the ionic strengths of 0, 10−3M and 10−2M.

The adsorbed particles show reversible swelling and deswelling behavior (figure 6.4 and

figure 6.5). In order to have a possibility to compare the swelling/deswelling behavior of

microgels, the volume of adsorbed particles was calculated (Eq. 2.31 ). For microgel par-

ticles in bulk, the formula for the volume of a sphere was used. Figure 6.5a demonstrates

the dependence of adsorbed particle volume as a function of temperature. In figure 6.5b
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H2O

10−3M NaCl

10−2M NaCl

Figure 6.3: Effect of ionic strength on the swelling behavior of adsorbed microgel particles

induced by a temperature change. The particles were deposited from 10−3 M NaCl at 2000

rpm on Si/PEI and studied in aqueous solutions containing (a-c) 0 M NaCl (pure H2O),

(d-f) 10−3M NaCl and (g-i) 10−2M NaCl. The first heating cycle is represented. The

middle images for each solvent are made at 50◦C, and the images on the sides were done

at 20◦C. Left and right columns: 20◦C, middle: 50◦C. Scan size 5x5 µm2. In circle a

microgel particle appeared during SFM measurements is shown.
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Figure 6.4: Cross sections of individual particles deposited on Si/PEI in H2O (a), in

10−3M NaCl (b) and in 10−2M NaCl (c). On each graph the two first temperature cycles

are shown.

Figure 6.5: Effect of ionic strength I. (a) Volume of microgel particles adsorbed on Si/PEI

in dependence on the temperature. (b) Comparison of the microgel particle volume of

adsorbed (filled symbols) and particles in bulk (open symbols) at 20◦C (solid lines) and

50◦C (dashed lines).
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the volume of adsorbed microgel particles and the particles in bulk are compared.

After the adsorption, the particle volume decreases by more than one order of magni-

tude. The particle height is significantly smaller than the particle footprint (Fig. 6.4). It

means, that the particles are more compressed in vertical direction than in lateral. This

can be explained by an attraction between the positively charged Si/PEI surface and

the negative charged microgel particles. With increasing ionic strength, the electrostatic

attraction is screened, which leads to a swelling of the particles, especially in vertical

direction. V. Nerapusri et. al. observed a similar behavior for the microgel monolayer

thickness at pH 8 [42]. This is in contrast to the behavior in bulk, where the particles

shrink with increasing salt concentration. Due to the more fluffy structure in vertical

direction the particles are more thermosensitive in the vertical direction than in lateral

direction at the substrate. This is another explanation for the pronounced thermosensitive

shrinking/swelling perpendicular to the surface at 10−2M in comparison to the volume

changes in lateral direction.

From the cross sections made for all three solvents (figure 6.4), it can be seen that

adsorbed particles investigated in solvents at the ionic strengths 0 and 10−3M can swell

and deswell in vertical and lateral directions. In contrast to this particles studied in

10−2M NaCl swell and deswell mainly in vertical direction.

An explanation for this difference might be that during swelling and deswelling in

lateral direction, the microgels build (swelling) or break (collapse) electrostatic bonds be-

tween the microgel and PEI opposite charged groups. With increasing the ionic strength,

the amount of counterions screened charges grows. Consequently, PEI and microgel par-

ticles form less bonds. It prevents the lateral swelling in the solvents with high ionic

strength. From figure 6.4 it is concluded that the particle height has the tendency to

enhance with increasing ionic strength.

In figure 6.3(h-i) new adsorbed particles in comparison to (g) is detected. It means that

at high ionic strength solution the particles desorb and adsorb again. In NaCl solution at

an ionic strength of 1 M, already at 20◦C the former adsorbed microgel particles desorb

from the surface during scanning.
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6.1.3 Summary

The swelling and shrinking of individual adsorbed particles was studied with SFM in the

respective liquid at the solid substrate and compared to bulk behavior. The combined

results of DLS and electrophoretic mobility measurements support the model [11] that

charges are converted to the particle surface during shrinking above the LCST. The results

show clearly that electrostatics dominate the electrophoretic mobility, but not the particle

diameter.

The particles stay fixed at low ionic strength up to 10−3M and intermediate pH.

At higher ionic strength or in the acidic or basic regime, they can be moved by the

SFM tip, or they were even desorbed from the surface. The adsorbed microgel particles

show a reversible temperature response as in the bulk solution, although their volume is

compressed by more than one order of magnitude at the substrate. In contrast to the

behavior in bulk the particles swell with increasing ionic strength, which is explained

by a screening of the electrostatic attraction between the oppositely charged substrate

and the AAc monomers across the particles. This enhances the vertical temperature

sensitive swelling/shrinking and suppresses the lateral swelling at high ionic strength

(above 10−3M). In all other cases the particles swell laterally and vertically.

6.2 Effect of Cononsolvency

Due to the solubility of PNIPAM in alcohols, PNIPAM-based microgels could be interest-

ing for the storage, transport and control release of alcohol-soluble substances [101, 102].

There are few studies about the behavior of PNIPAM homopolymer chains and hydro-

gels in binary mixed solvents such as alcohol/water mixture. It was demonstrated that

pure water and pure alcohol serve as good solvents for the PNIPAM but their mixture is

not. This is so called cononsolvency [68, 79, 103–106]. N. Wang et.al. showed that the

alcohol concentration in confined binary solvents (solvents inside the polymer network)

is significantly higher than the alcohol concentration in free binary solvents (outside the

polymer network) [68]. It means, that the PNIPAM chains preferentially interact with
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alcohol molecules compared to water molecules. The concentration of alcohol in confined

binary solvents increases with increasing alcohol hydrophobicity. In the alcohol/water

mixture the clathrate structure is formed [107]. Water molecules encapsulate the alcohol

molecules in water-rich mixtures. The number of water molecules required to form a

clathrate structure around an isopropanol (2-Pr) molecule is higher than for an ethanol

(EtOH) molecule [108]. The formation of clathrate structures causes the PNIPAM micro-

gels to collapse. With increasing alcohol concentration above a critical concentration the

alcohol molecules could not be encapsulated in the clathrate structures anymore and start

to interact with PNIPAM-chains through hydrogen bonding and hydrophobic interactions

[106].

The aim of this section is to investigate the thermo-induced swelling/deswelling behav-

ior of individual P(NIPAM-co-AAc) microgels in bulk and deposited on solid substrates

in ethanol/water and isopropanol/water mixture and their ability to built well organized

structures.

In order to investigate the thermoresponsive behavior of a3 microgels (10% AAc, 5%

BIS) in alcohol/water mixtures, the 2-Pr/water mixtures and the EtOH/water mixtures

were used. The 0%, 5%, 10%, 20%, 33%, 50%, 66% and 100% alcohol contents in water

were chosen. The swelling/deswelling behavior was investigated for particles in bulk and

for particles deposited on Si/PAH.

6.2.1 Microgel characteristics in bulk

For the particle characterization in the volume phase DLS and Zeta sizer were used.

Unfortunately, the microgels were not soluble in 2-Pr/water mixture still at 5% 2-Pr/H2O

mixture. Hence, the swelling properties of microgels in bulk were investigated only for

particle dispersions in EtOH/water mixtures.

Figure 6.6 shows the hydrodynamic radius of microgels in water, 5% and 50% EtOH/

H2O mixtures and in pure EtOH (100%) as a function of temperature. With increasing

EtOH concentration microgels become smaller. In the binary alcohol/water mixtures
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Figure 6.6: Hydrodynamic radius of microgels in pure water (squares), in EtOH/water

mixtures containing 5% EtOH (circles) and 50% EtOH mixture (triangels) and in pure

EtOH (rhomb) in dependence on temperature measured by DLS.

PNIPAM prefers to interact with alcohol [68], but at lower concentrations the water

forms the clathrate structures around the alcohol molecules [107]. It leads to an increase

in the microgel particle dehydration, resulting in a decrease in particles size.

Microgels, dissolved in 5% EtOH/water mixture, exhibit a large particle size. The

second pase transition, which iscommon for P(NIPAM-co-AAc) particles etremly sharp.

It could be explained by the decreasing dielectric constant with increasing ethanol content.

According to the Coulomb law, the electrostatic repulsion between two negatively charged

AAc units increases with decreasing dielectric constant. It leads to an increase in the

particle hydrodynamic radius and the appearance of the clear second transition step at a

temperature about 40◦C. The same behavior is typical for microgels with highly charged

co-monomer contents [9, 17].

The pure PNIPAM microgels have an one step phase transition. The LCST is at the

temperature about 32◦C and is affected by the increasing the hydrophobic interparticle
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interactions leading to the particle collapse (Chapter 5). Through out the adding of the

charged co-monomer the two step phase transition appears. The first step is at a tem-

perature about 32◦C and results from the PNIPAM. At higher temperatures, the second

step appears and could be explained by increasing electrostatic repulsion with decreasing

distances. With increasing charged co-monomer content, the second step becomes more

clearly. The shrinking behavior of microgels in a dispersion of 50% EtOH content can

be only slightly affected by temperature. It demonstrates the cononsolvencity. At inter-

mediate concentrations of alcohol PNIPAM loses the ability to thermo-induced swelling

and deswelling due to the particle dehydration [78, 106]. In pure alcohol, particles show

again a stronger response to temperature changes, due to the increasing concentration of

alcohol inside of the microgel particles [68].

EtOH content, % |µ20◦C |, mcm/Vs |µ50◦C |, mcm/Vs q20
◦C

EtOH/H2O
/q20

◦C
H2O

0 2.98 ± 0.15 4.70 ± 0.01 1

5 1.98 ± 0.06 3.22 ± 0.04 1.19

50 0.64 ± 0.05 1.20 ± 0.04 0.52

100 0.50 ± 0.02 0.77 ± 0.02 0.18

Table 6.4: The value of electrophoretic mobility of microgels in pure water, in 5%, in 50%

EtOH/water mixtures and in pure EtOH at 20◦C and 50◦C and relative particle charge at

20◦C.

For a better understanding of particle charges, the electrophoretic mobility (µ) was

measured (Table 6.4). For all four samples,the mobility value increases with increasing

temperature due to the increasing particle charge and decreasing particle size. For both

temperatures mobility value decreases with increasing EtOH concentration. According to

the definition (Eq. (2.23)), the electrophoretic mobility µ is µ = v
E
, where v is the particle

velocity in the electric field E. The equation (2.23) could be modified by multiplication

and deviation by the particle charge q:

µ =
v

E
=

qv

qE
=

qv

F
(6.1)
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where F = qE is a force acting on a charged particle in the electric field. According to

Stoke’s equation F = 6πηRv, where R is a particle size, η is a solution viscosity. From

equation (6.1) follows:

µ =
q

6πηR
∝ q

ηRh
(6.2)

Actually, the equation (6.2) could not be used for the exact particle charge calculation

because of at least the impossibility of the real size microgel detection. But this equation

could be used for the estimation of appropriate relative particle charge: microgel charge

in EtOH/water mixture normalized with respect to microgel particle charge in water at

20◦C (Table 6.4). Tendentiously, the ratio of charged units decreases with increasing

EtOH content. Interestingly, the ratio value reaches a maximum at a concentration of

5% EtOH in water. This fact also conforms the above discussed suggestion about the

increased particle charge. This uncommon property can be used in the particle deposition

experiments.

6.2.2 Effect of EtOH content on the substrate coverage

Figure 6.7 represent the SFM images of microgel particles deposited by spin coating on

Si/PEI from microgel dispersions with (a) 0%, (b) 5%, (c) 50%, and (d) 100% EtOH

contents. In the deposition process, capillary forces play an important role. It is known

that capillary forces between two wetted colloidal particles are attractive and lead to

the formation of two-dimentional crystals [109, 110]. During the spin coating process a

thin solvent film is formed, which evaporates [16]. With increasing EtOH content, the

evaporation rate of the solvent from the thin solvent film increases, leading to the strong

capillary forces. For samples deposited from pure EtOH, there is almost no individual

particles. Due to the low particle charge (Tab. 6.4), attractive capillary forces and very

fast evaporation, microgels are very closely hexagonal packed.

With decreasing EtOH content the individual particles appears and the distance be-

tween particles in areas with tightly packed microgels increases. The high charge of mi-

crogels in the dispersion with the EtOH concentration of 5% and lower dielectric constant
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Figure 6.7: SFM images of particles deposited on Si/PEI by spin coating with rotation

speed of 1000 rpm on Si/PEI. Microgels were dispersed in (a) pure water, (b) 5% and (c)

50% EtOH/water mixture and in (d) pure EtOH. The microgel dispersion concentration

was 0.05 wt%. Scan area is 20x20 µm2.

allow particles to form areas with ordered structures with high constant interparticles

distances (Fig. 6.7b).

6.2.3 Swelling/deswelling behavior of adsorbed microgels

To investigate the swelling/deswelling behavior of adsorbed microgels the SFM technique

in liquid was applied. The microgels were deposited from the aqueous dispersion on

Si/PAH. In measurements the SFM liquid cell was filled with an appropriate solvent.

Figures 6.8 and 6.9 show the microgels particles deposited in EtOH/water and 2-

Pr/water mixtures, respectively. Alcohol/water mixtures contain (a-c) 0%, (d-f) 5%,

(g-i) 50%, and (j-l) 100% of alcohol. There are particles at 20◦C in (a, d, g, j) the
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Figure 6.8: SFM images of microgel particles deposited by spin coating on Si/PAH. The

samples immerse in (a-c) pure water, (d-f) in 5% and (g-i) in 50% EtOH/water mixture,

and (j-l) in pure EtOH. Images (a, d, g, j) present the microgels in at 20◦C, images (b,

e, h, k) at 50◦C, and (c, f, i, l) at 20◦C.
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Figure 6.9: SFM images of microgel particles deposited by spin coating on Si/PAH. The

samples immerse in (a-c) pure water, (d-f) in 5% and (g-i) in 50% 2-Pr/water mixture,

and (j-l) in pure 2-Pr. Images (a, d, g, j) present the microgels in at 20◦C, images (b, e,

h, k) at 50◦C, and (c, f, i, l) at 20◦C.
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first column. In the second column (b, e, h, k) microgels were heated 50◦C, and in the

third column (c, f, i, l) the same particles are shown at 20◦C again. Microgels deposited in

EtOH/water and 2-Pr/water mixtures have reversible thermo-induced swelling/deswelling

behavior. In order to estimate the thermo-induced behavior of adsorbed microgels, the

particle cross sections were evaluated. Figures 6.10 and 6.11 show the cross sections of
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Figure 6.10: Cross sections of microgels deposited on Si/PAH in EtOH/water mixtures

with (a) 0%, (b) 5%, (c) 50% and (d) 100% EtOH content.

microgels deposited on Si/PAH in (a) 0%, (b) 5%, (c) 50%, and (d) 100% alcohol in

alcohol/water mixtures. For both alcohols the thermo-induced swelling/deswelling takes

place only in vertical direction. No changes of particle contact area was noticed.

Figure 6.12 demonstrates the dependence of volume of adsorbed particles on the tem-

perature in two short cycles (s. c.) for solutions with 0%, 5%, 50% and 100% alcohol
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Figure 6.11: Cross sections of microgels deposited on Si/PAH in 2-Pr/water mixtures with

(a) 0%, (b) 5%, (c) 50% and (d) 100% 2-Pr content.

content in water. (a) represents the volume of particles deposited in EtOH/water mixture,

(b) in 2-Pr/water mixture. The volume was calculated from the SFM cross section data

according to the formula for the volume calculation of figure of revolution (Eq. (2.31)).In

all cases, particles deposited in EtOH/water mixtures exhibit a completely reversible

thermo-induced shrinking and swelling behavior. Particles in 2-Pr/water mixtures show

the reversible thermo-induced swelling/deswelling in solutions with lower alcohol concen-

tration. With increasing 2-Pr concentration, the particles lose their thermo-sensitivity.

The particle size decreases with increasing alcohol concentration. In contrast, particles

swell extremely at lower alcohol concentrations, resulting in a large particle size. As dis-

cussed above, PNIPAM prefers to interact with alcohol in alcohol-water mixtures [68].
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Alcohol molecules are also encapsulated by water molecules, leading to an increasing os-

motic pressure insight of particles and their swelling. With increasing alcohol content,

the clathrate structure disappears, resulting in a decreasing osmotic pressure and particle

dehydration, and consequently, the decreasing particle size.
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Figure 6.12: Volume of adsorbed on Si/PAH microgels measured by SFM at 20◦C and at

50◦C in two cycles for particles in water (squares), in 5% (circles), in 50% (triangels)

EtOH/water mixture and in EtOH (rhombs) deposited in (a) EtOH/water and (b) 2-

Pr/water mixture.

In order to compare the swelling ability of individual microgel particles immersed in

EtOH/water and 2-Pr/water mixtures, the swelling ratio of microgels was calculated.

The swelling ratio is defined as a particle volume at 50◦C normalized with respect to the

particle volume at 20◦C. Figure 6.13 represents the swelling ratio of microgels deposited

in EtOH/water (squares) and 2-Pr/water (circles) mixtures as a function of the alcohol

content.

For microgel particles, 2-Pr is a ’bad’ solvent, which can be attributed to the additional

methylene group. This group effects an increase in the hydrophobicity, resulting in a worse

swelling ratio compared to the ethanol. In pure isopropanol also no cononsolvency effect

for deposited on solid substrate particles was observed.

In order to compare thermo-induced behavior of microgels in EtOH/water mixtures
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Figure 6.13: Swelling ratio of deposited on Si/PAH microgels as a function of alcohol

content: EtOH (squares) and 2-Pr (circles) measured by SFM.
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Figure 6.14: Swelling ratio (squares) of deposited on Si/PAH microgels measured by

SFM and microgels in bulk (circles) measured by DLS as a function of EtOH content

in EtOH/water mixtures.
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in bulk and adsorbed microgels the swelling ratio of both systems was calculated (Fig.

6.14). The particles in bulk and deposited on the surface demonstrate almost the similar

qualitative behavior: at lower alcohol concentrations the particles react very well on the

temperature changes, the swelling properties become worse in the intermediate EtOH

ratios. It is interesting to notice that both systems exhibit a local minimum in the

swelling ratio in the 5% EtOH/water mixture. At this EtOH concentration adsorbed

particles and particles in bulk exist in an extremely swollen state (Fig. 6.6 and 6.12), due

to the increasing electrostatic repulsion between charged co-monomer units and increased

osmotic pressure because of the clathrate structure formation.

The main difference between microgels in bulk and deposited on Si/PAH is their be-

havior in pure alcohol. In pure EtOH the swelling ratio of particles in bulk is significantly

smaller than in the 66% alcohol/water mixture. The clear cononsolvency effect takes

place. Oppositely, the swelling ratio of adsorbed microgel decreases slightly in compar-

ison with 66% EtOH in alcohol water mixture. In pure alcohol, particles are still able

for the thermo-induced swelling and deswelling behavior. The observed effect was not so

pronounced as expected.

6.2.4 Summary

It was shown that P(NIPAM-co-AAc) microgels demonstrate a reversible thermo-induced

behavior in alcohol/water mixtures. The concentration of EtOH in microgel dispersions

can be used for a controlled surface coverage in deposition process. For microgels in

EtOH/water mixtures the cononsolvency was only observed for particles in bulk. In

general, no cononsolvency was observed for deposited particles. The swelling ratio of de-

posited microgel particles increases with increasing alcohol content. In more hydrophobic

alcohols microgels loose their swelling abilitiy. At higher 2-Pr concentrations adsorbed

microgel particles lose their thermo-sensitivity. At a lower alcohol concentration adsorbed

microgels and microgels in bulk exhibit the largest sizes due to the increasing intra-particle

osmotic pressure resulting from the increasing electrostatic repulsion between charged co-
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monomers.
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Chapter 7

Influence of deposition methods and

substrates

The substrate and the deposition methods are two important parameters in the microgel

adsorption process. It was shown that microgels deposited by different methods has

different sizes and form different structures at the solid interfaces [35, 39]. The substrate

also influences the number of adsorbed particles [35].

This chapter focuses on the thermo-induced swelling/deswelling behavior of adsorbed

microgel particles deposited by three different methods: spin coating, dip coating and

direct adsorption. The microgel particles were deposited on different substrates: Si/Au,

Si/APMS, Si/PEI, Si/PAH, Si/PEI/PSS/PDADMAC and Si/PEI/(PSS/PAH)x, where

x = 1, 3, 6 is a number of bilayers. In this chapter the microgel particles a3 with 5% BIS,

10% AAc were used.

7.1 Effect of deposition method

Many groups are investigating the adsorption phenomena of colloidal particles. Few main

tendencies of such studies could be determine. On one hand, theoretical researches de-

scribe the adsorption process [37, 111]. On the other hand, the experimental works discuss

the assembly of particles in well organized structures [16, 35, 38, 83, 93, 109, 112] with their

89
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different swelling properties [16, 36, 42, 50, 77] and application potentials [29, 31, 113].

It was shown that the quality of built colloidal particle films depends on the particles

zeta potential, adsorption time, particle softness, particle-surface interactions, deposition

method, surface roughness and etc. [35–38, 41, 82, 111]. For example, in [111] authors

simulated the particle adsorption process in dependence on the suspension concentration,

time of adsorption, Debye thickness, and surface microstructure. It was shown that the

ordering of adsorbed particles is mainly controlled by the particle zeta potential. Particles

with a larger Debye layer (lower salt concentration) can be ordered more easily.

There are few popular methods to deposit the colloidal particles on the surfaces: spin

coating, dip coating, adsorption, Langmuir-Blodgett etc. All these techniques are well

known and described [35, 39, 83, 93, 114]. In [39] authors compare the microgel films

prepared by active (centrifugation) and passive (deposition of substrate in the microgel

solution and afterwards rinsing with water) methods. The microgels deposited by active

methods are smaller than particles deposited by passive method, because in centrifugation

process the high forces are acting during the deposition. It means that microgels deposited

by different methods demonstrate different sizes.

This section focuses on the thermo-induced swelling/deswelling behavior of microgels

particles deposited by three different techniques: spin coating, dip coating and direct

adsorption at two temperatures: at 20◦C and at 50◦C. The preparation methods differs

slightly. In the case of the spin coating and dip coating, the particles were dried during

the adsorption process. These particles will be reswell before the SFM measurements. In

the direct adsorption, the microgels are continually in liquid. It is interesting to compare

the further behavior of microgels deposited from two different states: from swollen state

(20◦C) and from completely collapsed state (50◦C). This section also discusses the ques-

tion, if the particle deposition technique and sample drying have influence on the further

particle behavior?

Firstly, line the thermoresponsive behavior of microgels in bulk was investigated. The

microgel particles demonstrate reversible swelling/shrinking behavior in the volume phase

(Fig. 7.1). At temperatures below the LCST, particles are swollen and above the LCST
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are collapsed because particles become more hydrophobic. Pure PNIPAM microgel parti-

cles demonstrates an one step transition at a temperature about 32◦C. Particles modified

by acrylic acid exhibit two step transition [17]. The first transition is contributed by

PNIPAM and is at a temperature of about 32◦C. The second transition takes place at a

temperature about of 45◦C, which is contributed by the co-monomer. With increasing

temperature the particle size decreases. Due to the charged co-monomer, the electrostatic

repulsion between particles increases preventing the further particle collapse, resulting in

the second phase transition. By further enhancing temperature the hydrophobic interac-

tions dominate over the electrostatic repulsion and particles collapse.
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Figure 7.1: Dependence of hydrodynamic radius of microgels with 5% BIS and 10% AAc

on the temperature in heating (squares) and cooling (circles) processes measured by DLS.

In order to compare the thermo-induced swelling/deswelling behavior two tempera-

tures, at which microgels are swollen (20◦C) and collapsed (50◦C) were chosen for depo-

sition experiments.

Figure 7.2 demonstrates the SFM images of particles deposited by the three methods

from microgel dispersion at a temperature of 50◦C. In the first line (a-d) the particles

were deposited by spin coating. The second line (e-h) presents microgels deposited by dip
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coating. The third line (i-l) exhibit the microgels deposited by direct adsorption. The

first column (a, e, i) shows the samples direct after the deposition at 50◦C. In the second

column (b, f, j) the particle in a swollen state at 20◦C are shown. The next column (c,

g, k) particles are collapsed at 50◦C again. The last column (d, h, l) exhibits swollen

microgels at 20◦C. In case of direct adsorption technique at 20◦C, it was not possible to

image the microgels direct after the deposition process. Due to the very swollen state,

microgels were rolled by SFM tip during the scanning. The first SFM images were taken

at 50◦C. At this temperature particles were completely collapsed. For all samples no

particle desorption takes place. The particles deposited by three different methods exhibit

reversible thermo-induced swelling/shrinking behavior.

The amount of adsorbed microgels was independent on the deposition temperature for

particles deposited by spin coating and by direct adsorption. There is a huge difference

in a number of adsorbed microgels for samples prepared by dip coating at two differ-

ent temperatures (Fig. 7.3). The number density of adsorbed microgels increases with

increasing deposition temperature. It could be explained by two phenomena. On one

hand, the diffusion coefficient of microgel particles increases with increasing temperature

resulting in a faster particle movement. Due to the fast diffusion more particles can be

adsorbed at the surface. On the other hand, with increasing temperature particles become

more hydrophobic and prefer to be situated at the air-water interface. R. M. Richardson

et.al. showed that at the temperature above the LCST, the thickness of layer formed by

PNIPAM chains is ten time higher than below the LCST [115]. J. Zhang and R. Pelton

demonstrated that microgel particles are able to form well organized structures at the

air-water interface [116]. In the dip coating procedure the wafer is slowly pulled out from

the microgel solution. Therefore the particles situated in the interface layer are carried

along by the substrate. Both of these phenomena lead to the enhance of the number

density of adsorbed particles with increasing temperatures.

In figure 7.4 the cross sections of microgels deposited by all three methods at 20◦C

and 50◦C are shown. The microgels deposited by different methods demonstrate reversible

swelling/ shrinking behavior. Only particles deposited by dip coating swell and shrink in
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Spin coating at 50◦C

(a) 50◦C (b) 20◦C (c) 50◦C (d) 20◦C

Dip coating at 50◦C

(e) 50◦C (f) 20◦C (g) 50◦C (h) 20◦C

Direct adsorption at 50◦C

(i) 50◦C (j) 20◦C (k) 50◦C (l) 20◦C

Figure 7.2: SFM images of microgels deposited on Si/PAH at 50◦C by spin coating at

2000 rpm (a-d), by dip coating (e-h), and by direct adsorption (i-l). Scan area is 5x5 µ

m2.



94 CHAPTER 7. INFLUENCE OF DEPOSITION METHODS AND SUBSTRATES

a b

20°C 50°C

Figure 7.3: SFM images of swollen microgel particles deposited by dip coating at (a) 20◦C

and (b) at 50◦C on Si/PAH. Scan area is 5x5 µm2.

vertical as well as lateral directions. Particles deposited by one of the other techniques

swell/shrink mainly in vertical direction.

In order to compare the swelling/deswelling behavior of particles deposited by differ-

ent methods, the particle volume was calculated [16] (Fig. 7.5). The thermo-induced

shrinking and reswelling is reversible over three cycles.

The particles deposited by spin coating are insensitive to the deposition tempera-

ture(Fig. 7.4 and Fig. 7.5). Oppositely, the particles deposited by dip coating and direct

adsorption are susceptible to the deposition temperature. During the spin coating micro-

gels are affected by large forces [39] and it seems, that the initial (swollen or collapsed)

state of microgel does not play a significant role. In two other techniques the particles

are not exposed to any forces acting during the deposition. So, the initial particle con-

formation determines the particle size in the further heating and cooling cycles in the dip

coating and direct adsorption techniques.

The microgels deposited by direct adsorption and dip coating at 20◦C are larger than

the particles deposited by spin coating at 20◦C (Fig. 7.5). The similar results were

observed in [39]. They showed that the dried microgels deposited by active technique

such as centrifugation were smaller than deposited by passive techniques due to the high
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Figure 7.4: Cross sections of microgel particles deposited on Si/PAH by (a) spin coating

at 20◦C, (b) spin coating at 50◦C, (c) dip coating 20◦C, (d) dip coating at 50◦C, (e) direct

adsorption at 20◦C and (f) direct adsorption at 50◦C measured by SFM.
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Figure 7.5: Volume of microgel particles deposited o Si/PAH by spin coating (squares),

direct adsorption (circles) and dip coating (triangles) at 20◦C (full symbols) and 50◦C

(empty symbols) in two cycles.

force effected during the deposition process, as discussed above.

The particles deposited by adsorption technique at diverse temperatures indicate dif-

ferences in their thermo-induced swelling/ deswelling behavior (Fig. 7.5). In collapsed

state particles offer more compact internal density than in swollen state. In adsorption

process, connection between the substrate and the microgel particle are formed. Due to

the higher internal density, collapsed particles should be able to form more connections

than swollen particles. It leads to a decrease of the particle size for microgels deposited

at higher temperatures in comparison with microgels adsorbed in swollen state (lower

temperature).

By dip coating deposited microgels demonstrate the opposite behavior. The particles

deposited at 50◦C are much larger than the particles deposited at 20◦C (Fig. 7.5). In

this technique wafer were slowly pulled out from the microgel dispersion. Probably, in

pulling out process the microgels sticked to the surface were dried in lateral direction and
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the contact area of microgel particles with the substrate decreased. At the same time the

evaporation process takes place (Fig. 7.6). In case of dip coating at 50◦C the evaporation

process is much faster than in case of 20◦C. Due to the fast evaporation the particles

grows in verticle direction. This effect is even more pronounced at higher temperatures.

Figure 7.6: Demonstration of evaporation process during the wafer pulling out from the

microgel dispersion process in dip coating technique.

7.1.1 Summary

The particles deposited on Si/PAH by different techniques demonstrate a reversible ther-

moresponsive behavior. The deposition method influences the size of deposited particles.

Particles deposited by spin coating are insensitive to the deposition temperature. Oppo-

sitely, the deposition temperature in dip coating and direct adsorption affects strongly

the microgel size. At 50◦C the number density of deposited microgels is extremely high
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also after very short deposition time. The huge number of adsorbed particles is explained

by the increasing particle diffusion coefficient and the higher microgel concentration at

the air-water interface.

7.2 Effect of substrate

For study of the thermo-induced behavior of the negatively charged P(NIPAM-co-AAc)

adsorbed microgel particles, a positively charged substrate should be used.

The most easy way to get the positively charge substrate is the modification of the

silicon wafers by polyelectrolytes layers assembled by layer-by-layer technique [117–119].

PEI is a “classical” polycation used as the first layer adsorbed on the solid substrates

[16, 35, 36, 120–124]. Due to its branched structure it forms a suitable smoothed first

layer. Unfortunately, during the swelling/deswelling experiments, PEI was also desorbed

from the substrate and adsorbed on the SFM tip. It results in the formation of the “double

tip” and impossibility to take the real SFM images. Therefore another substrates were

used.

S. Schmidt et.al. investigated the adsorption ability of microgels on silicon wafers

modified by polyelectrolyte layers [35] and showed that substrate plays important role

in the microgel deposition process. It was shown that the surface roughness effects the

number of adsorbed microgel particles. With increasing substrate roughness the number

of adsorbed microgel increases.

In this section the effect of the substrate on the thermo-induced swelling/deswelling

behavior of individual adsorbed microgels (a3-batch: 10% AAc and 5% BIS) was studied.

Microgels were deposited on a so called simple substrates or silicon wafer precoated by gold

(Au), surfactant (Si/APMS), polycations (Si/PEI and Si/PAH) and on the polyelectrolyte

multilayers: Si/PEI/(PSS/PAH)x, where x = 1, 3, 6 is a number of multilayers, and

Si/PEI/PSS/PDADMAC.
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7.2.1 Substrate characterization

At first, substrates were characterized by ellipsometry, contact angle measurements, stream-

ing potential and SFM. The layer thickness, roughness, hydrophobicity (contact angle)

and zeta potential were measured (Tab. 7.1 and 7.2).

substrate h, nm roughness, nm

air air liquid

20◦ 50◦

Si/Au ≈ 100 1.32 ± 0.06 1.4 ± 0.1 1.6 ± 0.1

Si/APMS 1.2 ± 0.6 0.12 ± 0.03 0.42 ± 0.01 0.48 ± 0.01

Si/PEI 1.6 ± 0.2 0.20 ± 0.07 0.31 ± 0.03 0.30 ± 0.04

Si/PAH 1.1 ± 0.2 0.36 ± 0.07 0.46 ± 0.02 0.6 ± 0.1

Si/PEI/(PSS/PAH)1 4.8 ± 0.2 1.2 ± 0.2 2.3 ± 0.3 1.6 ± 0.4

Si/PEI/(PSS/PAH)3 9.5 ± 0.4 2.6 ± 0.4 2.4 ± 0.3 2.4 ± 0.3

Si/PEI/(PSS/PAH)6 12.4 ± 0.5 2.1 ± 0.4 2.5 ± 0.2 2.5 ± 0.1

Table 7.1: Substrate characteristics: the layer thickness h measured by ellipsometry ex-

cepting Si/Au, roughness measured for dry samples (air) and in liquid at temperatures

20◦C and 50◦C. Substrate roughness was measured by SFM.

The thickness of PAH layer deposited on Si is significant lower than for PEI in Si/PEI.

Probably it is connected with the worse coverage of Si by PAH compared to branched PEI.

The thickness of multilayers (PSS/PAH)x increases with increasing number of multilayers

x, resulting a rougher surface 7.1). The film roughness increases during the swelling

process in the liquid SFM cell. The substrate roughness is almost independent on the

temperature increase.

The substrate wettability was investigated by the contact angle measurements. The

values of the contact angle of the water drops are reflected in table 7.2. The contact angle

of the polyelectrolyte monolayer Si/PEI and Si/PAH is almost the same, for polyelec-

trolyte multilayers (PSS/PAH)x it is independent on the film thickness. The multilayers
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substrate contact angle, ◦ microgel width, nm

θ0 θ20
◦C

MG θ50
◦C

MG 20◦C 50◦C

Si/Au 30 ± 3 58 ± 3 14 ± 4 577 439

Si/APMS 49 ± 1 54 ± 10 47 ± 16 586 479

Si/PEI 21 ± 1 67 ± 3 43 ± 15 625 459

Si/PAH 19 ± 1 42± 9 13 ± 4 567 518

Si/PEI/(PSS/PAH)1 38 ± 1 41 ± 12 31 ± 6 791 635

Si/PEI/(PSS/PAH)3 40 ± 2 40 ± 9 18 ± 2 576 557

Si/PEI/(PSS/PAH)6 38 ± 1 25 ± 8 12 ± 2 639 644

Table 7.2: Contact angle of H2O drops θ0 and the contact angle of individual adsorbed

microgel particles at temperatures 20◦C θ20
◦C

MG and at 50◦C θ50
◦C

MG and width of adsorbed

microgels at 20◦ and 50◦ in the first short cycle given from SFM cross section profiles.

are more hydrophobic than monolayers. There are two reasons. On one hand, the Si

wafers are not completely covered by the polyelectrolyte monolayer and the hydrophilic

silicon affects strongly on the water drop contact angle. On the other hand, (PSS/PAH)

multilayers form homogeneous layer and cover completely the Si. These two facts leads

to a decrease in the wettability of the (PSS/PAH)x layers.

7.2.2 Thermo-induced swelling/deswelling behavior of adsorbed

microgels

Microgel particles were deposited on the substrates by spin coating with a rotation speed

of 2000 rpm. Figures 7.7 and 7.8 demonstrate the deposited microgels in a swollen (20◦C)

and in a collapsed state (50◦C).

In order to estimate the differences in microgel thermo-induced swelling/deswelling

behavior cross sections of particles adsorbed on different substrates were evaluated (Fig.

7.9). From the cross section data, the volume of adsorbed particles was calculated (eq.

2.31). The volume dependence on temperature in two short cycles is shown in figure
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Figure 7.7: SFM images of microgels deposited on (a) Si/APMS, (b) Si/Au, (c) Si/PEI,

and (d) Si/PAH by spin coating at 2000 rpm. After imaging of microgels at 20◦C (left

images), samples were heated up to 50◦C (middle images) and cooled down to 20◦C again

(right images).
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Figure 7.8: SFM images of microgels deposited on (a) Si/PEI/(PSS/PAH)1, (b)

Si/PEI/(PSS/PAH)3, and (c) Si/PEI/(PSS/PAH)6 by spin coating at 2000 rpm. Af-

ter imaging of microgels at 20◦C (left images), samples were heated up to 50◦C (middle

images) and cooled down to 20◦C again (right images). Small white spots are PAH coils.
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7.10. Tendentiously, the volume of particles deposited on “simple” substrates (Fig. 7.7)

increases with increasing the water contact angle (θ0) of the substrate. Microgels deposited

on the Si/APMS have the largest volume. Probably, the huge water amount in the inner

particle structure plays an important role. Due to that the particles are hydrophilic and

don not connect to the hydrophobic substrate. Particles are pulled out from the substrate.

The Si/PEI and Si/PAH exhibit almost the same values of the particle volume and the

water contact angle (θ0) excepting the first 20◦C for Si/PEI. It seems to be, that PEI

penetrates a little bit inside of ’porous-like’ microgel particles. Due to the smaller length

of polymer chains, microgels built more connections with the PEI branches insight of

particle. Therefore the particle volume in swollen state slightly decreases in comparison

with its initial value (Fig. 7.9 and 7.10a).

Microgels deposited on (PSS/PAH)x multilayers becomes smaller with increasing num-

ber of multilayers. Probably, for x = 1 the surface is still not completely homogeneously

covered by the (PSS/PAH) layer. Due to the high branched structure of PEI, it still could

affect on microgels. Therefore the contact area of particles with the substrate increases

enormously. With increasing number of double (PSS/PAH) layers the thickness of the

substrate increases as well and the influence of PEI on the P(NIPAM-co-AAc) microgels

disappears. Particles become smaller and do not swell in lateral direction (Fig. 7.9). This

phenomena is discussed below.

Microgels were also deposited on the Si/PEI/PSS/PDADMAC. Figure 7.11 demon-

strates (a) the SFM image of adsorbed microgel particles on the Si/PEI/PSS/PDADMAC

and (b) the cross section of an adsorbed microgel particle at 20◦C. The glass transition

temperature of PSS/PDADMAC system is about 35 - 40 ◦C [125]. Due to such lower

value of the transition temperature, at higher temperatures the ’double’ tip was formed

and the data was not suitable for the numeric evaluation.

Due to the high water amount insight of microgel particles, the contact angle formed

by an individual adsorbed microgel particle and the substrate was calculated from the

SFM images (Fig. 7.9) and compared with the values of θ0 (Tab. 7.2). It is interesting to

notice that the contact angle of microgels in swollen state in the first short cycle or direct
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Figure 7.9: Cross sections of microgel particles deposited on (a) Si/Au, (b) Si/APMS,

(c) Si/PEI, (d) Si/PAH, (e) Si/PEI/(PSS/PAH)1, (f) Si/PEI/(PSS/PAH)3 and (g)

Si/PEI/(PSS/PAH)6.
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Figure 7.10: Volume of microgel particles (a) deposited on ”simple” substrate: Si/APMS

(squares), Si/Au (circles), Si/PEI (triangles), and Si/PAH (rhombus); (b) deposited on

Si/PEI/(PSS/PAH)x, where x = 1 (squares), x = 3 (circles), and x = 6 (triangles). The

particle volume was calculated for particles in swollen (20◦C) and in collapsed (50◦C)

state in two short cycles.

after adsorption depends on the outer polyelectrolyte layer and not on the film thickness.

Microgels deposited on the PAH have smaller contact angle than microgels deposited on

another substrates due to the glassy like state of PSS/PAH multilayers [123].

Tendentiously, the contact angle of microgels decreases with increasing temperature.

It is connected with that fact that microgel particles becomes flatter in collapsed process.

Figure 7.12 shows the relative changes in the particle width. The microgel width was

normalized with respect to the particle width at first 20◦C or direct after deposition. The

outer layer effects strongly on the particle width. Microgels deposited on the monolay-

ers (Si/Au, Si/APMS, Si/PEI, Si/PAH) the amplitude of changes in the microgel width

increases with decreasing the substrate wettability. Due to the high water content, parti-

cles deposited on a more hydrophobic surface loose the ability to swell/collapse in lateral

direction. Polyelectrolyte as outer substrate layer effects on the reversibility of the width

changes. Microgels deposited on Si/Au and Si/APMS demonstrate reversible behavior in

the microgel width changes. Microgels deposited on polyelectrolytes have often a hystere-

sis in particle width. Probably, polyelectrolyte layers are able to restructure in heating
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Figure 7.11: (a) SFM image of microgel particles adsorbed on Si/PEI/PSS/PDADMAC

via spin coating at 2000 rpm at 20◦C and (b) it cross section.

and cooling process and thereby effect on the contact area of microgels and substrates.

Microgels deposited on the Si/PEI/(PSS/PAH)x exhibit irreversible swelling/shrinking

in lateral direction. The amplitude of the relative microgel width decreases with increasing

x (Fig. 7.12). In case of x = 0 (Si/PEI), PEI layer is more movable than (PSS/PAH)

multilayers due to the branched PEI structure. The PEI branches could penetrate inside

of the soft microgel particle. It makes it easier for the particles to collapse and swell in

lateral direction.

With increasing number of (PSS/PAH) bilayers particles lose their ability to swell and

collapse in lateral direction. For x = 1 particles are still able to react on the temperature

laterally but the relative particle width decreases with increasing number of temperature

cycles. For x > 1 the particle width is almost insensitive to the changes in the temperature.

This phenomena could be explained by increasing “glass-like” polyelectrolyte multilayer

film thickness with increasing x. It leads to the decreasing polyelectrolyte layer “mobility”

and impossibility to follow the thermo-induced particle lateral swelling and shrinking. Due

to the “unmovable” polyelectrolyte multilayer, microgel width becomes almost constant

at lower and higher temperatures.

Briefly, it should be noticed that the percentage of ’good’ SFM images of particles
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Figure 7.12: Relative changes of width of adsorbed microgels at different substrates in

swollen (20◦C) and collapsed (50◦C) states. The particle width was normalized with respect

to the particle width at first 20◦C.

deposited on the Si/PEI, which was suitable for the numerous evaluation, is very small.

Due to the very high adsorption properties of PEI, it was adsorbed on the SFM tip during

the measurements and ’double’ tip was built. For other substrates such effect was not

observed.

7.2.3 Summary

It was shown that the substrate plays important role in thermo-induced swelling/deswelling

behavior of adsorbed microgels. The substrate wettability effects the particle sizes in case

of simple substrates such as Si/APMS, Si/PAH, Si/Au and Si/PEI. With increasing wa-

ter contact angle, the microgel size increases as well. For microgels deposited on the

Si/PEI/(PSS/PAH)x, the ability to react on the temperature in the lateral direction dis-

appears with increasing x. “Soft” substrates such as PEI or PDADMAC are not suitable
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for the SFM measurements in liquid cell due to the polyelectrolyte desorption from the

substrate and its adsorption on the SFM tip.



Chapter 8

Conclusions

The main aim of this work was to investigate the thermo-induced behavior of adsorbed

PNIPAM-based microgel particles and to control the number density of particles adsorbed

at solid substrates.

Six types of microgels were synthesized via emulsion polymerization with a different

cross-linker (BIS) and anionic co-monomer (AAc) content. The cross-linker density is

responsible for the particle stiffness. With increasing BIS content the elasticity of polymer

network decreases resulting in the decreasing amount of adsorbed solvent. Co-monomer

content affects strongly the particle charge. With increasing particle charge, the intra-

particle repulsion increases leading to an enhance in the particle size.

The amount of incorporated co-monomers during the synthesis depends strongly on the

cross-linker content. With increasing cross-linker content, amount of incorporated AAc

co-monomers decreases. During the synthesis a core-shell structure is formed. Internal

area of particles is core and have higher cross-linker density than “soft” shell exhibiting

very lower BIS concentration. AAc is situated preferably in the particle periphery with a

lower cross-linker density. With increasing BIS content the shell becomes thiner resulting

in a decrease in an amount of incorporated AAc units.

P(NIPAM-co-AAc) microgels are temperature sensitive. Pure PNIPAM colloids ex-

hibit an one-step transition at a temperature about 32◦C caused by increased hydrophobic

interactions leading to the particle collapse. Microgels containing charged co-monomers

109
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exhibit a two-step transition. The first transition occurs at a temperature of about 32◦C

and is contributed from PNIPAM component. The second transition is affected by the

increasing intra-particle electrostatic repulsion. It takes place at a temperature of about

45◦C.

Due to the using thermo-responsive properties of PNIPAM-based microgels, they are

high potential materials in coating industry. Therefore, microgels adsorption properties

and their stimuli-responsive behavior war investigated in details. It is interesting to note

that microgels with different BIS contents exhibit qualitatively the same behavior in bulk

and in adsorbed state. The swelling ability of microgel particles decreases with increasing

cross-linker content due to the decreasing elasticity of a gel network. Generally, microgels

in an adsorbed state have significantly higher internal density than in a volume phase.

Microgels with lower BIS concentration becomes flatter during the heating process.

Particles with the high cross-linker density exhibit a hard particle like behavior and pre-

serve its shape at different temperatures.

The adsorbed microgel containing charged co-monomers exhibit only one transition

temperature. It shifts to the higher temperatures with increasing co-monomer content.

For all six types of microgels the reswelling experiment were carried out. It was shown

that adsorbed microgels could reswell to their prevent state after complete drying and their

further immerse into the liquid. Reswollen microgels exhibit reversible thermo-induced

swelling/deswelling behavior.

For one type of microgels (a3: 5% BIS and 10% AAc), the influence of outer stimulis,

substrate, deposition procedure was investigated.

In present work it was shown that “soft” substrates such as PEI or PDADMAC are not

appropriate for the SFM measurements in liquid due to the desorption of polycations from

the substrate and their further adsorption on the SFM tip. Si/Au, Si/APMS, Si/PAH

are more suitable for such kind of experiments.

Deposition technique and temperature are also affect the behavior of adsorbed micro-

gels in heating/cooling cycles. Three different deposition techniques were chosen: spin

coating, dip coating and direct adsorption. The deposition temperature was 20◦C and
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50◦C. Particles deposited by spin coating and dip coating were dried during the deposi-

tion and were reswelled in the liquid SFM cell. Microgels deposited by direct adsorption

were constantly in liquid. Due to the very swollen state the first images of microgels

deposited by direct adsorption at 20◦C were taken at 50◦C, where particles were com-

pletely collapsed. Particles deposited by spin coating are insensitive to the deposition

temperature. Oppositely, the deposition temperature in dip coating and direct adsorp-

tion affects strongly the microgel size. At 50◦C the number density of deposited microgels

is extremely high also after very short deposition time. The huge number of adsorbed par-

ticles is explained by the increasing particle diffusion coefficient and the higher microgel

concentration at the air-water interface.

In order to investigate the response of microgel particles on outer stimulis, the effect of

pH, ionic strength, and cononsolvency was studied. The effect of pH and ionic strength on

the thermo-induced swelling/shrinking behavior of adsorbed microgels was investigated

on particles deposited at Si/PEI surfaces. It was shown that only microgels deposited

on Si/PEI into the solvents with neutral pH values stayed fix during the heating/cooling

procedures. At lower pH microgels exhibit small charge, but the substrate is charged.

During the scanning, microgels were still unstable at 20◦C and could be easily moved by

the SFM tip. Oppositely, at high pH values, microgels are charged but PEI is uncharged.

At a high temperature (50◦C) microgels were desorbed. At intermediate pH, both the

microgels and the substrate are charged, resulting in the stability of adsorbed particles in

swollen and in collapsed state.

For the same particle-substrate system, the effect of ionic strength was proven. Ad-

sorbed microgels were stable below the salt concentration of 1 M and demonstrated a

reversible thermo-induced swelling/deswelling behavior.

The effect of cononsolvency was proven on a3 microgel particles in bulk and in an

adsorbed state on Si/PAH. EtOH and 2-Pr were used as organic co-solvents. The microgels

were not dissolved in 2-Pr/water mixtures due to the enhanced hydrophobicity of solvent.

For microgels in EtOH/water mixtures the cononsolvency was only observed for particles

in bulk. In general, no cononsolvency was observed for deposited particles. The swelling
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ratio of deposited microgel particles increases with increasing alcohol content. For more

hydrophobic 2-Pr, the swelling ratio of adsorbed microgel is higher than for EtOH. At

higher 2-Pr concentrations adsorbed microgel particles loose their thermo-sensitivity. At

a lower alcohol concentration adsorbed microgels and microgels in bulk exhibit the largest

sizes due to the increasing intra-particle osmotic pressure resulting from the increasing

electrostatic repulsion between charged co-monomers.

To answer the second question about the control over the number density of adsorbed

particles, a3 microgels with 5% BIS and 10% AAc were deposited via spin coating on

the Si/PEI. It was shown that the number density of microgels deposited on a positively

charged substrate could be controlled by the microgel dispersion concentration, pH value

of the microgel solution, the rotation speed, co-monomer content, and the solvent quality.

The number density of adsorbed microgels increases with increasing microgel concentra-

tion and pH, due to the increasing electrostatic attraction between negatively charged

particles and the positively charged substrate. But this effect disappears, if samples were

prepared from very concentrated particle dispersions. At high concentrations the closed

hexagonal packed microgel films were formed. The number density decreases with in-

creasing rotation speed. The “limit” rotation speed was determined: for speeds higher

than “limit” speed no speed effect was observed. By a suitable combination of the pH

value of the microgel dispersion and the rotation speed microgels form a pattern with a

large distance between two single particles adsorbed at the solid substrate.

Ethanol as a solvent component plays an important role in the formation of micro-

gel layer. Due to the fast evaporation, microgels deposited from pure EtOH generate

very close hexagonal package. With increasing water content in the microgel dispersion,

the distance between adsorbed microgels increases due to decreasing solvent evaporation

rate in the deposition process and changing dielectric constant leading to the changing

electrostatic and capillary forces.



Chapter 9

Outlooks

Microgel particles are an interesting material for different application goals especially in

coverage industry. Therefore the behavior of adsorbed microgels should be investigated in

more details. The swelling/deswelling of pure PNIPAM microgel particles with different

cross-linker content should be studied for adsorbed microgels.

In [35] was shown that the microgel number increases with increasing substrate with

higher roughness. The effect of the substrate on the amount of adsorbed microgels could

be qualitatively investigated by QCM measurements. The effect of the substrate drying

on the amount of adsorbed particles could be also proved by QCM.

In order to get more detailed information about the contact angle of adsorbed microgel

particles, the side microgel area should be taken with higher resolution by SFM. It is also

interesting to prove, if the correlation between a microgel contact angle and a water

contact angle at different temperatures takes place.

In order to prevent the influence of particle charge, it should be proven, if the conon-

solvency could be observed for pure PNIPAM microgels in bulk and in an adsorbed state.

The adsorption ability of microgels deposited from alcohol/water mixtures should be also

estimated. The behavior of microgels with different charged co-monomer contents in al-

cohol/water mixtures with lower alcohol contents should be compared. It also should be

proved, if the distance between adsorbed particles could be controlled by tuning the parti-

cle charge and the solvent dielectric constant. The behavior of microgels in alcohol/water
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mixtures could be interesting in some application areas. For instance, in the controlled

release of alcohol soluble substances.

Due to the thermo-induced swelling/shrinking behavior of adsorbed microgel particles,

the experiments of controlled release of substances containing in microgels could be car-

ried out. On one hand, the microgels, containing for instance a dye, could be adsorbed on

the suitable substrate. After the sample deposition in a suitable solvent, the content of re-

leased amount of substance should be detected. The effect of the temperature, deposition

technique, solvent parameters such as pH, ionic strength, quality, etc. should be proved.

On the other hand, it is important to prove, if the microgels deposited by techniques,

where the samples are dry after the preparation, are still containing the substance and if

it could be released from the microgel after the sample reswelling.



Abbreviations

α swelling ratio

χ polymer/solvent interaction parameter

δ phase

∆ phase difference

ǫ dielectric constant

ǫ0 dielectric permittivity of vacuum

ϕ volume fraction

γ surface tension

Γ relaxation rate

η viscosity

λ wave length

µ electrophoretic mobility

ν chain density

π osmotic pressure

θ angle

ρ density

τ relaxation time

ω frequency

ζ zeta potential

2-Pr isopropanol

AAc acrylic acid
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APMS 3-Aminopropyltrimethoxysilane

b friction coefficient

B magnetic field

BIS N,N’-methylenebisacrylamide

D diffusion coefficient

D dissipation in QCM measurements

DLS dynamic light scattering

E electric field

et.al et altera

etc. et cetera

EtOH ethanol

f number of counterions per chain

f frequency in QCM and

F0 force amplitude

F free energy

Fts tip-surface interaction

g1(t) time autocorrelation function

g2(t) intensity time autocorrelation funcrion

G2(t) time autocorrelation function

h layer thickness

H particle heigth

I initiator in synthesis

I light intensity

I ionic strength

I.r. incorporation ratio

~k wave vector

k Boltzmann constant

k srping constant

KPS potassium persulfate
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l.c. long cycle

LCST lower critical solution temperature

m mass

M monomer

n refractive index

NA Avogadro’s number

NIPAM N-isopropylacrylamide

P polarization

PAH poly(allylamine hydrochloride)

PDADMAC poly(diallyl-dimethyl-ammonium chloride)

PDI polydispersity index

PAH poly(ethelenimine)

PNIPAM poly(N-isopropylacrylamine)

PSS poly(styrene sulphonate)

~q scattering vector

QCM quartz crystal microbalance

Rh hydrodynamic radius

Rq root mean squared roughness

r.c. reswelling cycle

rpm rounds per minute

S stopper

s.c. short cycle

SEM scanning electron microscopy

SFM scanning force microscopy

Si silicon

T temperature

T transfered molecule in synthesis

UCST upper critical solution temperature

v solvent volume
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~v velosity

V volume

x coordinate or fast scan axis in SFM

y coordinate or slow scan axis in SFM

z coordinate or deflection in SFM
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