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1. Introduction

The omnipresence of plastics in daily modern life provides many examples of the impor-
tance of polymeric materials. Polymers appear in numerous different forms, and while
most applications make use of so-called thermoplastics consisting of linear chains, some
applications require branching or cross-linking of chains.
The work presented here focuses on gels, which consist of physically or chemically cross-
linked polymer chains in a fluid medium and possess excellent swelling abilities in liq-
uid. Gels which are swollen in water are called hydrogels. Hydrogels based on poly(N-
isoproylacrylamide) (PNIPAM) are receiving much attention and are being extensively
studied because PNIPAM is a model example of polymers exhibiting a lower critical so-
lution temperature (LCST) [Hes1968, Sch1992]. PNIPAM is soluble in water below and
insoluble above its LCST, which is around 32◦C. PNIPAM hydrogels exhibit a volume
phase transition (VPT) around the same temperature (VPTT), turning from a swollen to a
collapsed state. This responsiveness is why those gels are labeled as smart hydogels.
Apart from gels with macroscopical dimensions, it is also possible to synthesize small
spherical gel particles with radii ranging from tens of nanometers to micrometers. The
advantage of those microgels lies in their extraordinarily fast response to outer stimuli,
their colloidal stability in solution even above the VPTT, and in many possible microscopic
applications [Sen1999, Pel2000, Kra2001]. Other stimuli besides temperature can be pH
[Sno1996, Fer2000, Kra2000, Hoa2004] or ionic strength [Shi1996, Kar2008], and such
microgels are promising materials in fields like medicine [Pep2000,Hof2002,War2011] or
sensor technology [Car2011, Kim2005b].
In many applications however, PNIPAM microgels are not just exposed to pure water, but
to solutions with multiple components. Therefore, an understanding of their behavior in
two or more liquids is crucial. A very interesting phenomenon which can be observed
in this context is the cononsolvency effect [Hir1988, Win1990, Sch1991, Cro1998]. This
effect can be observed for different pairs of individually good solvents for PNIPAM, e.g.,
water and short chained alcohols like ethanol. The addition of a small amount of ethanol
to an aqueous solution of PNIPAM microgels leads to a shrinking of the microgels with
a minimum size for intermediate mixing ratios. Upon further addition of ethanol, the
microgels swell up again. Chapter 4 discusses the interplay of the cononsolvency and tem-
perature effects on gels in bulk solution. A dynamic light scattering (DLS) study revealed
an unexpected reswelling of microgels at high temperatures much above the initial VPTT
collapse in solvent mixtures. Molecular dynamics (MD) simulations performed in coop-
eration with the Kremer group from Max-Planck-Institute for Polymer Research in Mainz
provide a detailed microscopic analysis of this phenomenon.
While most microgel studies focus on bulk solutions, some applications could make use of
microgels which are adsorbed to surfaces. Adsorbed microgel layers can serve as a foun-
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dation for responsive interfaces used for optical devices, sensors and switches [Kim2005a,
Kar2009a, Jab2011] or in medical applications for controlled drug release
[Nol2005, Ser2005] and improvement of implants [Gut2014]. The volume of microgels is
known to be decreased significantly after adsorption [Sch2008b, Bur2010b], which, along
with the reduced flexibility resulting from the spatial confinement, makes it necessary to
look at those systems separately instead of just transferring the findings from bulk mea-
surements [Bur2011b, Bur2011a]. Furthermore the individual adsorption of particles in-
troduces the possibility to analyze single particles, which is not possible in bulk solutions.
Atomic force microscopy (AFM) offers a wide range of possibilities for analyzing micro-
gels on surfaces. The spatial dimensions of microgels can be obtained by scanning the
topography of the sample, while static and dynamic force measurements allow the de-
termination of elastic and viscous properties. The temperature dependent swelling and
shrinking in cononsolvent systems of microgels adsorbed to different surfaces is analyzed
in chapter 5. The results are compared to the bulk measurements from chapter 4. Dynamic
force measurements have been performed for the first time on microgels, whereby the elas-
tic and viscous components of their complex modulus could be obtained separately. This
provides further insights into the internal mechanisms responsible for the size variations
upon stimulation by changing solvent composition or temperature.
Conventional synthesis protocols [Pel1986] usually yield inhomogeneous microgels, which
is referable to the fast reaction kinetics of the cross-linker N,N’-methylene bisacrylamide
(BIS) leading to an increased incorporation of BIS during the initial growth stages
[Wu1994]. This inhomogeneity influences the VPT, and the more densely cross-linked
core is assumed to collapse first upon temperature increase [Dal2000]. To get rid of such
effects, there are alternative synthesis routes to achieve a homogeneous distribution of
cross-linker throughout the microgels [Acc2011]. Elasticity measurements with AFM pre-
sented in chapter 6 prove the homogeneity of those microgels. Moreover, the VPT of
homogeneous and comparable inhomogeneous microgels have been analyzed in tempera-
ture dependent topography and elasticity measurements.
Sensitivity to further stimuli can be achieved by incorporation of inorganic nanoparticles
into the microgel matrix. Loading with gold nanoparticles for example introduces an addi-
tional responsiveness to light because of surface plasmons [Jon2003a,Jon2003b,Lan2012].
Loading with magnetic nanoparticles (MNP) like cobalt ferrite (CoFe2O4) however can
make gels sensitive to an external magnetic field, which offers a wide range of applications,
e.g. in the field of actuating elements [Zri1997, Pic2004, Boh2004, Mon2008, Sny2010].
Chapter 7 focuses on the effects of a magnetic field on the topography and elasticity of
adsorbed magnetic microgels, and also discusses the question if the original temperature
response of the gels is preserved.
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2. Scientific background

2.1. Smart microgels

A three-dimensional polymer network constitutes the solid phase of a gel. The individ-
ual polymer chains are cross-linked either by physical connections, which can be electro-
static, van der Waals- or H-bonds, or chemical (i.e. covalent) bonds. The synthesis can be
carried out from a mixture of monomers and cross-linker molecules, or by cross-linking
already synthesized polymers [Pel2000]. In this thesis chemically cross-linked gels from
N-isopropylacrylamide (NIPAM) monomers are studied. The meshes of the polymer net-
work are filled with a fluid, which constitutes the second phase of the gel. If this fluid is
water, the gel is called hydrogel.
What makes hydrogels based on PNIPAM smart is how their swelling in water depends
on external influences. The most prominent stimulus governing the swelling is temper-
ature. PNIPAM gels undergo a volume phase transition (VPT) at a temperature around
32◦C (VPTT) in water, below which they are swollen, and above which they expel the
water and collapse [Sch1992]. This VPT arises from the lower critical solution temper-
ature (LCST) in the phase diagram of aqueous solutions of linear PNIPAM [Hes1968].
Figure 2.1a schematically shows a phase diagram for a polymer solution exhibiting an
LCST, which is the minimum of the binodal and the temperature below which polymer
and solvent mix at all concentrations [Atk2009]. The opposite phenomenon is an up-
per critical solution temperature (UCST) and is sketched in figure 2.1b. Here, the two
components mix at all temperatures above the UCST. The VPT of an LCST polymer is
usually associated with hydrogen bonding between solvent molecules and the polymer
[Sch1992, Sen1999, Pel2000, Kra2001, Ber2003, Sti2004]. Those hydrogen bonds break

Figure 2.1.: Schematic phase diagrams of a) an LCST and b) a UCST system, depending
on temperature T and polymer volume fraction φ .
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2.1. Smart microgels

for temperatures above the VPTT, and the translational entropy gained by expelling the
solvent molecules from the gel dominates over the conformational entropy loss due to the
gel collapse. Thus, the LCST phenomenon is entropy driven. In contrast, a UCST re-
quires strong attraction between polymer chains, which are weakened upon heating. This
can be caused by zwitterionic polymers [Aro2002,Kud2006], strong intramolecular hydro-
gen bonding [Seu2012], or supramolecular crosslinking additives in the polymer solution
[Jia2006, Pla2007, Zha2013, Kar2014]. Consequently, UCST behavior is enthalpy-driven
[deGen1979, desClo1990].
The thermodynamics of polymer swelling can be described on the basis of the Flory-
Rehner Theory [Flo1943, Tan1980]. It is assumed that the free energy of the swollen
gel Fgel is the sum of the free mixing energy of gel and solvent Fmix, the free energy
representing the network elasticity Fel , and the free energy Fion resulting from gel charges:

Fgel = Fmix +Fel +Fion. (2.1)

Upon volume change, the free energies in equation 2.1 change as well, which gives rise to
an internal osmotic pressure of the gel. This osmotic pressure can again be considered as
a sum of three components:

Πgel =−
(

∂Fgel

∂V

)
T
= Πmix +Πel +Πion, (2.2)

with Πmix, Πel and Πion being defined as

Πmix =−
NAkBT

v
(φ + ln(1−φ)+ χφ

2) (2.3)

Πel =−
NckBT

V0

((
φ

2φ0

)
−
(

φ

φ0

) 1
3
)

(2.4)

Πion =−
f NckBT

V0

φ

φ0
(2.5)

with the volume V, the Avogadro constant NA, the Boltzmann constant kB, the temperature
T, the molar volume of the solvent v, the volume fraction of the polymer φ , the volume
fraction of the polymer at reference conditions φ0, the number of chains in the gel net-
work Nc, the volume of the relaxed Gaussian network V0, the number of counterions per
chain f , and the polymer solvent interaction parameter χ , which is termed Flory-Huggins
parameter. χ can be calculated by

χ =
∆F
kBT

=
∆H−T ∆S

kBT
, (2.6)

so it describes the changes in free energy per solvent molecule if it gets into contact with
the polymer, which can also be expressed by the changes in enthalpy ∆H and entropy ∆S.
Instead of gels with macroscopic dimensions, the subject of this thesis are microgels.
Monodisperse PNIPAM microgels have been first synthesized by surfactant free precip-
itation polymerization in 1986 [Pel1986]. The size of those microgels ranges between
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2. Scientific background

Figure 2.2.: Schematic depiction of the collapse of a PNIPAM microgel upon temperature
increase above the VPTT.

several tens of nanometers and a few micrometers, and they are dispersable and swellable
in different solvents [Bak1949, Pel2000, Fer2011]. An increase in temperature leads to a
decrease in the microgel radius until it is fully collapsed above the VPTT, as illustrated in
figure 2.2. Microgel solutions remain stable even if the solvent qualitiy is worsened upon
temperature increase or other stimuli. The characteristic time for gel volume changes is
proportional to the square of its radius R and inversely proportional to the collective diffu-
sion coefficient D [Tan1986]

τ =
R2

π2D
, (2.7)

where D is the ratio of the osmotic compressibility K of the network and the frictional
coefficient f between the network and the liquid:

D =
K
f
. (2.8)

The resulting faster reaction time for smaller gels is a decisive advantage for microgels.
Microgels usually react to temperature changes in a few seconds or minutes [Zha2008],
whereas macrogels can take several days of reaction time [And1998]. Furthermore, they
can adsorb to a surface, which enables the fabrication of responsive coatings. Different
aspects of microgel adsorption will be discussed in chapter 2.2. In bulk phase, microgel
dimensions can be monitored by DLS, which provides the hydrodynamic radius Rh of the
particles.
The swelling of a gel with the surrounding fluid depends on various parameters. An
intrinsic factor governing the swelling is the degree of cross-linking. The more cross-
linker is built in the gel, the less it can swell. This also determines the elastic proper-
ties, as densely cross-linked gels are usually harder, exhibiting more solid-like characteris-
tics [Kra1998, Kra2001]. A frequently used cross-linker is N,N’-methylene bisacrylamide
(BIS). BIS reacts faster during synthesis than NIPAM [Wu1994], which causes a high den-
sity of cross-links in the core and a weakly cross-linked shell [Gui2000, Sti2004]. Thus,
the degree of cross-linking also influences the homogeneity of microgels, as a higher cross-
linker content during synthesis yields more heterogenous particles. This cross-linker de-
pendent inhomogeneity has an effect on the temperature dependent VPT. Because densely
cross-linked areas in the gel collapse at lower temperatures than the loosely cross-linked
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2.2. Microgels at solid surfaces

parts [Dal2000], highly cross-linked and thus more inhomogenous microgels (typically 10-
20 mol%) exhibit a broader VPT upon temperature increase compared to the rather sharp
VPT for microgels with low cross-linker content (typically 0.5-2 mol%) [Kra2000]. Ad-
ditionally, the cross-linker content influences the hysteresis during heating-cooling cycles.
PNIPAM Microgels with low cross-linker contents can form additional inter- and intra-
chain hydrogen bonds between C=O and H−N groups during the heating process, some
of which remain after cooling down below the VPTT again. This causes a VPTT shift
to lower temperatures and a hysteresis [Che2006, Bur2010a, Bur2011b]. A pronounced
hysteresis is only observed for microgels with low cross-linker content (below 5 mol%) at
the first heating/cooling cycle, which shows the dominance of chemical cross links over
additional hydrogen bonds.
Integrating comonomers can tune the VPTT of microgels. By integrating acrylic acid
(AAc), a broader VPT together with an increase in VPTT are observed, and for high AAc
content (above 10 mol%), two distinct phase transitions occur [Kra2000, Bur2011a]. The
first transition takes place at around 32◦C and is attributed to PNIPAM, whereas the second
transition around 45◦C is caused by AAc. From this it can be concluded that there are dis-
tinct PNIPAM-rich and AAc-rich domains in the gel. Besides the effect on the VPT, using
weak organic acids such as AAc or allylacetic acid (AAA) introduces additional charges
to the gel due to deprotonation of carboxylic groups, which can be useful when loading
the gel with oppositely charged inorganic nanoparticles (see chapter 2.4). Additionally,
the charge repulsion and an increase in osmotic pressure during the synthesis lead to larger
microgel radii, which facilitates the analysis of force measurements on adsorbed particles,
as will be discussed in chaper 3.3 [Kra2000,Kar2008,Bur2010b,Bur2011a]. The interplay
of charges renders the microgels sensitive to pH and ionic strength, since the charges tend
to repel each other and increase the microgel volume. Increasing pH leads to deprotonation
of AAc, whereas increasing ionic strength decreases the Debye length and thereby screens
the charges in the gel [Kra2000].

2.2. Microgels at solid surfaces

By adsorption of microgels at interfaces, responsive surfaces can be created, which are
of special interest with regard to applications. For most of those applications a homoge-
nous, defect free monolayer of microgels is desirable. The surface coverage of microgels
depends on a complex interplay of many factors, so the formation of a surface layer with
specific properties is non-trivial and has been subject of many studies. Several different
approaches have been chosen to deposit microgels onto surfaces. The most simple method
of just depositing a droplet of microgel solution on a wafer and letting the water evapo-
rate leads to a high surface coverage. However, multilayers can be formed by this pro-
cess, which is hard to control [Ugu2007]. More controllable strategies to achieve a high,
regular coverage are dipcoating [Ner2006, Sch2008a], spincoating [Sch2008b, Bur2010b,
Bur2010a, Zav2011], and monolayer self-assembly at the air-water interface with subse-
quent transfer to a solid substrate [Ret2009, Vog2012, Hon2015].
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2. Scientific background

To ensure a stable adsorption of microgels, silicon wafers, which are used as substrates for
most experiments, can be pre-coated with a polyelectrolyte (multi-)layer using the layer-
by-layer technique [Dec1997]. Both electrostatics and interdigitation of polymer chains
then contribute to the sticking of the microgels to the surface. Beside electrostatic attrac-
tion between microgels and surface, electrostatic repulsion between microgels plays an
important role, especially when microgels with comonomers such as AAc are studied. The
surface coverage is a complex function of the pH of the microgel solution, the charge of the
surface, the thickness of the surface coating, surface roughness, and most importantly the
microgel charge [Sch2008a, Zav2011]. Therefore, dip- or spincoating conditions must be
individually adjusted for every system to achieve the desired coverage. Mono- or mulilay-
ers of microgels can be studied by ellipsometry or other reflectivity methods, which are
averaging over an area of about 1 mm2. Those methods can only measure the swelling
and deswelling of a microgel layer in vertical direction, but no statement regarding lateral
dimensions can be derived. AFM can provide information about the coverage, but, in the
case of close packing, is unable to provide exact topographic details of the gel particles.
Thus, in contrast to potential applications, for fundamental research on adsorbed micro-
gels it is advantageous to have adsorption of single particles instead of monolayers. Such
a system is perfectly suited for analysis by AFM, which provides information about the
morphology in both vertical and lateral dimensions, as well as information about mechan-
ical properties via force measurements. AFM measurements can be conducted both in dry
and in liquid environment.
Adsorption of microgels to a surface can lead to a compression by more than one order
of magnitude [Sch2008b, Bur2010b]. The higher polymer density in adsorbed microgels
affects their stimuli response in several ways. While the deviation in VPTT from bulk is
rather insignificant, the hysteresis in the temperature response of microgels on surface is
larger than in the bulk phase [Bur2010a]. The higher internal density probably leads to
more hydrogen bonds between monomers being built after deswelling. Because microgels
are synthesized at temperatures above the VPTT, they are already produced in the shrunken
bulk state, so no unprecedented compression takes place upon heating in bulk. Only the
additional compression due to adsorption causes a hysteresis. The broader VPT for micro-
gels with a higher cross-link density as observed in bulk has been confirmed at surfaces
[Sch2008a, Sch2008b]. The incorporation of vinyl acetate [Höf2007], AAc [Bur2011a]
and N-ispropyl methacrylamide [Cla2013] as co-monomers for adsorbed microgels leads
to a higher and broadened VPT, but even for high co-monomer content, no two-step transi-
tion like in bulk could be observed. The compression at the surface leads to an overlapping
of the distinct PNIPAM- or co-polymer-rich domains which were present in bulk phase.
A special feature of adsorbed microgels is the possibility to perform microscopic elas-
ticity measurements, where the elastic modulus E of the microgels can be determined
[Bur2011b,Bur2011a]. Heating samples above the VPTT increases the elastic modulus by
roughly one order of magnitude, from a few tens up to a few hundreds of kPa for 2 mol%
BIS. Values for higher cross-linker concentrations are accordingly larger. The point of
deflection however takes place at higher temperatures than the transition in volume, and
the maximum is reached at about 50◦C. An increase in cross-linker content leads to an
increase in the elastic modulus. The inclusion of co-monomers decreases the elastic mod-
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2.3. The cononsolvency effect

Figure 2.3.: Schematic depiction of the collapse and reswelling of a PNIPAM microgel in
aqueous solution upon addition of alcohol (at a temperature below the VPTT in water)
to illustrate the cononsolvency effect.

ulus because of the higher swelling degree resulting from the addition of repelling internal
charges. The core-shell structure is confirmed by the higher elastic modulus in the middle
of the particle compared to the softer shell. Thus, as well as the size, also the stiffness of
microgels can be tuned by incorporation of cross-linker and co-monomers.

2.3. The cononsolvency effect

The so called cononsolvency effect can be observed when adding certain organic solvents,
such as short-chained alcohols or tetrahydrofuran (THF), to an aqueous PNIPAM solution
[Hir1988, Win1990, Sch1991, Cro1998]. Both water and alcohol are good solvents for
PNIPAM, but when a small amount of alcohol is added to water, this leads to a coil-to-
globule transition of individual chains and a shrinking of microgels, respectively. Upon
further addition of alcohol, a globule-to-coil transition of the chains or a reswelling of the
microgels takes place. This behavior is illustrated for microgels in figure 2.3.
There are several approaches to explain the cononsolvency phenomenon, but a gener-
ally accepted theory of the molecular driving forces behind it is still missing. Classi-
cal mean field theory cannot describe the miscibility gap for intermediate alcohol con-
tent, as the solvent quality is steadily improving when more and more alcohol is added
[Muk2013]. One class of explanations is focused on the solvent structure. It is as-
sumed that solvent-cosolvent complexation is preferred over bonds of solvent or cosol-
vent to the polymer, and that clathrates of water around alcohol molecules are formed
[Sch1991,Zha2001,Cos2002]. Those complexes are poor solvents for PNIPAM. When the
alcohol content is further increased, the amount of water molecules is insufficient to fully
hydrate all the alcohol molecules, and the gel is reswelling again with the non-hydrated
alcohol molecules. Another approach in this category [Hao2010] addresses composition
fluctuations in THF-water solutions, which depend on temperature and THF content. A
combined small angle neutron scattering, DLS and viscosimetry study has shown that
the influence of composition fluctuations becomes dominant at 20 mol% THF. Solvent-
cosolvent interaction dominates over mixed solvent-polymer interaction and microgels
collapse. Van der Waals-interactions make the polymer soluble again at higher THF con-
tent. A second category of explanations concerns the microscopic solute-solvent inter-
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2. Scientific background

actions. Competetive adsorption of solvent and cosolvent has been given as the cause
for cononsolvency [Tan2008, Tan2009, Koj2011]. In this statistical mechanical model
cooperative adsorption leads to a higher probability of one solvent molecule to adsorp
in the vicinity of another molecule of the same kind along the polymer chain, which
nonlinearly amplifies the changes in solvent composition. Experimental data could be
confirmed using this model. However, solvent-cosolvent interactions are neglected here,
which contradicts the first category of explanations, as well as a study of simulations with
the perturbed-chain statistical association fluid theory (PC-SAFT), which suggests rather
strong solvent-cosolvent interactions [Arn2012]. Combined simulation and theory studies
[Muk2013, Muk2014] have found preferential interactions of one solvent with the poly-
mer as a generic explanation for cononsolvency, independent of further chemical details
of the polymer and solvents. In the case of PNIPAM, the interaction with alcohols is pre-
ferred over water. Another theoretical study [Rod2015] however saw cononsolvency as
a chemistry-specific entropy-driven phenomenon caused by methanol enrichment of the
PNIPAM globule. Preferential methanol binding increases the configurational entropy of
the globule and thereby stabilizes it, while energetics are found to play no role. It has been
shown that the higher the carbon number in the alcohol is, the less alcohol is needed to
completely shrink the polymer [Arn2012]. The reswelling starts at lower concentrations
for larger alcohols. This is explained by hydration of the cosolvent, and the fact that more
water molecules are needed for complete hydration of larger alcohols.
Several studies have examined the effect of cononsolvency on the VPTT of PNIPAM mi-
crogels. By addition of up to 30 mol% of methanol or 8 mol% of ethanol to aqueous solu-
tions the VPTT decreases, as has been shown in DLS measurements [Koj2013, Bis2014].
At higher alcohol content, no VPTT is observed, as PNIPAM does not show a VPTT in
alcohol in the common measuring ranges. This can be explained by the stronger hydro-
gen bonds of PNIPAM with alcohol compared to water [Muk2013]. Consequently the
plateau minimum of the size against temperature (at T>VPTT) increases with increasing
alcohol content. These characteristics for microgels are generally similar to linear chains
[Koj2013]. A transition between two solvation mechanisms has been proposed by con-
sidering the water-rich and alcohol-rich phases seperately [Bis2014]. In the first case the
transition temperatures decrease by alcohol addition independent of the PNIPAM concen-
tration, molecular weight, or architecture. Therefore, hydrophobic hydration is suggested
as the driving mechanism here. Alcohol acts as a kosmotropic agent when added in small
amounts, which increases the water enthalpy and decreases the gain for water to form a hy-
dration shell around PNIPAM. Therefore the LCST decreases. At high alcohol concentra-
tions, however, the critical solution temperature depends on the concentration, molecular
weight, and architecture of PNIPAM. Classical mixing contributions to the thermodynam-
ics of polymer solutions can describe this regime.
The addition of organic cosolvents does however not only lower the VPTT in LCST-
systems, but can also lead to the emergence of a UCST-like behavior. A UCST has been
observed in cloud point measurements between 20 and 40 mol% ethanol [Bis2014]. Mix-
tures of water and methanol however only led to an LCST. In low ethanol content, the
cloud point temperature coincided with a VPTT observed in DLS measurements for mi-
crogels. The UCST behavior at higher ethanol content could however not be reproduced
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in DLS, as no reswelling at higher temperatures up to 35◦C occurred. Higher temperatures
have not been considered because the transition for gels was assumed to be at tempera-
tures near the UCST for linear chains. Thus, a coil-to-globule transition temperature ob-
served in cloud point measurements does not always coincide with a VPTT. A UCST-like
behavior has been observed in analogy in cloud point measurements of microgel solu-
tions with high content of ethanol, 1-propanol, 2-propanol, dimethylsulfoxide, and N,N-
dimethylformamide, whereas low concentrations of the cosolvents led to an LCST-like
transition. Mixtures with methanol or acetone have only shown an LCST-like transition
[Cos2002].
Few studies have been carried out so far concerning the cononsolvency effect on micro-
gels which are adsorbed to solid surfaces. One approach was based on microgels asorbed
betwen to gold layers like an etalon in mixtures of water and methanol [Hep2013]. The
VPTT was shifted to lower temperatures with increasing methanol concentration, and com-
parison to microgels in bulk solution did not show any significant difference. An effect of
confinement was however found in a combined DLS and AFM study of PNIPAM and
P(NIPAM-co-AAA) microgels on silicon wafers pre-coated with the cationic polyelec-
trolyte poly(allylamine hydrochloride) (PAH) [Ric2014]. The minimum volume of PNI-
PAM microgels in bulk was reached at 10 vol% of ethanol and 2-propanol, and at 20 vol%
of THF, respectively. Confined to a surface, the minimum is found at 40 vol% of ethanol
and at 50 vol% of 2-propanol and THF, respectively. P(NIPAM-co-AAA) microgels show
a similar trend. This shift in the minimum towards higher organic solvent concentrations
on a surface is explained by the higher polymer density in confined gels and a preferential
water-uptake of PNIPAM-rich phases. This is derived from the larger microgel volume
in pure water compared to pure organic solvents. However, it would mean that the water
content inside the gel is higher than in bulk solution. This contradicts findings of a nuclear
magnetic resonance (NMR) study [Wan2009] suggesting that the respective methanol or
ethanol concentration confined inside a PNIPAM macrogel is higher than in bulk solu-
tion. Additionally, the temperature steps in reference [Ric2014], especially for the DLS
measurements, are rather large, so the minimum values provide rather a trend than abso-
lute figures. Additionally, the sizes of microgels spincoated from different water-solvent
solutions have been compared under ambient conditions. Higher ethanol, 2-propanol or
THF concentrations lead to particles of a larger height, a reduced width, and an overall
increased volume. A possible explanation provided for this phenomenon is the entrapment
of organic solvent molecules due to their larger size.

2.4. Ferrogels

The loading of organic microgels with inorganic nanoparticles opens up a wide field of
materials science [Kar2012]. Depending on the type of nanoparticles, the resulting com-
posite material can have plasmonic, magnetic, photoluminescent or catalytic properties.
Embedding nanoparticles can make the microgel sensitive to external fields. Proof of con-
cept studies of hybrid Au nanoparticles @ PNIPAM microgels for example have shown

10



2. Scientific background

their capability as nanosensors, as well as their reversible switching behavior on thermal
[Das2007, Kar2009b, Lan2012, Gaw2013] and optothermal [Gor2004] stimuli.
When magnetic nanoparticles (MNP) are embedded in a cross-linked polymeric hydro-
gel, the obtained hybrid material is called ferrogel [Zri1997]. Microgels with MNP will
be called magnetic microgels in the following. Those hybrids combine the properties of
their single parts, which are in this case ferrofluids and microgels. Research on magnetic
microgels aims at the combination of thermoresponsive microgel properties, which should
be preserved for the hybrids, with the ferrofluid’s response to magnetic fields. A ferrofluid
is a colloidal suspension of MNP with radii typically ranging around 10 nm. Ferroflu-
ids usually behave superparamagnetically when exposed to an external magnetic field, i.e.
they show no remanent magnetization. When the field is shut off, the orientation of their
magnetic moment is lost within a typical time scale τN , which is given by

τN = τ0 exp
(

KV
kBT

)
, (2.9)

with τ0 ≈ 10−9 s, the anisotropy constant K, and the particle volume V. This mechanism,
where the magnetic moment rotates without movement of the particle itself, is called Néel
mechanism [Née1955]. For a given temperature T̃ and a specific time constant of the mea-
surement τ̃ , a critical particle diameter Dsp (assuming spherical shape) can be calculated
up to which Néel relaxation can take place and ferrofluids are superparamagnetic. Parti-
cles with D > Dsp are ferromagnetic, i.e., their magnetization curve shows a hysteresis and
a remanent magnetization after an external magnetic field is shut off [Wal1993]. Typical
values of Dsp for cubic anistropy with T̃ = 298 K and τ̃ = 10 s are Dsp ≈ 60 nm for Fe3O4
(with K =−12 kJ/m3) and Dsp ≈ 16 nm for CoFe2O4 (with K =+180 kJ/m3) [Sko1999].
Accordingly, typical Fe3O4 ferrogels should behave superparamagnetic, while some larger
particles in CoFe2O4 ferrogels would be likely to cause a remanent magnetization and
thus ferromagnetic behavior. CoFe2O4 ferrogels do however behave in a superparamag-
netic way even for particles with D > 16 nm because of a second relaxation process, the
Brown mechanism. Here, the particle itself rotates in order to align its magnetic moment
upon application of a magnetic field. After the field is shut off, Brownian thermal dif-
fusion of the particle leads to a random rotation of magnetic moments and removes the
magnetization. The Brownian relaxation time τB is given by

τB =
3V η

kBT
(2.10)

and is controlled by the viscous drag η that the liquid matrix exerts on the particle [Ros1997].
It can be concluded that Néelian MNP embedded in a hydrogel matrix, in the case of suf-
ficient dilution so that interaction between the MNP can be neglected, still behave in a
superparamagnetic way. For ferromagnetic MNP which only exhibit superparamagnetism
if Brownian relaxation is possible, an important factor concerning the magnetization be-
havior of the ferrogel is the coupling between the MNP and the polymer matrix. The MNP
can be physically adsorbed within the gel network, or chemically bound to the gel. In
the case of strong coupling between MNP and the polymer matrix, a hysteresis has been
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observed for macroscopic ferrogels in the magnetisation curve, as well as a remanent mag-
netisation after the field has been turned off [Mon2008]. If there is a coupling between
MNP and gel, the magnetic torque which is exerted on the MNP is balanced by an elastic
counter-torque caused by the deformation of the gel [Sch2010]. This means that the mag-
netization of the hybrids reflects the elastic properties of the gel. It has been shown that the
elastic modulus of macroscopic ferrogels increases in the presence of an external magnetic
field [Nik2001, Bon2008]. Theoretical studies on magneto-sensitive elastomers predict an
increase of the shear modulus G for all MNP distributions, but an increase of the elas-
tic modulus E only for plane-like MNP arrangements, whereas E decreases for chain-like
or isotropic arrangements of MNP [Iva2011]. However, the assumed perfect rectangular
MNP arrangement and the lack of flexibility in these considerations might cause deviations
from experimental observations. Shape-anisotropic MNP can be used in microrheological
measurements to probe the shear stiffness in hydrogels locally [Ben2011, Ben2014]. The
results of such measurements reflect the macroscopic properties if the size of the probe
particle is large compared to the molecular microstructure [Mac1999].
Several theoretical studies have dealt with the deformation of ferrogels in a magnetic field
~H. There are mainly two causes for such a deformation of a body, both of them aiming
at enhancing the body magnetization ~M and diminishing the magnetic part of its energy
[Lan1960]:

Umag =−
V
2
(~M · ~H) =−V H2

8π

µ(x)−1
1+n(µ(x)−1)

(2.11)

with the body volume V, the demagnetizing factor n, and the magnetic permeability µ(x).
On the one hand, the body tends to elongate in field direction to minimize the demagne-
tizing factor n. On the other hand, the body changes its length to enhance the magnetic
permeability µ(x). The total sign of the deformation of ferrogels therefore depends on
their shape and on the distribution of MNP. Most ferrogels elongate in field direction, but
also a contraction is possible for low concentrations and prolate or strongly oblate shapes
[Zub2015]. A stronger deformation is generally expected for particles with a high shape
anisotropy. The coupling of MNP to the gel matrix also plays a role, with weak couplings
leading to a stretching in field direction and an overall anisotropic volume loss, whereas
strongly coupled hybrids show an isotropic volume loss [Wee2012].
So far, magnetic microgels have been mainly investigated according to their magnetic
separability and their magnetization. A lot of research has been done on magnetic micro-
gels with a core-shell structure. Particles consisting of a MNP core with a polymer shell
[Cai2007,Li2008,Liu2009,Sah2010,Dag2010,Gui2014] as well as polymer particles with
an MNP shell [Won2007] have been investigated and were shown to combine properties
of both MNP and polymer gel. Also clusters of magnetite nanoparticles have been coated
with polymer shells of PNIPAM, poly(acrylic acid) (PAAc), and poly-3-acrylamidopropyl
trimethylammonium chloride [Tur2015]. The resulting magnetic microgels could be mag-
netically separated with efficiencies up to 99.97 %. Another approach is the incorpora-
tion of MNP into the meshes of a polymer network [Pic2004, Bha2007]. Here, magnetite
nanoparticles have been deposited into or onto microgels consisting of copolymers of ace-
toacetoxyethyl methacrylate and N-vinylcaprolactam. A considerable temperature and pH
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dependence was preserved for these hybrids. In an alternative approach synthesis of poly
(vinyl aclohol) (PVA) microgels was done in presence of Fe3O4 and TiO2 nanoparticles
[Xia2017]. This way, the nanoparticles were encapsulated in PVA, and catalytic properties
and subsequent magnetic separability could be combined. By mixing of FePt MNP with
hydrophilic poly(N-vinylcaprolactam) microgels composite systems were obtained which
were colloidally stable, thermoresponsive, superparamagnetic, and additionally reduced
the cytotoxicity of FePt MNP [Wie2017]. This enables new applications in a biological
context. The combination of responsiveness to magnetic fields and temperature makes
magnetic microgels ideal candidates for controlled drug targeting via a magnetic field and
subsequent controlled release of the drugs via temperature adjustment [Rod2016,Hu2017].
Drug release happens gradually below the VPTT, and is accelerated above the VPTT. MNP
provide the possibility of internal heating, as an external alternating magnetic field can
raise the temperature of a magnetic microgel (hyperthermal effect) [Sat2008].
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3.1. Materials

N-isopropylacrylamide (NIPAM), acrylic acid (AAc), allylamin (AA), and the radical ini-
tiator potassium persulfate (KPS) for microgel synthesis, dibenzyl ether, CoCl2 * 6 H2O,
and Fe(NO3)3 for MNP synthesis, poly(acrylic acid) (PAAc, Mw ≈ 1,800gmol−1) for
the MNP coating, and poly(allylamine hydrochloride) (PAH, Mw ≈ 58,000gmol−1) for
coating of silicon wafers were purchased from Sigma-Aldrich (St. Louis, MO, USA).
The cross-linker N,N’-methylenebisacrylamide (BIS) and radical initiator ammonium per-
sulfate (APS) were purchased from Fluka (Sigma Aldrich). For the synthesis of MNP,
Fe(acac)3, Co(acac)2, and oleyl alcohol were purchased from ABCR (Karlsruhe, Ger-
many), oleyl amine was purchased from Acros Organics (Fisher Scientific), oleic acid and
sodium hydroxide (0.1 M) were purchased from Fisher Scientific (Waltham, MA, USA),
NaOH and HNO3 were purchased from Grüssing (Filsum, Germany), and FeCl3 was pur-
chased from Merck (Darmstadt, Germany). Ethanol (absolut, min. 99.9%) for cononsol-
vency experiments was purchased from Chemsolute (Renningen, Germany). A three stage
Millipore (Billerica, MA, USA) system (Milli-Q Plus 185) was used for water purification.
For experiments with adsorbed microgels both uncoated (orientation: 100, Siltronic, Mu-
nich, Germany) and gold-coated (polycristalline gold with 100 nm thickness on 100 silicon
wafer, pre-coated with titanium for better adhesion, Georg Albert PVD-Beschichtungen,
Silz, Germany) silicon wafers were used.

3.2. Synthesis

Microgels and magnetic nanoparticles have been synthesized by co-workers, as indicated
in the respective paragraphs.

3.2.1. Microgel synthesis

Synthesis of the microgels used in this work was done via surfactant free precipitation
polymerization [Pel1986]. An overview of the compositions of the different microgels
used in this thesis is presented in table 3.1. Formulas of the chemicals are shown in figure
3.1. For the cononsolvency experiments, PNIPAM and P(NIPAM-co-AAc) microgels were
synthesized by Marcus Witt with the negatively charged initiator KPS. For the preparation
of magnetic microgels, positively charged microgels were synthesized by Lucas Kuhrts
with a cationic comonomer (P(NIPAM-co-AA)) and the positively charged initiator APS
to ensure a high loading with negatively charged magnetic nanoparticles. The NIPAM
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3.2. Synthesis

Figure 3.1.: Chemical formulas of a) NIPAM, b) BIS, c) AAc, and d) AA.

monomers, respective comonomers (AAc or AA) if applicable, and cross-linker BIS were
dissolved in Milli-Q water and the solution was degassed for 60 min with nitrogen under
constant stirring. The solution was transferred into a reactor and heated to 70◦C. To start
the reaction 1 ml of the initiator (KPS or APS) dissolved in Milli-Q water was transferred
into the reactor. For PNIPAM and P(NIPAM-co-AAc), the reaction temperature was main-
tained for 3 h. Then the heat was turned off and the reaction volume was allowed to cool
down to room temperature over night. For P(NIPAM-co-AA), the reaction volume was
cooled after 90 min of reaction time in a separate beaker in an ice bath. At room tempera-
ture the microgels were purified by dialysis against Milli-Q water for 10 days. Afterwards
they were freeze-dried at -85◦C.
For comparison, both a heterogeneous (core-shell) and a homogeneous P(NIPAM-co-AA)
microgel with similar composition have been synthesized by Marcus Witt. The core-shell
gel has been synthesized as described above, with the reactant in the reactor before adding
the initiator. The reaction was stopped after 10 min by rapid cooling of the solution in an
ice bath. For the homogeneous gel, 120 ml of water were degassed and heated to 80◦C.
The initiator was dissolved in the degassed water. The feeding reaction was started by
pumping a constant volume flow into the reactor. The reaction was stopped after 10 min
by rapid cooling in an ice bath. The synthesis is similar to the one published by Acciaro et
al. [Acc2011]. However, no initial amount of monomers has been put in the reactor before
the initiator was added, in contrast to ref. [Acc2011].

Gel c(BIS) [mol%] c(CM) [mol%] Initiator n(Initiator)[µmol]
PNIPAM 4.8 0 KPS 5.5

P(NIPAM-co-AAc) 4.8 5 KPS 5.5
P(NIPAM-co-AA) 5 5 APS 400

homogeneous 2.5 2.5 (AA) AAPH 240
core-shell 2.5 2.5 (AA) AAPH 240

Table 3.1.: Denomination and composition of the used microgels, showing the concentra-
tion of the cross-linker BIS and the respective comonomer, the kind of reaction initia-
tor, and its amount. The concentration in mol% is calculated for the total amount of
used polymerization reactant.
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3.2.2. Magnetic nanoparticle synthesis

CoFe2O4@PAAc MNP were synthesized by Eric Roeben from the group of Prof. Annette
Schmidt from the University of Cologne. The MNP were prepared via thermal decompo-
sition of Fe(acac)3 and Co(acac)2 according to reference [Sun2004]. For the stabilization
in water they were covered with a shell of PAAc. The particles were transferred to aqueous
dispersion via THF, using PAAc and NaOH following the protocol described in reference
[Dai2010].
CoFe2O4@CA MNP were synthesized by Stephan Hinrichs from the group of Prof. Volker
Abetz and Dr. Birgit Fischer from the University of Hamburg. A co-precipitation method
was used to synthesize cobalt-ferrite nanoparticles that were eventually incorporated into
a water-based ferrofluid with a 20% solid content [Kha1973]. Cobalt-ferrite nanoparticles
were precipitated out of a boiling solution of 1 M sodium hydroxide by adding a mixture
of cobalt (II)-chloride hexahydrate and iron (III)-chloride. The magnetic precipitate was
washed twice using DI water. 2 M nitric acid and a 0.35 M solution of iron (III)-nitrate
were added to the precipitate [Mas1981, Fis2008]. This mixture was then stirred at 80◦C
for 20 min. The nitric acid solution was then decanted while the precipitate was held in
place with a magnet. Cobalt-ferrite particles within the precipitate were later dispersed in
DI water, and the resulting ferrofluid was dialyzed for one week against a 40 mM sodium
citrate and citric acid solution at a pH level of 7.4. The solution was refreshed on a daily
basis during dialysis.

3.3. Sample preparation

3.3.1. Magnetic microgels

From the freeze-dried microgels, stock dispersions were prepared in MilliQ water. The
dispersions were shaken for 1 day to let the gels reswell. The MNP were placed in an
ultrasonic bath for 10 min before using them for the ferrogel preparation (at ph 10). All
magnetic microgels were prepared in dispersions consisting of 0.025 wt% microgel and
0.075 wt% MNP. In order to ensure the colloidal stability of the MNP the pH of the micro-
gel dispersion was adjusted to 10 by adding NaOH. Finally, MNP supension and microgel
dispersion (both at pH 10) were mixed. The mixture was vortexed at 500 W for 30 min
to let the MNP incubate into the gels. To remove free MNP the magnetic microgels were
centrifuged at 5000 rpm (2400 g) for 30 min. The supernatant was collected and the pre-
cipitant was redispersed in Milli–Q water and vortexed again at 500 W for 30 min. The
cleaning process was performed three times until the supernatant was clear.

3.3.2. Adsorbed microgels

Microgels were adsorbed either on gold- or PAH-coated silicon wafers. For the PAH
coating, silicon wafers were first cleaned for 20 min in a plasma cleaner. The clean wafers
were then deposited in a 0.01 M solution of PAH (with 0.1 M NaCl) for 30 min. Then the
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Figure 3.2.: Sketch of the spincoating procedure.

wafers were put into Milli-Q water for 1 min to remove residual PAH. Afterwards they
were carefully dried in a nitrogen stream.
Microgels were then deposited onto the wafers by spincoating. As depicted in figure 3.2, a
droplet of microgel solution is placed on the wafer. Immediately after that, the wafer starts
spinning with a well-defined velocity for 5 min. As the properties of the used microgels
and surfaces were differing significantly, parameters like microgel concentration and rota-
tion velocity had to be adjusted for every system to produce a surface coverage of single
particles not interfering with each other.

3.4. Atomic force microscopy

Atomic force microscopy is a type of scanning probe microscopy based on scanning tun-
neling microscopy [Bin1982] and was invented in 1986 [Bin1986]. AFM works on the
basis of molecular interactions between the sample and a probe, with which it is system-
atically scanned. This allows conclusions about the topography of the sample. Besides, it
is possible to record force curves to analyze mechanical and adhesive properties. Several
extensions give rise to a wide array of further possibilities like electrical measurements
or nanolithography and nanomanipulation. In recent years AFM has developed as a stan-
dard method with application in many fields of science, like surface physics, biophysics,
or material science.
The probe of an AFM is usually a tip made of silicon of silicon nitrite (Si3N4) with a typical
radius of 4-30 nm, which is connected to a cantilever. Long-range interactions are usually
dominated by van der Waals forces, while steric repulsion acts in the short-range regime.
Additionally, electrostatic, magnetic, or capillary forces can be relevant. This wide array
of interactions illustrates the versatility of AFM for the analysis of many different systems
and properties. A force F acting on the cantilever results in a deflection x which depends
on its spring constant k according to Hooke’s law:

∆F =−k∆x. (3.1)
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Figure 3.3.: Schematic depiction of an AFM setup.

Figure 3.4.: Scanning electron microscopy image of a) a cantilever and b) a tip close-up
(MikroMasch HQ:NSC18/CR-AU BS).

This deflection is usually detected with a laser which is focused on the backside of the
cantilever and reflected onto four closely spaced photodiodes. Angular displacement of
the cantilever results in some of the diodes collecting more light than the others, so that
the deflection in both lateral and vertical direction can be determined. More rarely used
techniques to detect the cantilever movement make use of piezoresistive methods or capac-
itance measurements. The vertical position of the tip as well as the x-y scanning (which
can be done either by moving the tip or moving the sample) are controlled using piezo
elements. The setup of an AFM is schematically shown in figure 3.3. Figure 3.4 shows a
scanning electron microscopy image of a cantilever and a tip.

3.4.1. Imaging

AFM offers several imaging modes which have to be chosen according to the nature of the
sample. For better understanding, the contact mode, which is the most simple one, will be
introduced first. All images for this thesis were however recorded in intermittent contact
mode, which will be described afterwards.
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Contact mode

The quickest and easiest ways to conduct an AFM measurement is using the contact mode.
Here the sample is scanned with the tip while both are in contact during the whole mea-
surement. This method is also called static AFM. It is possible to scan the sample while
keeping the tip at a constant height, or by adjusting a constant force, while the height is
being permanently regulated by a feedback loop. In the second case, the height signal can
be obtained from the voltage signal of the z-piezo. Scanning at constant height is only
recommended for very smooth samples, as otherwise the forces which are acting between
sample and tip can become very large. This can deform the sample, damage the tip or
even break the cantilever. Certainly, even scanning at constant force may lead to high pres-
sures in the GPa range being exerted on the sample because of the very small contact area.
Therefore contact mode is only suitable for hard and robust samples.

Intermittent contact mode

For the rather soft microgel samples which are subject to this thesis, the much more gentle
intermittent contact mode was applied. Other terms which are used for this method are
AC (alternating current) mode, tapping mode, or dynamic contact mode. Here oscillations
of the cantilever near its resonance frequency are excited by the z-piezo. To determine
the individual resonance frequency each cantilever has to be tuned before measuring. If
measurements are conducted in liquid environment the tuning becomes more difficult be-
cause oscillations of the surrounding medium contribute to the resonance spectrum, which
then shows more than one significant peak. Here it is helpful to roughly determine the
resonance frequency first by fitting the thermal noise spectrum of the cantilever. Addition-
ally, evaporation and variations in temperature strongly influence the resonance spectrum
in liquid, so that the cantilever has to be re-tuned from time to time. The sample is then
scanned by the oscillating cantilever, and is only touched at the reversal point of the oscil-
lation. Thus no lateral force is exerted on the sample, decreasing the chance of damaging
the sample significantly and enabling measurements on soft samples. The direction par-
allel to the relative lateral movement of the scan head and the sample is called fast-scan
direction, and the direction at 90◦ to that is called slow-scan direction.
In the immediate vicinity of the sample the tip can be assumed to be fixed between two
springs with spring constants kc and kts, with kc representing the spring constant of the
cantilever and kts resulting from the interactions between tip and sample. The resulting
spring constant is a linear superposition of those two parts [Seo2008]:

k = kc + kts = kc−
δFts

δxts
. (3.2)

The system can be seen as an externally excited damped harmonic oscillator described by

m∗ẍts +
m∗ω

Q
ẋts + kxts = F0 cos(ωAt) (3.3)
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with the effective mass of the cantilever m∗, the resonance frequency ω , the quality factor
of the cantilever Q, the external exciting force FA, and the exciting frequency ωA. The
resonance frequency of the overall system without considering the damping is

ω =

√
k

m∗
=

√
kc− δFts

δxts

m∗
. (3.4)

The resonance frequency near the surface is shifted from the free resonance frequency ω0
by

∆ω

ω0
≈− 1

2kc

δFts

δxts
(for ∆ω � ω0). (3.5)

If the tip is approaching the sample because of changes in the topography, the resonance
frequency is usually decreased, in case the interactions between tip and sample are attrac-
tive (δFts

δxts
> 0). Because the excitation frequency remains constant the amplitude is de-

creased, i.e., the oscillation is damped. Usually the oscillation is set to a constant, damped
(compared to the free oscillation) amplitude. Accordingly, the tip is approaching the sur-
face until the amplitude setpoint is reached. If the amplitude changes while scanning due
to topographic changes the z-piezo is adjusted by the feedback loop until the cantilever
oscillates with the set amplitude again. The topography can again be determined from the
signal of the z-piezo.
Damping causes an additional displacement of the resonance frequency with

ω
∗
0 = ω0

√
1− 1

2Q2 . (3.6)

This deviation is irrelevant for high quality factors as typically encountered in ambient
conditions (Q>100). In liquid however damping may become relevant. The quality factor
influences the width of the resonance peak, with high Q values producing sharp peaks. The
minimum detectable force gradient is inversely proportional to the square root of Q:(

δF
δx

)
min

∝
1√
Q

(3.7)

Other than the height, there are further channels providing information about the sample.
The amplitude signal is the actual amplitude of the oscillation. Ideally it should be con-
stant, but due to the inertness of the feedback there are deviations, which are especially
helpful to recognize sharp edges. Another insightful channel is the phase signal. It shows
the phase lag between the excitation oscillation and the actual oscillation of the cantilever.
This lag is caused by energy dissipation during the oscillation and depends, besides topog-
raphy, on the stiffness and adhesive properties of the sample. The phase image enables the
distinction of different materials in the sample, even if there are no or only slight changes
in topography. However, because of the different factors influencing the phase signal, it
is hardly possible to gain quantitative information from it. A drawback of the intermittent
contact mode compared to the contact mode is that generally the scan rate has to be lower
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Figure 3.5.: Exemplary force curves: The black line represents a softer material, while the
red line shows a hard material.

and it takes more time to obtain an image. Modern AFM models however have overcome
this drawback, enabling very fast scan rates comparable to static AFM.
AFM software allows to edit images after they are recorded, which is in most cases in-
evitable. For the scans of adsorbed microgels analyzed in this thesis, a first order flattening
was a suitable procedure to obtain meaningful images. Thereby, each scan line is fitted
with a first order polynomial, which is then subtracted from the data.

3.4.2. Static force measurements

The elastic modulus E as well as the adhesion force between tip and sample can be deter-
mined in force measurements. Therefore the tip approaches the sample in contact mode
with a well defined velocity until a certain deflection of the cantilever is reached. Then the
tip is retracted again. Before the measurement the cantilever has to be calibrated with a
force curve on a hard surface to determine the cantilever deflection (inverse optical lever
sensitivity, InvOLS) and the exact spring constant. This is is necessary to be able to convert
a measured cantilever deflection value into the force that acts on the sample. The harder a
sample is, the faster increases the force upon intentation, while soft and compliant samples
exert lesser forces at a given indentation. This is illustrated in figure 3.5, where the black
curve was recorded on a rather soft and the red curve on a harder material. The Hertzian
theory of non-adhesive elastic contact [Her1882] provides a relation between indentation
depth δ , force F and elastic Modulus E

F =
4E
√

R
3(1−ν2)

δ
3/2 (3.8)

for a spherical indenter with radius R and a sample with a Poisson ratio ν . The Poisson
ratio is the ratio of transverse strain to axial strain. It was assumed to be 0.5, which is the
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Figure 3.6.: Principle of a force map on an adsorbed microgel. Every square represents one
force curve.

value for incompressible materials, because of the high water content in the microgels. For
a conical indenter with a half cone angle of 90◦−θ ,

F =
2E

tanθ ·π
δ

2. (3.9)

Only the approach curves were evaluated. As there was a strong adhesion after the contact,
the retract curves could not be used. Because the Hertz model assumes the indentation of
an infinite half-space, only the first part of the force curve with an indentation depth up
to 10% of the microgel height was used to prevent an impact of the substrate. There are
several extensions of the Hertz model that account for adhesive or repulsive interaction
between tip and sample, or other restrictions like finite sample thickness [Lin2008]. For
the microgels examined in this thesis however the Hertz model proved to fit the measured
data sufficiently well.
When force curves are continuously recorded and meanwhile the x-y-scanner is moved, a
map of force curves, a so-called force map, can be recorded. It provides information about
mechanical properties on different spots of the sample, with a well-defined scanning area
and resolution. This allows to analyze a cross-section (as indicated in fields 1-5 in figure
3.6) of adsorbed microgels and compare elastic moduli of different areas (i.e. in the middle
or at the edges). A force map also provides (low resolution) height information derived
from the point of contact in the force curves.

3.4.3. Dynamic force measurements

The complex dynamic modulus G∗ = G′+ iG′′ can be obtained from dynamic force mea-
surements [Mah2000, Alc2003, Rot2014, Hel2016]. The complex modulus consists of a a
real part, the storage modulus (G’) and an imaginary part, the loss modulus (G”). Dynamic
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3.4. Atomic force microscopy

Figure 3.7.: a) Height profile from force map on microgel particle. The red dot indicates the
location of the tip, where dynamic force measurements are performed. b) Example
force against time plot during a dynamic force measurement.

force measurements allow to separately obtain both parts. G’ represents the elastic proper-
ties and G” represents the viscous properties of the sample. A sample which acts perfectly
elastic would give zero phase shift between force and indentation, thus giving only a real
part for the complex modulus. On the other hand, a purely viscous sample would give a
phase shift of 90◦, leaving only an imaginary part for the complex modulus. Samples like
the microgels observed in this study give a phase shift between 0◦ and 90◦ according to
the respective influence of elasticity and viscosity. The quotient of G” and G’ is called loss
tangent and gives information about whether elastic or viscous behavior is dominating.
First a sample with adsorbed microgels is scanned in intermittent contact mode to locate
microgels. Then a standard force map is recorded in the area around a microgel particle.
From the height profile the exact center of the particle can be identified, which is where
the tip is then placed for dynamic measurements as shown in figure 3.7a. The procedure
is exemplarily shown in figure 3.7b. The tip is extended to the surface until a certain force
is exerted on the cantilever (area I in figure 3.7b). This area can be used to calculate E,
just as in static measurements. Then, the tip is left to equilibrate for some time (area II),
where it sinks a little further into the gel. Afterwards the cantilever starts with a sinusoidal
oscillation with a frequency well below the resonance frequency of the cantilever (area
III). Finally the cantilever is retracted from the microgel (area IV). Force and indentation
signals are used for data analysis.

Data analysis

The Hertzian contact mechanics model [Her1882, Joh1987] allows the calculation of the
complex modulus of the sample by

G∗ = G′(ω)+ iG′′(ω) =
1−ν

3δ tan(φ)
F(ω)

δ (ω)
(3.10)
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Figure 3.8.: Sketch of the indentation of a body with an AFM tip. Force F, half tip cone
angle φ , and indentation depth δ are illustrated.

with the Poisson ratio ν (0.5), the indentation depth δ , and the half tip cone angle φ .
The respective variables are illustrated in figure 3.8. F(ω) and δ (ω) are the force and
indentation signals recorded during the oscillation of the cantilever, which are given by

F(ω)

δ (ω)
=

AF(ω)

Aδ (ω)
ei(ϕF (ω)−ϕδ (ω)) (3.11)

with the respective amplitudes A and phases ϕ of the force and indentation signals which
are fitted with a sine function. The shape of the indenter is assumed to be conical here
because of the larger indentation depth compared to static force measurements. Larger
indentations are necessary for dynamic force measurements because the oscillation ampli-
tude should be small compared to the indentation. The approach part of the curves (area
I in figure 3.7b) is equivalent to a static force curve, so the elastic Modulus E can be cal-
culated additionally to the complex modulus from the same measurement. A systematic
correction for the hydrodynamic drag which acts upon the cantilever was performed in ear-
lier studies [Alc2002, Alc2003, Rot2014, Hel2016]. The hydrodynamic drag was however
found to be insignificant for the present system, so correction was not necessary here.

3.4.4. Measurements in a magnetic field

With the Asylum Research Variable Field Module 2 (VFM2) extension, a magnetic field
in lateral direction can be applied to a sample [Asy2013]. As depicted in figure 3.9 it relies
on a rare-earth permanent magnet which can rotate between soft iron pole pieces. The
magnetic flux through the sample is maximized when the magnet is oriented at 90◦ or 270◦,
and zero when the magnet is at 0◦ or 180◦. The rotation is controlled by a motor, and the
magnetic flux density can be adjusted with a precision of up to 10−4 T. Using a permanent
magnet avoids currents which would be needed to maintain a field by electromagnets.
Those currents would cause unwanted heating of the system. For the given thickness of
samples in this study, a maximum flux density of 0.375 T could be reached. A magnetically
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3.4. Atomic force microscopy

Figure 3.9.: Side view sketch of the VFM2 [Asy2013].

sensitive sensor embedded close to the sample mounting area is used to control the desired
field strength. Field gradients in lateral direction are negligible as long as the imaging
region is within 0.25 mm of the center of the sensor, which can be adjusted precisely.
Gradients in vertical direction are insignificant given the submicron height of an adsorbed
microgel.

Experimental details

All images from cononsolvency and/or temperature dependent measurements were ob-
tained using a Nanowizard II (JPK, Berlin, Germany) with a liquid cell. The temperature
was controlled with the associated heater/cooler. Images of magnetic microgels in depen-
dence of an external magnetic field were obtained with an MFP 3D (Asylum Reseach,
Oxford Instruments, Santa Barbara, CA, USA) in a drop of water. OMCL-AC160TS
(Olympus, Shinjuku, Tokyo, Japan) tips with a typical radius of 7 nm and an aluminum
coating on their backside have been used for imaging under ambient conditions (typical
spring constant: 26 N/m). For imaging in liquid, the softer HQ:NSC18/CR-AU BS tips
(MikroMasch, Sofia, Bulgaria) with a typical radius of 8 nm and a chromium-gold coating
on their backside have been used (typical spring constant: 2.8 N/m). Because of the soft-
ness of the microgels, a low scan rate of 0.6 Hz was set for all scans in liquid. Scans in
ambient condition were done at 1.0 Hz. Gwyddion software (GPL) was used for particle
analysis of JPK Nanowizard data, and the Asylum Research software for MFP 3D data,
which provided height, projected surface area, and volume of the adsorbed microgels. At
least three microgel particles have been scanned for every data point. AFM scanning was
done with support from student workers Patrick Krause and Weronika Tabaka.
All force measurements were done with an MFP 3D and with very soft HQ:CSC38/NO
AL tips (cantilever C) (MikroMasch), which are uncoated and have a typical radius of
8 nm, a full tip cone angle of 40◦, and a reference spring constant of 0.05 N/m. In case of
temperature controlled measurements a cooler heater extension was employed. Static force
data analysis with the Hertz model was done using the Asylum Research software, and
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Figure 3.10.: a) Schematic setup of a DLS experiment. b) Geometric illustration of the
scattering vector~q, the wave vektor of the incident light ~ki and the wave vektor of the
scattered light ~k f .

dynamic force measurements were controlled using the dwell panel therein. The amplitude
of oscillations in dynamic force measurements was 10 nm and the frequency was varied
between 5, 10, 20, 40, 60, 80, and 100 Hz. Data analysis was done with support from
Patrick Krause.

3.5. Dynamic light scattering

Dynamic light scattering was applied for characterization of microgel swelling in bulk
solution, allowing the determination of their hydrodynamic radius Rh [Ber2000]. Rh of a
polymer consisting of N monomers is defined as

1
Rh

=
1

N2

〈
∑
i 6= j

1
ri j

〉
(3.12)

with the distance between two monomers i and j ri j and angular brackets representing the
ensemble average [desClo1990]. A typical setup is shown in figure 3.10a. A polarized
laser beam is guided through a lens system by which it is focused on a cuvette containing
the microgel solution. For the sake of temperature control the cuvette is surrounded by
a decalin bath, the refractive index of which matches that of the glass equipment. The
goniometer can be moved for different scattering angles, and a photon multiplier detects
the light scattered at the preset angle.
The diffusion caused by Brownian motion of the particles leads to fluctuations of the scat-
tered light intensity over time. Those fluctuations define the second order intensity-time-
autocorrelation function g2(τ)

g2(τ) =
〈I(~q, t)I(~q, t + τ)〉
〈I(~q, t)〉2

(3.13)

with the correlation time τ , the detected intensity I(~q,t), and the scattering vector ~q, the
geometrical construction of which is depicted in figure 3.10b:

|~q|= q =
4πn
λ

sin
(

θ

2

)
, (3.14)
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3.5. Dynamic light scattering

with the refractive index n. The autocorrelation function is a measure of the similarity of
two noise functions at times t and t+τ . For small correlation times τ the autocorrelation
function takes large values, and usually decreases for longer times τ , as the correlation
between two signals vanishes as time passes. This second order autocorrelation function
can be transformed into the first order field correlation function using the Siegert equation:

g2(τ) = 1+β |g1(τ)|2 (3.15)

with the coherence factor β which is defined by the detector geometry. For monodisperse
particles g1(τ) can be expressed as a single exponential decay function with relaxation rate
Γ:

g1(τ) = e−Γτ . (3.16)

Polydisperse particle solutions yield different relaxation rates and thus a sum of exponen-
tial functions:

g1(τ) = a0 +a1e−Γ1τ +a2e−Γ2τ +a3e−Γ3τ + ... (3.17)

where a0,a1,a2,a3... are amplitudes and Γ1,Γ2,Γ3... are relaxation rates. The autocorrela-
tion function g1(τ) can be analyzed with the method of cumulants. The analysis is usually
performed by expanding lng1(τ) up to the third order:

lng1(τ) = lnA+Γ1τ +
1
2!

Γ2τ
2 +

1
3!

Γ3τ
3 + ... . (3.18)

The diffusion coefficiend D can be calculated by:

Γ1 = Dq2. (3.19)

Then Rh can be calculated using the Stokes-Einstein equation:

Rh =
kBT

6πηD
(3.20)

with the Temperature T, and the dynamic viscosity of the solution η . Additionally, the
polydispersity index PDI can be determined with the cumulant expansion:

PDI =
Γ2

Γ2
1
. (3.21)

Experimental details

Measurements were performed on an LS spectrometer (LS Instruments, Fribourg, Switzer-
land) with a HeNe laser at λ=632.8 nm with 21 mW. For the correlation function the LS
spectrometer was used. The scattering intensity was measured for 30 s at angles between
30◦ and 120◦ in steps of 5◦. In temperature dependent measurements all samples were
heated from 14◦C to 60◦C and then cooled again in steps of 2◦C. To prevent multiple scat-
tering, very low microgel concentrations (transparent solutions) have been used. The data
were fitted with the cumulant fit procedure of third order. Fitting was done with support
from Patrick Krause and Weronika Tabaka. The dynamic viscosity of mixtures of methanol
and water needed for the calculation of the hydrodynamic radius was taken from reference
[Mik1961]. The dynamic viscosity of mixtures of ethanol and water or 2-propanol and
water was measured (see chapter 3.9 and appendix A).
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Figure 3.11.: Schematic setup and beam pathway of a TEM.

3.6. Transmission electron microscopy

Transmission electron microscopy (TEM) is a type of electron microscopy enabling the
direct imaging of a sample by transmittance of an electron beam [Hey1966, Ber1978].
With the introduction of TEM in the 1930s it was for the first time possible to go below the
resolution limit of classical light microscopy. Electrons can be regarded as matter waves
with a de Broglie wavelength λ of

λ =
h

mv
, (3.22)

with the Planck constant h and the electrons’ mass m and velocity v. A higher velocity
leads to smaller wavelengths which can be much below the wavelength of visible light,
resulting in a higher resolution according to:

d =
λ

2nsinα
, (3.23)

where d is the smallest resolvable distance between two object points, n is the refractive
index of the medium in which the lens is working and α is the aperture angle of the lens.
The basic TEM setup is shown in figure 3.11 and is similar to a light microscope. The ther-
mal electron source consists of a glowing tungsten filament serving as cathode, an anode,
and a Wehnelt cylinder that aids the formation of emitted electrons into a beam. Accel-
eration voltages are between several tens and several hundred kV, resulting de Broglie
wavelengths of about 0.04 Å, which is by a factor of 105 smaller than the wavelength of
visible light. Instead of glass lenses, magnetic lenses (coils with pole pieces) are used to
focus the electron beam. The sample, which is prepared on a copper grid, has to be electron
transparent, which means it must not be thicker than a few hundred nanometers.
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3.7. Zeta potential measurements

Figure 3.12.: Stern double layer around a negatively charged particle with illustration of
the zeta potential.

Experimental details

TEM measurements were done by Marcus Witt. They were used in this thesis to analyze
magnetic microgels. The contrast of microgels themselves is quite low, but MNP show
a strong contrast, enabling to analyze the loading of microgels with MNP. Thereby the
number of the MNP per gel, as well as the location in the gel (only in the shell or deep
inside the gel) could be determined. Measurements were performed with a Cryogen TEM
JEM2100 (JEOL, Akishima, Tokyo, Japan). Copper grids with a carbon film (200 mesh,
Science Service, Munich, Germany) were used for the sample preparation. The grids
were cleaned by a glow discharge for 15 s. 5 µL of the sample were placed on the grids.
After 1 min the excess liquid was was blotted with a filter paper. The grids were dried at
room temperature and placed inside the TEM with a sample holder (EM21010, JEOL).
The operation voltage was 200 kV, and images were recorded by a CMOS camera system
(TEMCam-F416, TVIPS, Gauting, Germany). The images were analyzed with ImageJ
1.48v (public domain).

3.7. Zeta potential measurements

The zeta potential is a measure of surface charge and can be measured by a combination
of DLS and electrophoresis, i.e., the movement of colloidal particles under the influence
of an electric field [Mic1995]. The charge of microgels plays an important role concerning
the colloidal stability and adsorption properties, as well as in AFM measurements. The
electric potential, which is accessible by electrophoresis measurements, is, however, not
the direct surface potential, but the zeta potential. To understand this, the situation of a
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charged particle in ionic solutions as depicted in figure 3.12 has to be considered, which
is described by the Stern model. The Stern model is a combination of earlier models by
Helmholtz and Gouy-Chapman. It assumes the formation of an electrical double layer, the
so called Stern layer, in the vicinity of a charged particle surface. The first part of this layer,
the Helmholtz layer, is a fixed arrangement of counter ions, and the second part is a diffuse
layer of ions. The potential decays linearly within the Helmholtz layer, and exponentially
in the diffuse layer. Concerning the movement of ions with a colloidal particle in an electric
field, a slipping plane within the diffuse layer can be defined which separates the ions that
move with the particle and those that are free in the solution. The potential at the location
of this slipping plane can be determined by electrophoresis measurements and is called
zeta potential ζ . The velocity of the particles is measured in a way which is similar to a
DLS setup (see chapter 3.5), only this time the directional movement in an applied field
is measured rather than Brownian motion. The scattering angle is fixed at 173◦ (back-
scattering). The Doppler effect leads to a frequency shift in the laser light proportional
to the particle velocity. This technique is known as Laser Doppler velocimetry [Nit1998,
Dör2002]. A high zeta potential causes repulsive interaction in colloidal dispersions and
therefore a high stability of the system.
The velocity v of particles in an electric Field E is defined by the electrophoretic mobility
µE :

v = µEE. (3.24)

The latter is related to ζ by the Henry equation:

µE =
2ε0εrζ

3η
f (κa), (3.25)

where ε0 is the electric field constant, εr the relative permittivity, η the viscosity of the
medium and f (κa) the Henry function, which is a correction function considering the
particle radius a and the ionic strength via the reciprocal Debye length κ . The Debye
length δ = 1/κ is the distance over which the electric potential is decreased by a factor
of 1/e (e=Euler’s number). Regarding the Henry function, two separate approximations
have to be considered depending on the particle size. For large particles in polar media
(κa� 1) the Helmholtz-Smoluchowski law [Bau1997]

µE =
ε0εrζ

η
(3.26)

is applicable, whereas small particles in solutions of low ionic strength (κa� 1) obey the
Hückel-Onsager law

µE =
2ε0εrζ

3η
. (3.27)

Experimental details

Zeta potentials were measured with a Nano ZS (Malvern, United Kingdom) (λ=433 nm,
4 mW) using the Helmholtz-Smoluchowski model. The samples were highly diluted. Di-
electric constants of mixtures of ethanol and water were taken from reference [Mor1990].
Dynamic viscosity data for mixtures were measured (see chapter 3.9 and appendix A).
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3.10. Contact angle measurements

Figure 3.13.: Illustration of the contact angle of a liquid drop on a solid surface: a) contri-
butions of surface tensions, b) perfect wetting, c) high wettability, d) low wettability,
e) perfectly non-wetting.

3.8. Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy was used to determine the magnetic separability
of solutions of magnetic microgels. Spectra were collected by Marcus Witt with a Cary 50
spectrophotometer (Varian, Palo Alto, CA, USA) at a temperature of 20◦C. The absorbance
(A = log(I0/I)) was measured over time. The sample was mounted on a neodymium
magnet (Nd2Fe12B) to provide the external magnetic field.

3.9. Viscosity measurements

The dynamic viscosity η of ethanol-water and 2-propanol-water mixtures had to be deter-
mined for analysis of DLS and zeta potential measurements (see chapters 3.5 and 3.7). η

is the product of kinematic viscosity ν and the mass density ρ:

η = ρν . (3.28)

The kinematic viscosity ν was measured using a glass capillary viscometer (Lauda, Lauda-
Königshofen, Germany). The density ρ was measured using a DMA 4500 density meter
(Anton Paar, Graz, Austria). η was determined for all used mixtures at 20, 30, 40, and
50◦C, and a linear fit was employed to obtain values at all temperatures.

3.10. Contact angle measurements

The contact angle is a characteristic feature of the molecular interactions between a liquid
and a surface. It defines the surface wettability, as illustrated in figure 3.13. At the contact
line there are three different interfaces, so three surface tensions have to be considered: the
surface tension between solid surface and gas phase γsg, the surface tension between solid
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and liquid γsl , and the surface tension between liquid and gas γlg. They define Young’s
contact angle θY [You1805]:

cosθY =
γsg− γsl

γlg
. (3.29)

In case of water, a contact angle θY < 90◦ characterizes a hydrophilic surface (see figure
3.13c), whereas a surface with θY > 90◦ is termed hydrophobic (see figure 3.13d).

Experimental details

Contact angle measurements were performed via the sessile drop method using an OCA
system (DataPhysics Instruments, Filderstadt, Germany). A liquid droplet was placed on
the surface and the contact angle was determined by optical microscopy.

3.11. Molecular dynamics simulations

All-atom molecular dynamics simulations of PNIPAM chains in mixtures of ethanol and
water were performed by Dr. Debashish Mukherji from Max-Planck-Institute for Polymer
Research Mainz using the GROMACS 4.6 package [Pro2013]. The force field parameter
for PNIPAM is taken from reference [Wal2012]. The SPC/E water model [Ber1987] and
OPLS force field for ethanol [Jor1996] have been used. The temperature is controlled
using velocity rescaling [Bus2007] with a coupling constant of 0.5 ps. The time step for
the simulations is chosen as 1 fs. The simulations are performed with a constant pressure
ensemble, where the pressure is controlled using a Berendsen barostat [Ber1984] with a
coupling time of 0.5 ps and 1 atm pressure. The electrostatics are treated using Particle
Mesh Ewald [Ess1995]. The interaction cutoff is chosen as 1.0 nm. The PNIPAM chain
length is chosen as Nl = 32 ∼ 12`p, with `p being the persistence length. The chain is
solvated in a simulation box consisting of 3.0× 104 solvent molecules. Each polymer
configuration is simulated for 100 ns, where the data from the last 50 ns is used for the
analysis. Note that the time scale of simulation is about one order of magnitude larger than
the typical end-to-end distance relaxation time τ ∼ 3 ns for Nl = 32, which is calculated
using the auto-correlation function 〈Re(t) ·Re(0)〉 ∼ e−t/τ .
Those simulations yield the radius of gyration of the polymer chains Rg, which is the root
mean square distance of the monomers from the center of mass of the polymer:

R2
g =

1
N

〈 N

∑
k=1

(rk− rmean)
2
〉
. (3.30)
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4. Cononsolvency in bulk solution:
temperature dependent shrinking and
reswelling

This chapter contains parts of the publication: S. Backes, P. Krause, W. Tabaka, M. U. Witt,
D. Mukherji, K. Kremer, R. von Klitzing, Poly(N-isopropylacrylamide) Microgels under
Alcoholic Intoxication: When a LCST Polymer Shows Swelling with Increasing Tempera-
ture, ACS Macro Lett. 6 (2017), 1042-1046.

4.1. Introduction

When a polymer chain collapses upon increase of solution temperature T, this transition
point is referred to as an LCST. The LCST is usually associated with the breakage of hy-
drogen bonding between a monomer and the solvent molecules. In this process, the trans-
lational entropy gain of the expelled solvent molecules, because of the broken monomer-
solvent hydrogen bonds, gets larger than the combined effect of the conformational entropy
loss of the chain upon collapse [Sch1992, Sen1999, Pel2000, Kra2001, Ber2003, Sti2004].
When a chain collapses upon increase of T, the gain in entropy caused by the expelled
solvent molecules becomes dominant over energy and drives the coil-to-globule transition.
Also intramolecular hydrogen bonding supports the collapse, but this is not essential, since
also polymers with only proton acceptors in the side chain show an LCST [Sch2015]. On
the other hand, when a polymer expands upon increase of T, this is refered to as a UCST
and is driven by the reduction of interaction energy between different solvent components
[deGen1979, desClo1990].
PNIPAM is a standard polymer showing LCST behavior with LCST ≈ 32◦C in pure water
[Wu1998, Koj2013]. PNIPAM microgels undergo a volume phase transition and shrink
at about the same temperature [Sen1999, Sch2012]. In mixed solvents of PNIPAM mi-
crogels with water and alcohol, the cononsolvency effect can be observed. While both
water and alcohol are good solvents for PNIPAM, a small amount of alcohol added to
the aqueous PNIPAM solution is enough to induce gel collapse. Upon further addition of
alcohol in PNIPAM solution, the gel swells up again [Ric2014]. Furthermore, for small
volume fractions of alcohol in water, the VPTT of microgels (or LCST for a chain) de-
creases with increasing alcohol content [Win1990, Sch1991, Koj2013, Bis2014]. While
there are several more explanations of cononsolvency based on various competing factors
in complex ternary mixtures [Sch1991, Zha2001, Cos2002, Tan2008, Tan2009, Hao2010,
Koj2011, Koj2013, Dud2015, Rod2015, Bud2016, Kyr2016a, Kyr2016b], some theoretical
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4.2. Results

Figure 4.1.: a) Hydrodynamic radius of PNIPAM and P(NIPAM-co-AAc) microgels
against ethanol concentration at 20◦C. b) 3D representation of the combined DLS
data for PNIPAM microgels.

studies have shown the preferential adsorption of alcohol molecules at PNIPAM in com-
parison to the one of water [Wal2012, Muk2013, Hey2013, Muk2014, Muk2016]. Those
concepts are described in more detail in chapter 2.3.
The majority of studies have concentrated on the LCST of PNIPAM. However, recent
works also reported a UCST-like reswelling for high ethanol concentrations φe, i.e, φe >
45 vol% [Cos2002, Bis2014]. This is unexpected, given that systems dominated by hydro-
gen bonded interactions usually exhibit an LCST. Therefore, it is worthwhile to investigate
the UCST-like behavior of PNIPAM and if the reswelling is indeed a UCST transition. In
this chapter the cononsolvency effect of PNIPAM is analyzed by DLS measurements of
microgels and simulations of linear chains. The study is focused in particular on the tem-
perature dependency of cononsolvency. It is shown that PNIPAM is not always in a col-
lapsed state above its LCST or VPTT. Instead, for T > 50◦C, PNIPAM shows reswelling
in aqueous solutions containing methanol, ethanol and propanol. The present analysis in-
dicates that the delicate microscopic interaction details, together with the bulk solution
properties, play a key role in dominating the reswelling of a standard LCST polymer.

4.2. Results

4.2.1. DLS experiments in mixtures of water and alcohols

First the dependence of the hydrodynamic radius on the ethanol concentration was checked.
Figure 4.1a shows hydrodynamic radii of PNIPAM and P(NIPAM-co-AAc) microgels at
20◦C in different water-ethanol mixtures. As shown before [Kra2000,Kar2008,Bur2010b,
Bur2011a], the microgels with comonomer are significantly larger. PNIPAM has a maxi-
mum radius of 236 nm, while P(NIPAM-co-AAc) microgels are much larger, with a max-
imum radius of 658 nm. The cononsolvency effect however is strikingly similar for both
gels, with both of them reaching a minimum radius at 30 vol% ethanol. Their respective
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minimum radii of 143 nm and 351 nm both correspond to about 60% of the radii in pure
water.
The central part of the present study is the temperature-dependence of microgels in conon-
solvent water-ethanol mixtures. Figure 4.1b shows a full overview diagram of the phase
behavior of PNIPAM microgels depending on both temperature and ethanol concentra-
tion. To get a more detailed insight, the graphs from the separate measurement cycles are
presented in the following paragraph.
Figure 4.2 shows results from heating-cooling-cycles of PNIPAM measured by DLS in
different water-ethanol mixtures. Up to 20 vol% ethanol, a VPTT can be clearly observed.
The minimum temperature where the plateau of the shrunken state is reached is decreased
from 34◦C in pure water to 30◦C in 10 vol% ethanol and 20◦C in 20 vol% ethanol. For
higher ethanol concentrations, only a slight swelling is observed below 30◦C. A remark-
able observation, given the usual LCST behavior of PNIPAM, is the reswelling that occurs
in mixtures at temperatures above 50◦C. While the gel remains collapsed in pure water
up to 60◦C, the radii of gels in 10 to 50 vol% ethanol start increasing again at 50◦C. In
contrast to water, there is no VPTT in pure ethanol. The plateau minimum radius between
the VPTT and 50◦C increases with increasing ethanol concentration from around 89 nm in
pure water to around 160 nm in pure ethanol. No hysteresis is observed for the heating and
cooling curves.
The same set of measurements was performed for P(NIPAM-co-AAc) microgels, as shown
in figure 4.3. In contrast to pure PNIPAM, the VPT extends over a much broader temper-
ature range. In pure water, it takes place between 28◦C and 46◦C. The microgels show a
steady decrease in radius in this temperature range, and no two steps, which might orig-
inate from the two polymers, is observed. Additionally, they show a VPTT around 26◦C
in 80 and 100 vol% ethanol. Similar to PNIPAM microgels, no hysteresis between heating
and cooling is observed. The strong scattering of the DLS data do not allow to make a clear
statement regarding a possible reswelling of P(NIPAM-co-AAc) microgels above 50◦C.
Other than ethanol, two more alcohols have been used to create a cononsolvent system for
PNIPAM, namely methanol and 2-propanol. As has been observed for ethanol, the most
interesting points are for low alcohol concentrations, where the decrease of the VPTT and
the emerging of a reswelling above 50◦C can be observed. Therefore, only alcohol con-
centrations up to 50 vol% have been considered. Figure 4.4 shows the results for methanol.
The cononsolvency effect is weaker here, as 10 vol% methanol only decrease the VPTT
(temperature where the plateau minimum is reached) by 2◦C to 32◦C, and 20 vol% by 4◦C
to 30◦C. Even for 30 vol% there is still significant swelling for lower temperatures, in con-
trast to the fully collapsed particles in 30 vol% ethanol. Additionally, the reswelling above
50◦C is present here, but less pronounced than in ethanol.
The temperature dependent swelling behavior of PNIPAM in solutions of water and 2-
propanol is shown in figure 4.5. A lower amount of alcohol is needed in this case to
influence the VPTT. 10 vol% of 2-propanol already decreases the VPTT to 18◦C. The
reswelling above 50◦C is by far the most pronounced for 2-propanol. Comparing this to
the results from methanol and ethanol, the volume fraction which is needed to decrease the
VPTT by a certain value decreases for larger alcohols. Additionally, the reswelling above
50◦C is stronger for larger alcohols.
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Figure 4.2.: DLS measurements of the hydrodynamic radius of PNIPAM microgels against
temperature in different mixtures of water and ethanol. The gray bar indicates the
VPTT.
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Figure 4.3.: DLS measurements of the hydrodynamic radius of P(NIPAM-co-AAc) micro-
gels against temperature in different mixtures of water and ethanol.
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Figure 4.4.: DLS measurements of the hydrodynamic radius of PNIPAM microgels against
temperature in different mixtures of water and methanol.

Figure 4.5.: DLS measurements of the hydrodynamic radius of PNIPAM microgels against
temperature in different mixtures of water and 2-propanol.
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Figure 4.6.: DLS measurements of the hydrodynamic radius of PNIPAM microgels against
temperature in 10 and 20 vol% ethanol. The samples were prepared by dissolving the
microgels in pure water and then adding the respective amount of ethanol, by dissolv-
ing them in pure ethanol and then adding water, and by dissolving them directly in
the already prepared respective solution of water and ethanol.

An interesting question is if solvent molecules are freely interchangeable in microgels,
or if they show a hysteresis based on their solvation history. Therefore, microgel solu-
tions which have been prepared in three different ways are compared. The samples for
all other experiments presented here have been produced by putting the freeze-dried mi-
crogels into the already prepared respective ethanol-water mixture. Now, microgels have
been additionally dissolved in pure water and pure ethanol. The respective amount of the
other solvent has been added later. As shown in figure 4.6, it makes no difference for the
temperatue-dependence of the hydrodynamic radius if the microgels are first dissolved in
water or ethanol, or directly in the mixture where the measurement takes place. The mi-
crogels can freely adjust to the present ethanol concentration, irrespective of their history.

4.2.2. Simulation results

To understand the experimentally observed conformational behavior of PNIPAM micro-
gels in figure 4.2, all atom molecular dynamics simulations of a PNIPAM chain of length
Nl=32 for three different φe were performed. Figure 4.7b shows the simulation data of the
change in radius of gyration Rg with T, which is compared to the experimental data for
hydrodynamic radii in the respective solutions in figure 4.7a. Simulation data qualitatively
capture the observed experimental trend , while there is a shift in T of about 10◦C com-
pared to the experimental data. Both the reduction of the LCST (or VPTT for microgels)
and the reswelling in 55 vol% ethanol are reproduced well in the simulation.
Using all-atom simulation trajectories, the radial ethanol mole fraction x∗e(r) = xe(r)/xe
around the polymer backbone normalized to the bulk mole fraction xe is calculated for
two different temperatures. The main panel of figure 4.8 shows x∗e(r) with radial distance
r from the PNIPAM backbone (for xe = 0.17 or φe=40 vol%). In the first solvation shell
between 0.2 < r < 0.6 nm, x∗e(r) is almost twice as high as in bulk. To rationalize this
issue, the number of hydrogen bonds between different solution components is calculated,
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Figure 4.7.: Comparison of a) the hydrodynamic radius of PNIPAM microgels as deter-
mined in DLS experiments, and b) the radius of gyration of PNIPAM chains as deter-
mined in all-atom MD simulations against temperature in different mixtures of water
and ethanol.

such as the NIPAM-NIPAM Npp
hb , NIPAM-ethanol Npe

hb , and NIPAM-water Npw
hb (see inset

of figure 4.8). While Ntotal
hb =Npw

hb +Npe
hb changes by about 30% between lowest and highest

temperatures, Npp
hb remains constant. Furthermore, the excess of NIPAM-ethanol hydrogen

bonds Npe
hb = Npe

hb/(xeNtotal
hb ) is around 1.8, which is consistent with a factor of 1.9−2.0 in

coordination number in the first hydration shell (see main panel of figure 4.8).
The miscibility of the two solvents plays a major role for the solubility behavior of PNI-
PAM. A quantity that gives a good estimate of the miscibility in a binary solution is the
Kirkwood-Buff integral Gi j [Kir1951] given as

Gi j = 4π

∫
∞

0

[
gi j(r)−1

]
r2dr, (4.1)

where gi j(r) is the pair distribution function between two components i and j, respectively.
Figure 4.9 shows a comparative plot of Gi j between different solvent components and
for two different temperatures. The information presented in figure 4.9 can be translated
into a preferential solvation parameter η = Gee +Gww− 2Gew, which is equivalent to the
effective χ ∼ η/2 parameter. It is found that χ ∼ 0.16 for ambient conditions and χ ∼ 0.23
for T= 65◦C. Note that for phase separation χ� 1, so the bulk solution remains stable for
all temperatures.

4.3. Discussion

The theoretical analysis suggests that preferential binding of PNIPAM to ethanol molecules
compared to water is a driving force behind the decrease in VPTT with increasing ethanol
concentration. The interaction energy between ethanol and a monomer of PNIPAM is
about 6-8kBT in comparison to NIPAm-water that is 2-4kBT, leading to a interaction con-
trast of about 4kBT per monomer [Muk2013]. Upon addition of small amounts of ethanol,
loops with ethanol bridges form in the gel, which makes the gel shrink. These ethanol
bridges are formed because the -OH group of ethanol makes preferential hydrogen bonds
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Figure 4.8.: a) The main panel shows simulation data of the normalized ethanol mole frac-
tion x∗e(r) = xe(r)/xe as a function of radial distance from the polymer surface. Here
xe is the reference mole fraction of methanol in bulk solution. The results are shown
for φe=40 vol% (or xe = 0.17) and for two different temperatures T. Note that for
convenience, xe is presented, and not φe as used throughout this chapter. The inset
shows the total number of hydrogen bonds between monomer of a polymer with sol-
vent molecules Ntotal

hb = Npw
hb +Npe

hb (black), PNIPAM-PNIPAM hydrogen bond Npp
hb

(green), and the excess of NIPAM-ethanol hydrogen bond Npe
hb = Npe

hb/(xeNtotal
hb ) (red)

as a function of T. Here Npw
hb and Npe

hb are PNIPAM-water and PNIPAM-ethanol hy-
drogen bonds, respectively.
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Figure 4.9.: Kirkwood-Buff integral Gi j between ethanol-ethanol, ethanol-water, and
water-water. The top panel is for ambient conditions and the lower panel is for
T= 65◦C

with the amide group of a NIPAM monomer (see the red curve in the inset of 4.8), while the
hydrophobic group of ethanol binds to the isopropyl group of another NIPAM monomer far
along the polymer contour. Furthermore, not just one ethanol molecule is forming bridges,
but it is a rather collective effect of several ethanol molecules forming these sticky contacts
[Muk2016].
Preferential adsorption of one solvent seems however not to be the sole requirement for
the appearance of the cononsolvency effect. Scherzinger et al. have analyzed the conon-
solvency effect for polymers with secondary amide side chains, i.e., hydrogen bond donor
and acceptor functions, and tertiary amide side chains, which only have a hydrogen bond
acceptor function [Sch2015]. Although all analyzed polymers have a preferentiability to-
wards methanol compared to water, only those with a secondary amide group show a
significant cononsolvency effect. An additional requirement therefore seems to be the
ability of the polymer to form intramolecular hydrogen bonds to support the shrinking.
The temperature effect however is stronger than the cononsolvency effect, and all systems,
including those without intramolecular hydrogen bonds, do show a VPTT.
Preferentiability of PNIPAM towards ethanol in comparison to water remains unaltered
irrespective of T, as shown in the red curve in figure 4.8. Therefore, if there is always
an excess of ethanol even for T > 60◦C, why should PNIPAM swell and not remain col-
lapsed? A closer investigation of the phase diagram of PNIPAM in pure water reveals that,
for T > 32◦C, PNIPAM becomes insoluble as the solvent quality changes from good to
poor [Wu1998, Koj2013]. However, no such LCST or VPTT behavior is observed in pure
ethanol. This supports the assumption that ethanol is always a good solvent for PNIPAM
within the known regime of T ≤ 60◦C. Therefore, the plateau minimum hydrodynamic
radius at 30◦C < T < 50◦C increases when ethanol is added (for φe > 20%), as shown in
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Figure 4.10.: Hydrodynamic radius of PNIPAM microgels measured by DLS as a function
of ethanol volume fraction for T=44◦C

Figure 4.11.: a) Comparison of the hydrodynamic radius in dependence of φe for
20◦C(<VPTT) and 60◦C(>VPTT). b) Number density of mixtures of water with
methanol and ethanol.
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figure 4.10. The lack of transition temperature in ethanol leads to a situation at 60◦C where
good solvent molecules (ethanol) for a polymer are added to a poor solvent solution (wa-
ter) for the same polymer. This is in contrast to the situation at lower temperatures, where
there are two competing good solvents. In figure 4.11a, Rh of the PNIPAM microgel is
compared for 20◦C and 60◦C. While it shows a miscibility gap for intermediate ethanol
concentrations at 20◦C, Rh continuously increases with increasing φe at 60◦C.
Furthermore, for higher φe, most Rh values are smaller at 60◦C than at 20◦C. In this context,
it should be noted that water and alcohol are almost perfectly miscible at 60◦C. Had the
bulk solution phase separated, one would have expected that the ethanol molecules would
prefer complete enrichment of PNIPAM backbone and thus expel water molecules from
the first solvation shell. This would have led to a complete expansion of the collapsed
PNIPAM microgel for the full φe range.
The above observation raises a question about the reason for smaller Rh values at 60◦C
and higher φe compared to 20◦C. The smaller Rh values suggest an increased attraction
between the monomer beads. This can be understood by looking into Ntotal

hb data in the
inset of figure 4.8, which shows that Ntotal

hb decreases with increasing T. Thus, around 30%
of the solvent molecules close to the polymer backbone are being expelled. From the
theory of depletion forces, it is known that the expelled solvent molecules often induce
a repulsive force between monomer and the solvent molecules. This in turn leads to an
effective attractive interaction between monomers. This attraction is known as depletion
(or reduced coordination) induced attraction from colloidal science [Lek1990]. Here, be-
cause of the broken hydrogen bonds at high temperatures, the expelled solvent molecules
induce a depletion effect onto the system, leading to an effective attraction between NI-
PAM monomers of a microgel. Furthermore, such depletion effects are directly related to
the bulk solution number density ρn. The higher ρn, the stronger the depletion effect gets.
Therefore, this hypothesis has been tested by studying the swelling behavior in different
aqueous solutions, namely methanol, ethanol, and 2-propanol, as shown in figures 4.4 and
4.5. Here, ρmethanol

n > ρethanol
n > ρ

propanol
n for a given volume fraction, which is shown in

figure 4.11b for methanol and ethanol. As expected, it is found that Rmethanol
h = 125 nm,

Rethanol
h = 162 nm, and Rpropanol

h = 230 nm at 60◦C. This confirms the hypothesis that a
lower number density as for 2-propanol leads to a lower depletion force, and therefore a
more swollen microgel, while the opposite happens for methanol.
The observed preferentiability also explains why a plateau between 32◦C and 50◦C occurs.
The inset in figure 4.8 shows an almost continuous decrease of the total number of hydro-
gen bonds Ntotal

hb up to 45◦C. Ntotal
hb changes by about 30% between the lowest and highest

temperature. Therefore, within the range of 32◦C<T< 45◦C a microgel still contains a
large amount of solvent molecules.
The incorporation of AAc into the microgels leads to a broadening of the VPT for P(NIPAM-
co-AAc). While the VPTT for PNIPAM is around 32◦C, the VPTT of AAc is around 45◦C
[Bur2011a]. For higher AAc concentrations (about 20 mol%), a two-step transition is ob-
served, which is explained by PNIPAM and AAc subcompartments. The 5 mol% AAc
used here however are not enough to effectively build these subcompartments, so only a
broadening is observed. This is consistent with literature [Bur2011a]. Data at high ethanol
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Figure 4.12.: A representative phase diagram of microgel conformation with changing
ethanol volume fraction φe and temperature T. Arrows indicate volume phase tran-
sitions and their respective mechanisms.

concentrations (φe ≥ 60 vol%) indicate an LCST-type behavior, which was not observed
for pure PNIPAM. Therefore this is probably caused by the AAc, and could be explained
by a lower binding energy of ethanol to AAc compared to NIPAM, so that high tempera-
tures can break the hydrogen bonds. Other than that, the broad transition and the strong
scattering of the DLS data do not allow an exact analysis of transition temperatures as for
pure PNIPAM microgels.

4.4. Conclusion

In summary, this study combines experiments and simulation for a detailed microscopic
investigation of the effect of temperature T and ethanol volume fraction φe on the complex
phase diagram of PNIPAM based microgels. A representative phase diagram with the
respective mechanisms is shown in figure 4.12.
The microgels show the expected swelling-collapse-swelling transition of PNIPAM with
increasing alcohol concentration at a given T<VPTT, which can be explained by pref-
erential adsorption of ethanol. The VPTT consequently decreases for increasing ethanol
concentration. The system shows an unexpected reswelling above a transition tempera-
ture of 50◦C, which is independent of the ethanol concentration or the size of the alcohol
molecules. While linear chains have been shown to exhibit a UCST-like behavior be-
fore in mixtures of water and ethanol [Bis2014], a reswelling of microgels in mixtures of
methanol, ethanol, and 2-propanol has been observed for the first time. Molecular dynam-
ics simulations of linear PNIPAM chains reveal a delicate interplay between the preferen-
tial binding of the monomer with the better solvent, the solvent quality contrast and the
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bulk solution number density. This process is therefore not a standard UCST-like swelling,
which would be explained by weakening of strong supramolecular interactions upon heat-
ing. Adding the comonomer AAc makes PNIPAM microgels shrink in ethanol at high T
in a similar way as in water. Thereby the cause for reswelling at high T is eliminated, and
the gels remain more shrunken.
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5. Cononsolvency at surfaces

This chapter contains parts of the publication: S. Backes, P. Krause, W. Tabaka, M. U.
Witt, R. von Klitzing, Combined Cononsolvency and Temperature Effects on Adsorbed
PNIPAM Microgels, Langmuir 33 (2017), 14269-14277.

5.1. Introduction

The temperature responsiveness as well as the cononsolvency effect, which have already
been subject to the previous chapter, are among the most prominent stimuli which make
PNIPAM a smart polymer. To employ PNIPAM for example in sensors, the gel is likely
to be adsorbed to a surface. Because of the significant compression of microgels upon
adsorption [Sch2008b, Bur2010b], this case has to be analyzed thoroughly. The higher
polymer density in adsorbed microgels can affect their stimuli response in several ways.

As described in detail in chaper 2.3, there are mainly two studies concerning cononsol-
vency of PNIPAM microgels on surfaces. While Heppner et al. [Hep2013] have seen no
deviation from bulk behavior for microgels between two gold layers in water-methanol
solutions, Richter et al. [Ric2014] have observed an increase of the concentration where
the volume is minimal for microgels adsorbed to PAH compared to bulk.

The contradiction of those findings from previous studies of adsorbed microgels leads to
the present work. The question is if the degree of hydrophilicity of the surface has an effect
on the solvent composition within the gel. The influence of adsorption to both PAH and
gold surfaces on the cononsolvency effect in water-ethanol mixtures is studied by AFM.
The surfaces are first characterized by AFM and contact angle measurements. Addition-
ally, the temperature effect in cononsolvent systems is analyzed systematically for the first
time on both surfaces, and the influence of the sample preparation is examined. Those
findings are compared to the behavior of PNIPAM microgels in bulk solution, which has
been studied by DLS. Additional insights are provided by dynamic force measurements
with AFM, which have been performed on microgels for the first time with varying tem-
perature in different solvent compositions. Because of their larger size, which facilitates
the analysis, P(NIPAM-co-AAc) microgels were employed for this. By those measure-
ments the storage and loss moduli can be obtained separately, giving information about
elastic and viscous properties. This allows to draw conclusions about the internal structure
of the polymer-solvent system.
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5.2. Results

Figure 5.1.: AFM scan of various surfaces: a) silicon wafer (dry), b) PAH-coated wafer
(dry), c) PAH-coated wafer in water, d) gold-coated wafer (dry).

5.2. Results

5.2.1. Characterization of surfaces

To understand interactions between microgels and surfaces, first the surfaces have to be
characterized. An important parameter concerning the contact area and the sticking of
microgels to the surface is the roughness. It can be accessed by AFM. There are several
one-dimensional parameters to characterize surface roughness. One of the most commonly
used is the root mean square (RMS) roughness, which is the mean square deviation of the
single height data points from the mean value yi:

RRMS =

√
1
n

n

∑
i=1

y2
i (5.1)

Data were obtained by scanning a 5 µm x 5 µm area, choosing five 1 µm2 squares from this,
calculating RRMS, and taking the average of those five values. Scans of the used PAH-
coated wafer (both dry and in water, as the polymer coating might change its properties
in liquid environment), the gold-coated wafer (only dry), and a bare dry silicon wafer for
comparison, are shown in figure 5.1. The obtained RRMS values are given in table 5.1
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Surface RRMS [pm]
Silicon 357

PAH (dry) 268
PAH (liquid) 384

Gold 923

Table 5.1.: RMS roughness data for different surfaces determined by AFM.

Figure 5.2.: Contact angle measurements of water on a) a PAH- and b) a gold-coated wafer.

RRMS values are all below 1 nm, which shows that the surfaces are all very smooth. The
highest roughness is observed for gold because of the grainy structure of the coating, but
even here the roughness is low enough, so that no significant impact is expected.
Another important factor characterizing the surface, especially when considering that ex-
periments are conducted in mixtures of water and ethanol, is the contact angle of those
liquids. The ethanol contact angle was so low both on PAH and on gold that it could not be
measured with the given experimental setup. The contact angles of water however could
be compared, as shown in figure 5.2. PAH is a hydrobphilic surface with a contact angle
of 44◦, while gold is less hydrophilic and has a contact angle of 87◦.

5.2.2. Characterization of adsorbed microgels

At first it is interesting to study how microgels adsorb to different surfaces depending on
the sample preparation. Therefore, they have been scanned in ambient condition under
a nitrogen stream after spincoating from pure water, and from 10 and 20 vol% ethanol
solutions on PAH and gold wafers. Exemplary cross-sections of the scans can be seen in
figure 5.3. On both surfaces, microgels become higher and slightly narrower, and overall
larger when the amount of ethanol in the spincoating solution is increased. For PAH, the
same trend has already been observed in reference [Ric2014].
To quantitatively study the adsorption behavior of the microgels, their volume, height,
projected surface area, and flatness (quotient of the microgel radius on the surface and its
height) are shown both in dry conditions as well as immersed in pure water or ethanol in
figure 5.4. Values are averaged from at least four microgels. Because immersion in ethanol
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Figure 5.3.: Cross-sections of AFM scans of PNIPAM microgels spincoated from pure wa-
ter and solutions of 10 and 20 vol% ethanol on a) a PAH- and b) a gold-coated wafer
(measured in ambient condition).

Figure 5.4.: Comparison of a) volume, b) projected surface area, c) height, and d) flatness
(rSurface/height) of PNIPAM microgels on gold and PAH as measured by AFM. The
microgels were spincoated from aqueous solutions containing 0 vol% (not further in-
dicated), 10 or 20 vol% ethanol and were measured in ambient conditions (dry), in
water, or in ethanol.
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Figure 5.5.: Zeta potential, charge density, and total number of charges per microgel for
P(NIPAM-co-AAc) microgels in various ethanol-water mixtures below (20◦C) and
above (50◦C) the VPTT.

leads to detachment of the microgels from gold, there are no data to present for this case.
Generally, the microgels are always bigger on PAH than on gold, and when spincoated
from pure water, they are flatter on gold. Their dimensions in both lateral and vertical
direction are larger in water than in ethanol.
A good indicator for interactions between microgels and surfaces is the swelling ratio fA
for the surface areas A, which can be calculated as

fA =
Aliquid

Adry
, (5.2)

as well as the swelling ratio fV concerning the volumes V, given as

fV =
Vliquid

Vdry
. (5.3)

The swelling ratios given in table 5.2 clearly show that microgels on gold swell more in
the lateral direction than microgels on PAH. On PAH, microgels swell more in water than
in ethanol.

on PAH on Gold
fA,water 2.53 3.59

fA,ethanol 2.47 -
fV,water 14.18 20.25

fV,ethanol 11.83 -

Table 5.2.: Particle swelling ratio from ambient to liquid conditions at 20◦C.

To characterize the electrostatic interaction of microgels with the surfaces or AFM can-
tilevers, the zeta potential has been measured. Pure PNIPAM microgels possess a very low
zeta potential of about -1.5 mV in water at 20◦C, which corresponds to an average 1.5 neg-
ative charges on the gel surface. P(NIPAM-co-AAc) microgels however have a higher zeta
potential, which is introduced by the anionic comonomer. Zeta potentials, charge density,
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5.2. Results

Figure 5.6.: a) Relative volume of PNIPAM microgels on PAH measured by AFM at 20◦C
while first increasing the ethanol concentration from 0 to 100 vol% and then decreas-
ing it again to 0 vol%. Values are normalized with respect to the minimum at 40 vol%
ethanol while increasing the ethanol concentration. b) Relative volume of PNIPAM
microgels on PAH against temperature in 0, 10, and 20 vol% ethanol, where they
exhibit a VPTT. Values are normalized with respect to the value at 50◦C in the re-
spective water-ethanol mixture. c) Hydrodynamic radius of PNIPAM microgels in
bulk solution measured by DLS at 20◦C at various ethanol concentrations. d) Hydro-
dynamic radius of PNIPAM microgels in bulk solution against temperature in 0, 10,
and 20 vol% ethanol.

and the total number of charges on the microgel surface are presented in figure 5.5. The
charge density could be calculated with the Grahame equation [Isr1998]:

σ =
2ε0εrkBT

eδ
sinh

eζ

2kBT
(5.4)

with the vacuum permittivity ε0, the relative permittivity εr, the Debye length δ , the zeta
potential ζ , and the elementary charge e. The zeta potential is mostly lower at 20◦C, but
given the larger size compared to 50◦C, the number of charges is higher at 20◦C. Highest
charge densities are observed for small particles, i.e., at 50◦C and in 30 vol% ethanol.

5.2.3. Swelling and responsiveness on different surfaces

The topography of adsorbed microgels was scanned with AFM in the respective water-
ethanol solutions. The imaging of soft microgels in liquid is rather challenging and time-
consuming. Therefore the results presented in this chapter could not be achieved within
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one day. As a consequence the AFM cell with the sample had to be reset another day with
another cantilever and the apparatus parameters like setpoint and gain had to be adjusted
to get the optimum results. Therefore absolute values for the dimensions of microgels
were not always comparable, and only the volume relative to the minimum value of the
collapsed particles (at 50◦C or, for measurements at a constant temperature in changing
water-ethanol mixtures, at the concentration where the volume is minimal) is shown for
the temperature dependent measurements to ensure comparability. In contrast the data
shown in figure 5.4 could be obtained with the same cantilever and the same (or at least
very similar) apparatus parameters (setpoint, gain). Therefore absolute values are shown
there. The adsorbed microgels possess a contact angle of 20-40◦, which is well below 90◦.
Therefore no major artifacts resulting from the tip geometry are expected, which might
arise in systems possessing sharp edges.
Figure 5.6a shows the relative volume of PNIPAM microgels on PAH. The ethanol con-
centration is increased from pure water to pure ethanol and then decreased to pure water
again at a constant temperature of 20◦C. The same set of particles was observed through-
out the whole composition cycle. No significant hysteresis is observed. Figure 5.6b shows
the relative volume of PNIPAM microgels on PAH in fixed mixtures of 0, 10, and 20 vol%
ethanol. The temperature is increased from 10 to 50◦C in steps of 5◦C. 10 vol% ethanol
have no effect on the VPTT, but 20 vol% decrease it by approximately 5◦C to a value
between 25 and 30◦C. Figures 5.6c and d show the corresponding data from DLS mea-
surements in bulk (taken from chapter 4). A slight shift of the composition where the
minimum is located can be seen for microgels adsorbed to PAH compared to bulk. While
the minimum volume in bulk is observed at 30 vol%, on PAH 40 vol% are needed for the
maximum collapse. Additionally, in bulk, 10 vol% ethanol already lead to a decrease of
the VPTT by 4◦C and 20 vol% ethanol lead to a decrease by more than 10◦C, in contrast
to the behavior on PAH.
At 30 vol% ethanol or more, no VPTT is present anymore. Temperature curves of all
measured ethanol concentrations on PAH can be seen in figure 5.7. For all systems which
show a VPTT, it is marked by a gray bar.
To compare the different surfaces, measurements with increasing temperature in 0, 10,
and 20 vol% ethanol have also been conducted on gold, as shown in figure 5.8a. The
results on gold resemble those on bulk (see figure 5.6d) with a reduction of the VPTT by
5◦C for 10 vol% ethanol and 15◦C for 20 vol% ethanol. Figure 5.8b shows the relative
volume depending on the ethanol concentration at 20◦C. In contrast to PAH, the ethanol
concentration could only be increased from 0 to 80 vol%, because PNIPAM microgels
detach from gold in pure ethanol. Therefore, no full composition cycle up to pure ethanol
with subsequent decrease of the ethanol concentration could be measured. The minimum
volume is observed at 30 vol% ethanol, which is the same value as in bulk, and 10 vol%
lower than on PAH.
So far, a deviation of the swelling behavior of PNIPAM microgels on PAH from microgels
in gold and in bulk has been found. To determine if spincoating conditions play a role
in this deviation, PNIPAM microgels have been spincoated on PAH from solutions of
10 vol% ethanol for the measurement in 10 vol% ethanol, and from solutions of 20 vol%
ethanol for the measurement in 20 vol% ethanol. The results are presented in figure 5.8c,
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Figure 5.7.: Relative volume of PNIPAM microgels measured by AFM on PAH surfaces
against temperature in different mixtures of water and ethanol after spincoating from
aqueous solution. The gray bar indicates the VPTT. Be aware of the fact that reference
values are different for each graph: The volume at 50◦C in the respective water-
ethanol mixture is set to 1.
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Figure 5.8.: Relative volume of PNIPAM microgels spincoated from aqueous solution and
measured by AFM on a) gold surfaces in 0, 10, and 20 vol% ethanol against tempera-
ture, b) gold surfaces at 20◦C while increasing the ethanol concentration. c) Relative
volume of PNIPAM microgels spincoated from 0, 10, and 20 vol% ethanol on PAH,
measured by AFM in the respective water-ethanol solution with increasing tempera-
ture.
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and, concerning the VPTT, indeed resemble the results on gold and in bulk rather than the
results on PAH when spincoated from pure water. Apart from the transition temperature,
the swelling degree varies depending on the surface and sample preparation conditions
as well. On PAH, microgels only swell by a factor of 2.25, while on gold the swelling
factor is 3.75 compared to the collapsed state above the VPTT. Furthermore, microgels
spincoated on a PAH surface from an aqueous solution containing 10 vol% ethanol show a
higher swelling, with a factor of nearly 3. In contrast to that, in the cononsolvency case at
20◦C, the microgels swell more on PAH, with a factor of nearly 3, compared to a factor of
about 2 on gold.
In chaper 4 a reswelling of PNIPAM microgels in bulk solutions of ethanol and water at
temperatures above 50◦C has been described. Because the AFM liquid cell used in the
present study is not fully closed, evaporation made measurements above 50◦C impossible,
so no reswelling at high temperatures could be observed at the surface.
The same measurements as for pure PNIPAM microgels have been done for P(NIPAM-
co-AAc). This gel shows a broad plateau minimum on both gold and PAH between 30
and 50 vol% ethanol at 20◦C, with a swelling factor of about 3 in both cases, as shown
in figure 5.9a and c. The reswelling at high ethanol content is less pronounced than in
bulk (figure 5.9e). Just like for PNIPAM, more ethanol is needed to decrease the VPTT
on PAH compared to gold, as seen in figure 5.9b and d. The behavior on gold is closer to
that on bulk (figure 5.9f), but exact temperatures can hardly be determined because of the
broad transition. Again, the swelling degree is higher on gold than on PAH, comparing the
volumes at 10 and 50◦C.
Like PNIPAM, P(NIPAM-co-AAc) shows no VPTT at ethanol concentrations above
30 vol% on PAH, with only a very slight swelling at 30 vol%. All temperature curves
are shown in figure 5.10.

5.2.4. Static and dynamic force measurements

Dynamic force measurements have been carried out on P(NIPAM-co-AAc) microgels ad-
sorbed to gold with AFM in varying ethanol concentration below (20◦C) and above (50◦C)
the VPTT. The indentation was around 100 nm, which is significantly larger than the tip
radius, so a conical indenter shape was assumed. Because of their rather small size, pure
PNIPAM microgels are not well suited for indentation measurements with AFM. There-
fore, P(NIPAM-co-AAc) microgels were synthesized. Because of the negative charge of
the comonomers, a bigger radius is achieved. As shown above, the cononsolvency behav-
ior of P(NIPAM-co-AAc) is similar to pure PNIPAM. AAc monomers add electric charges
to the microgels. Therefore, electrostatic forces increase the adhesion to the surface, and
those gels stick to gold surfaces even in ethanol, in contrast to pure PNIPAM gels.
Exemplary approach curves are shown in figure 5.11. The elastic modulus can already
be determined from the slope, from low (0 vol% at 20◦C) to high (0 vol% at 50◦C). Ad-
ditionally, it is remarkable that for 30 vol% at 20◦C and for 0 vol% at 50◦C, long range
repulsive forces are present, as can bee seen at the slightly increased values left of the zero
indentation mark on the x-axis. Those are systems with high surface charge densities (see
figure 5.5), so the force might be of electrostatic origin.
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Figure 5.9.: Relative volume of P(NIPAM-co-AAc) microgels on a) PAH and c) gold mea-
sured by AFM at 20◦C while first increasing the ethanol concentration from 0 to
100 vol% and then decreasing it again to 0 vol%, and relative volume of PNIPAM
microgels on b) PAH and d) gold against temperature in 0, 10, and 20 vol% ethanol.
For comparison, e) the hydrodynamic radius of P(NIPAM-co-AAc) microgels in bulk
solution measured by DLS at 20◦C at various ethanol concentrations, and f) the hy-
drodynamic radius of PNIPAM microgels in bulk solution against temperature in 0,
10, and 20 vol% ethanol are shown.
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Figure 5.10.: Relative volume of P(NIPAM-co-AAc) microgels on PAH surfaces against
temperature in different mixtures of water and ethanol after spincoating from aqueous
solution.

Figure 5.11.: Exemplary AFM force curves (approach part) on P(NIPAM-co-AAc) mi-
crogels in various ethanol-water mixtures at temperatures below (20◦C) and above
(50◦C) the VPTT.
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At first, the influence of the indentation force at which the dynamic force measurements
are carried out has been analyzed. Therefore, they have been done with loads of 1 nN and
2 nN in pure water at 20◦C. As shown in figure 5.12a, G’ values are systematically larger
at higher indentation. G” values also tend to be larger, but less significantly. The increase
in modulus for increasing indentation is intuitive, because the microgels are not infinitely
thick, and the influence of the surface grows larger if the tip is pushed deeper into the
gel. Values for both methods are however in the same order of magnitude. Measurements
with an indentation which is not large enough compared to the oscillation amplitude are
unfortunately harder to evaluate, because the cantilever is less fixed in the gel and swings
in a less perfect sinusoidal way. Therefore all further measurements have been done at
an indentation force of 2 nN. Figure 5.12b-d shows the obtained G’, G”, and G”/G’ (loss
modulus) for varying temperatures and ethanol concentrations. At 20◦C, surprisingly, the
highest values for G’ are not observed at 30% ethanol, where the volume minimum is
located (see figure 5.9), but for 60% and 100% ethanol. No frequency dependence of G’ is
observed at 20◦C. The G’ values obtained at 50◦C are significantly higher. In contrast to
the values at 20◦C, they increase with increasing frequency. Although the G” data scatter
more strongly than the G’ data, several trends can be observed for the loss tangent. The
loss tangent for the microgels in 0% and 30% ethanol at 20◦C is the lowest with values
below 0.1, which indicates a mostly elastic behavior. For microgels in a solution with
higher ethanol content (60% and 100%), the loss tangent is up to 0.3, which still implies a
behavior dominated by elasticity rather than viscosity. At 50◦C however, the loss tangent
both for 0% and 30% ethanol is significantly higher. This means that, in a highly shrunken
state, the role of viscous behavior is more pronounced.

Temperature [◦C] Vol% EtOH G’ [kPa] G” [kPa] E [kPa] E/G’
20 0 98 6 183 1.87
20 30 156 14 198 1.27
20 60 208 108 320 1.54
20 100 177 62 293 1.66
50 0 544 374 732 1.35
50 30 448 246 680 1.52

Table 5.3.: Average values of G’, G”, E, and the ratio E/G’ for P(NIPAM-co-AAc) micro-
gels for different water-ethanol mixtures at 20◦C and 50◦C.

From the force curves obtained during the indentation process of the dynamic AFM mea-
surements, the elastic modulus E could be extracted as well. The obtained values, along-
side averaged values for G’ and G”, are given in table 5.3. For homogenous and isotropic
materials E is connected to G’ by the relation E = 2G(1+ν) = 3G for a poisson ratio ν of
0.5 [Lan1970]. The obtained E/G’ values are between 1.27 and 1.57, which is lower than
expected. This leads to negative values for the apparent Poisson ratio ν = E

2G′ −1 between
-0.07 and -0.37.
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Figure 5.12.: a) G’ and G” of P(NIPAM-co-AAc) microgels compared for indentation
forces of 1 nN and 2 nN at 20◦C in water. b) G’, c) G”, and d) loss tangent G”/G’ of
P(NIPAM-co-AAc) microgels for various ethanol concentrations at 20◦C and 50◦C at
an indentation force of 2 nN. The microgels were spincoated from aqueous solutions
on gold surfaces.
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5.3. Discussion

A central aspect of this work is the influence of confinement to a surface on the conon-
solvency effect for microgels. A slight shift in the concentration at which the particle size
minimum occurs has been detected between PAH, with 40 vol%, and gold and bulk, with
30 vol% ethanol. This is consistent with literature, as a shift between PAH and bulk has
been reported before [Ric2014], while no shift has been found between gold surfaces and
bulk [Hep2013]. This already indicates that not only confinement to a surface, but also
the specific properties of the surface play a role in influencing the cononsolvency effect.
The shift of 10 vol% for PAH which is found here is however much less significant than
30 vol% found in reference [Ric2014]. Reason for this deviation might be the smaller
increments in ethanol concentration measured in the present work in comparison to the
former work.
Temperature dependent measurements and the shift in VPTT provide further insight into
the impact of surfaces. The fact that a deviation from bulk behavior can be observed for
microgels on PAH surfaces, but not on gold, is consistent with the results from cononsol-
vency experiments at constant temperature. Accordingly, adsorption to PAH surfaces has
a repressive impact on the cononsolvency effect. A higher ethanol fraction is needed to
achieve a particle shrinking and a decrease of the VPTT, respectively. Thus, there have to
be stronger interactions between PNIPAM and PAH than between PNIPAM and gold. This
is supported by the swelling ratio in lateral direction fA, which is higher for gold surfaces
than for PAH. Microgels are flexibel particles, so they flatten upon adsorption, depending
on internal factors like the cross-linker concentration [Mou2016], and on the respective
surface. This is confirmed by the gel dimensions after spincoating. Microgels on gold are
significantly smaller and flatter than the same microgels on PAH. Because of the stronger
adhesion to PAH, gels immediately stick to the surface upon contact, and cannot spread
out freely. A further hint at the weaker interaction between PNIPAM microgels and gold
is the fact that they can be easily removed by exposure to ethanol, while they remain fixed
at the PAH surface. The attraction of PNIPAM to gold, which is a good conductor, can be
referred to image charges. On PAH however, microgels are adhering to the surface at first
contact, preventing them from spreading out and resulting in larger particles which are less
flat. The opposite charges of PAH (+) and PNIPAM gels (-) might play a main role in this
adherence. The surface potential of a PAH-coated surface is around +40 mV [Zen2012].
This leads to a strong attraction with the PNIPAM microgels, which have a negative zeta
potential. Additionally, interdigitation between chains of the two polymers might be re-
sponsible for the observed adherence. The attraction of PNIPAM to gold, which is a good
conductor, can be explained by image charges. This is however less strong, which is man-
ifested by the observation that PNIPAM detaches from gold, but not from PAH, in pure
ethanol. P(NIPAM-co-AAc) microgels reswell less at high ethanol concentrations, com-
pared to the bulk phase or pure PNIPAM. This could be an effect related to the larger size
of the molecules, as P(NIPAM-co-AAc) might be more compressed on the surface because
of its charges, making the average mesh size smaller.
PNIPAM microgels are obviously not in an equilibrium state after spincoating on a PAH
surface. The chain conformation influences the swelling behavior more strongly than the
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presence of a surface itself. The theory that a higher polymer density is responsible for
the shift in microgel volume minimum [Ric2014] no longer holds, especially since mi-
crogels are even more compressed on gold. Bonds of PNIPAM to ethanol are preferred
over bonds to water [Muk2013]. Furthermore, findings of a nuclear magnetic resonance
(NMR) study [Wan2009] suggest that the respective methanol or ethanol concentration
confined inside a PNIPAM macrogel is higher than in bulk solution. This might indicate
that ethanol is even more enriched in PNIPAM microgels of higher PNIPAM density like
after adsorption at a surface. There is no study about the water/ethanol ratio as a function
of PNIPAM density. Therefore we can only speculate about this point. Measurements with
azobenzene-containing surfactant have also shown that the microgel is more hydrophobic
than the aqueous environment [Zak2012]. It is rather the non-equilibrium microscopic
chain arrangement and the reduced flexibility that might increase the water ratio inside the
gel and hinders the cononsolvency effect on PAH.
The solution from which the microgels are spincoated influences the overall structure and
thereby also the internal microscopic chain arrangement. Microgels spincoated from mix-
tures are larger in dry state than microgels spincoated from pure water, so the meshes of the
polymer network might be less compressed. It is assumed that this is caused by the larger
ethanol molecules. Those larger meshes can take up the respective water-ethanol mixture
in the swelling process. This allows the microgels to respond to ethanol addition in the
same way as in bulk solution or on gold surfaces. If spincoated from pure water however,
the meshes are more compressed, and a smaller fraction of ethanol molecules can fit in. In
the polymer confined to PAH after spincoating from water, the ethanol concentration might
therefore be lower than in polymers in bulk solution. This might explain the slight shift
of the cononsolvency minimum to higher ethanol concentrations. In summary, the micro-
scopic structure of the gel network, influenced by the surface coating and the spincoating
conditions, terminates the cononsolvency behavior of adsorbed microgels.
A second factor which might influence the shift on PAH compared to bulk and gold is the
hydrophilicity of the surface. The water contact angle on PAH is 44◦, compared to 87◦

on gold. PAH is more hydrophilic, which might lead to a higher water concentration next
to the PAH surface compared to a gold surface. Such small changes in composition can
be amplified inside the microgel because of cooperative adsorption, which means that the
possibility of a solvent molecule to adsorb next to a solvent molecule of the same kind is
increased [Tan2008]. This might explain why higher ethanol concentrations are needed
for PAH to reach a minimum volume, or to achieve a certain VPTT decrease. The RMS
roughness for all surfaces is in the sub-nanometer range, so it is not expected to play a role
here.
Further insights into the swelling mechanisms have been gained by considering the rhe-
ological properties and measuring the storage and loss modulus of microgels at different
temperatures and ethanol contents. It is known from temperature dependent measure-
ments in water that the elastic modulus of PNIPAM microgels increases when particles
shrink with increasing temperature [Bur2011a, Bur2011b]. Accordingly, the highest stor-
age modulus G’ is observed at 50◦C, both in 0 and 30 vol% ethanol. The breaking of
hydrogen bonding between PNIPAM and solvent molecules at T>VPTT leads to a smaller
number of solvent molecules remaining within the collapsed structure. Therefore more
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monomer-monomer contacts occur, and the gel becomes stiffer. Additionally, the chain
conformation changes, so that hydrophobic parts come closer together to avoid exposure
to the solvent, and hydrogen bonds between PNIPAM monomers form. This also explains
the higher loss tangent at 50◦C, as PNIPAM chains are rubbing against each other in the
absence of solvent molecules. Thereby they are causing a higher friction and a higher loss
modulus G”.
Regarding the cononsolvency effect, G’ of the microgels at 30 vol% ethanol, where their
volume is minimal at 20◦C, is not significantly decreased compared to G’ in pure water.
This finding stresses how the shrinking mechanism for the cononsolvency effect differs
from the shrinking upon temperature increase. The low storage modulus despite the small
size in the case of cononsolvency leads to the conclusion that the remaining number of
solvent molecules must efficiently lubricate the polymer network. A probable explanation
of this is the presence of polymer loops bridged by ethanol molecules. Preferential adsorp-
tion of ethanol molecules to PNIPAM monomers compared to the adsorption of water to
PNIPAM has been proposed as a reason for the formation of loops in several theoretical
studies [Wal2012, Muk2013, Hey2013, Muk2014, Muk2016]. The microgel subsequently
remains softer in the low-temperature cononsolvency case than in the high-temperature
case.
At 20◦C the highest moduli were surprisingly observed for 60 vol% and 100 vol% ethanol,
i.e. the systems with the highest ethanol content, whereas it was lower for 30 vol% despite
the smaller size. This leads to the assumption that the water which is present in the mi-
crogel is mainly responsible for its softness, so it might act like a plasticizer for PNIPAM.
The shift in the ethanol concentration where the minimum modulus is observed compared
to the minimum volume shows parallels to the shift in transition temperature of PNIPAM
microgels in pure water. The transition from low to high elastic modulus takes place at
higher temperatures than the volume transition [Bur2011a, Bur2011b]. Both results show
that there is no direct correlation between size (or swelling degree) and elastic modulus or
shear modulus.
The frequency dependence of the storage modulus for high temperatures and its absence
for low temperatures is consistent with theory, which predicts a more pronounced fre-
quency dependence of G’ for materials with a higher loss tangent [Pri1998]. The depen-
dence can be approximated as

G′′(ω)/G′(ω) =
π

2
d[logG′(ω)]

d[logω]
. (5.5)

The values for the right side of the equation calculated with G’ are between 0.14 for low
frequencies and 1.30 for high frequencies. This does only very roughly coincide with the
measured loss tangents, but the general trend of the dependence is confirmed.
The obtained E values are obviously smaller than 3G, which would be assumed for homo-
geneous polymer bulk material. This is indicative of the finite size and the inhomogenous
structure of the microgels, which consist of a highly cross-linked core and a weakly cross-
linked shell [Sti2004, Gui2000]. Additionally, apparent Poisson ratios are negative, which
is only observed for specially structured auxetic materials, and very unlikely here. Due to
adsorption the material properties within the gel are far form being isotropic and cannot be
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described with an average number. The influence of inhomogeneous cross-link density can
by studied by analyzing homogeneously cross-linked microgels. Experiments addressing
this issue are described in chapter 6.

5.4. Conclusion

The combination of temperature response and cononsolvency effect of PNIPAM microgels
has been compared on different surfaces and in bulk solution. It has been shown that
the type of surface and the sample preparation process influence the swelling behavior.
A slight shift in the ethanol concentration where the minimum microgel volume occurs
can be observed for PAH surfaces compared to gold and bulk phase. Additionally, more
ethanol is needed for microgels spincoated from water on PAH to decrease the VPTT.
A probable reason for this is a strong interaction of the microgel with the surface which
stems from electrostatic attraction and interdigiation of PNIPAM and PAH chains. In this
way, the incorporation of ethanol could be sterically hindered, leading to a higher ethanol
concentration necessary to achieve a certain effect. Additionally, the higher hydrophilicity
of PAH compared to gold might lead to water enrichment near the PAH surface, which
would explain the need for a higher ethanol concentration to shrink microgels.
Dynamic force measurements on PNIPAM microgels have revealed a non-trivial relation-
ship between size and elasticity. Microgels at T < 32◦C at their cononsolvency volume
minimum have a much lower shear modulus than microgels at T > VPTT. This is caused
by the different mechanisms underlying the shrinking. Cononsolvency is explained by
preferential ethanol adsorption, leading to ethanol bridging of PNIPAM chains, with many
solvent molecules still present. At high temperatures, however, many PNIPAM-solvent
hydrogen bonds break, and are being expelled from the microgel. This makes them much
stiffer compared to the cononsolvency case.
Subject to further studies in this field are microgels with a homogeneous cross-link den-
sity, in contrast to standard microgels, where the core is more densely cross-linked than the
shell. Because the present study has shown an influence of the microscopic gel structure on
the swelling behavior, homogeneous microgels are likely to behave differently. The conon-
solvency behavior including dynamic force measurements of homogeneous microgels is
addressed in chapter 6.
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6.1. Introduction

Analysis of the reaction kinetics during the synthesis of PNIPAM microgels reveals that
the cross-linker BIS is consumed more quickly than NIPAM [Wu1994]. The particle vol-
ume at a particular state of the synthesis increases linearly with the monomer conversion.
Standard surfactant-free precipitation polymerization [Pel1986] therefore yields inhomo-
geneous particles with a highly cross-linked core, and a weakly cross-linked shell. The
lower the reaction temperature and the lower the overall cross-linker concentration, the
more pronounced is this inhomogeneity [Var2001].
High cross-linker concentrations in the reaction volume yield particles with a Gaussian
segment density distribution in their swollen state, but decreasing the cross-linker concen-
trations leads to a more obvious core-shell structure. The core-shell structure influences
the swelling properties and the temperature response of the microgels. Because of the
higher polymer density, the core cannot swell to the same degree as the looser shell. The
temperature-induced collapse occurs around 32◦C, which is the same temperature as the
LCST for linear polymers, but takes place over a broader range. This is why the transition
is called VPTT for gels rather than LCST, and implies that areas in the gel with a different
polymer density have a different transition temperature.
It has been shown that the electrophoretic mobility of microgels is also temperature de-
pendent with an electrokinetic transition temperature (ETT), but that the ETT lies 3.5-6◦C
above the VPTT [Dal2000]. The mobility increases in magnitude when the temperature in-
creases. It is dominated by the volume charge density within the weakly cross-linked shell.
The higher transition temperature implies that a transition of the shell happens at higher
temperatures than 32◦C, and it is shown that it is not fully collapsed even at 46◦C. A three
step mechanism for the collapse of core-shell microgels is proposed: First the core with
the higher density collapses, reducing the overall volume significantly. The lower poly-
mer density leads to a higher charge of the polymers in the shell. Therefore, electrostatic
repulsion first prevents the outer layer from collapsing, which then happens at a higher
temperature when the thermal energy and the forces exerted by the collapsed core can
overcome the repulsion. Finally, the core collapses further and constitutes a hard particle
surrounded by a non-rigid shell around 50◦C.
Results which support this mechanism have been obtained from AFM force curves
[Bur2011b]. The elastic modulus at the center of an adsorbed microgel is significantly
higher than at the rim. This proves the hypothesis of a core with a higher polymer density,
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which consequently swells less and is stiffer. The elastic modulus has been shown to in-
crease with increasing temperature because water is getting pushed out, making the gels
harder. The transition starts, similar to the ETT, at 40◦C, and is finished at 50◦C. This is in
line with the proposed three step collapse. The microgel keeps its softness after the initial
core collapse around 32◦C, and only starts getting stiffer when the shell begins to collapse
around 40◦C. This process is then terminated at 50◦C.
For many applications it is desirable to have a microgel structure which is as homogeneous
as possible. E.g., when loading microgels with MNP, the MNP cannot penetrate into the
core if it is very densely cross-linked, and only the shell can be loaded. Homogeneous
microgels however can be loaded up to the core (see chapter 7), which might increase their
responsiveness to magnetic fields, and facilitates the theoretical description. An alternative
synthesis route, termed feeding method, has been developed to achieve homogeneously
cross-linked microgels [Acc2011]. The key factor is an appropriate feeding of monomers
(PNIPAM and BIS) into the reactor during the synthesis to achieve a constant ratio of
unreacted monomer concentrations in the reaction mixture Rreactor. The ratio of NIPAM to
BIS in the particle, given by

Rparticle =
cNIPAM(t +∆)− cNIPAM(t)

cBIS(t +∆)− cBIS(t)
, (6.1)

depends on the ratio of NIPAM to BIS in the reactor by

Rparticle(t) =
dnNIPAM

dnBIS
(t) =

kNIPAM

kBIS

[NIPAM]

[BIS]
=

kNIPAM

kBIS
Rreactor(t). (6.2)

These assumptions have been shown to be a good approximation. It can be seen that the
particle inhomogeneity is directly caused by the continuous change of monomer ratio in
the reactor. Thus, keeping Rreactor constant allows to produce homogeneous microgels. In
this reaction it is important to keep the monomer concentration low to reduce the amount
of unreacted monomers at the end of the reaction. Additionally, the polymerization has to
be stopped abruptly by rapid cooling to avoid the formation of a weakly cross-linked outer
shell.
Several measurements support the claim that the obtained microgels are homogeneous
[Acc2011]. Solutions are, in contrast to core-shell microgels, optically transparent (68%
vs. 14% transmittance at 0.1 wt%). This is explained by a much lower scattering contrast
compared to microgels with a dense core, where there is a high difference in refractive
index between core and solution. Temperature dependent DLS measurements have shown
a much larger swelling degree for homogeneous particles because they can swell uniformly
(homogeneous: V25◦C/V40◦C=13.9, core-shell: V25◦C/V40◦C=6.7).
So far, the properties of homogeneously cross-linked microgels adsorbed to surfaces have
not been analyzed. The following AFM study reveals the temperature dependent swelling
dimensions in both vertical and lateral direction. The cononsolvency effect for homoge-
neous microgels is tested, as well as their elastic properties. Especially the elastic modulus
measured throughout different spots on the gel, and its temperature dependence, are of
great importance to understand the structure of the gel particles.
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Figure 6.1.: 2D and 3D AFM scan images of a,b) core-shell, and c,d) homogeneous micro-
gels.

6.2. Results

6.2.1. Topography of homogeneous and core-shell microgels

Homogeneous and core-shell microgels have been deposited onto gold wafers by spincoat-
ing. Figure 6.1 shows AFM scans of homogeneous and core-shell microgels of the same
composition and with the same average cross-linker content in dry condition. In order
to be able to better compare the different gels, representative cross-sections (in slow-scan
direction) are shown in figure 6.2. The homogeneous microgels have a lower height, but
appear broader than the core-shell gels.
The temperature dependent swelling and shrinking of the adsorbed homogeneous and core-
shell microgels is compared in figure 6.3. For a better comparison, both absolute values
and values relative to the one at 50◦C of the respective gel are given. The volumes of
both gels in the shrunken state at 50◦C are almost equal, but the homogeneous gel swells
roughly twice as much as the core-shell microgel below the VPTT. The projected surface
area is, similar to the dry state, more than twice as large for homogeneous microgels. This
is the case throughout the whole temperature range of 15◦C to 50◦C, which means that the
swelling degree in lateral direction is similar for both types of gels. The situation is much
different however with respect to the height of the gel particles. Core-shell microgels are
significantly higher than homogeneous microgels in the shrunken state at high tempera-
tures, but only swell by a factor of 1.9. Homogeneous microgels however swell by a factor
of 4.7, and have nearly the same height as core-shell particles at low temperatures. This
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Figure 6.2.: AFM cross sections (slow-scan direction) of homogeneous and core-shell mi-
crogels.

Figure 6.3.: Volume, projected surface area, and height of adsorbed homogeneous and core-
shell microgels during a temperature cycle.
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Figure 6.4.: a) Volume, b) projected surface area, and c) height of adsorbed homogeneous
microgels depending of the ethanol volume fraction φe in aqueous solutions. The
microgels were spincoated from aqueous solutions on gold surfaces.

leads to the conclusion that the overall difference in the temperature dependent swelling is
mainly caused by the swelling in the direction vertical to the surface.

6.2.2. Cononsolvency effect of homogeneous microgels

Apart from the temperature effect, the cononsolvency effect shows the influence of another
interesting external stimulus, namely the solvent composition. Figure 6.4 depicts the im-
pact of ethanol addition on the shape of homogeneous microgels at a constant temperature
of 20◦C. The same set of particles has been analyzed for every measured composition.
The volume shows the same trend as inhomogeneous microgels (see chapter 5.2.3) with
a plateau minimum between 30 and 60 vol%. The ratio between the maximum volume in
pure water and the cononsolvency induced minimum volume is 7.4, which is much higher
than the ratios observed for core-shell gels in chapter 5.2.3, where it is 2.1 for PNIPAM
and 2.6 for P(NIPAM-co-AAc). However, because of the different composition, PNIPAM
and P(NIPAM-co-AAc) microgels from chapter 5.2.3 are of limited comparability to the
homogeneous microgels in this chapter. Just like the temperature effect, the swelling and
shrinking by ethanol addition happens mainly in vertical direction. The projected surface
area is only slightly affected, but the height decreases by a factor of 4 at 30 vol% ethanol.

6.2.3. Elastic properties

The most interesting point of this AFM study consists of force measurements. The first im-
portant question concerns the distribution of elastic moduli across the microgel. Therefore
force maps have been recorded on three different core-shell and homogeneous microgel
particles, respectively. Figure 6.5a shows the elastic moduli of core-shell particles, where
the highest values are clearly obtained in the center of the particle, and the elastic moduli
decrease as the AFM tip approaches the microgel shell. The situation looks different for
homogeneous microgels, as presented in figure 6.5b. Here there is no significant change
of elastic moduli throughout all three tested particles. Average values are however roughly
in the same order for core-shell and homogeneous microgels.
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Figure 6.5.: Elastic moduli of a) core-shell and b) homogeneous microgels measured at
different spots on the gel for three individual microgel particles.

Figure 6.6.: Elastic modulus of core-shell and homogeneous microgels depending on tem-
perature.
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Figure 6.7.: a) Storage modulus, b) loss modulus, and c) loss tangent of homogeneous mi-
crogels depending on the oscillation frequency measured by dynamic AFM depending
on the surrounding ethanol-water mixture and on temperature.

Secondly, the temperature dependence of the elastic modulus was analyzed, as the temper-
ature where the transition to higher values starts is known to be higher than the VPTT for
core-shell particles. Figure 6.6a shows the absolute values of elastic moduli of core-shell
and homogeneous microgels. The values for core-shell particles where obtained at the cen-
ter of the particle. The core values are more than twice as high, with around 300 kPa, than
the values of homogeneous gels, with around 130 kPa, below the transition temperature.
For better comparability the values have been normalized to the elastic modulus of the re-
spective gel at 20◦C in figure 6.6b. The trend looks very similar for both microgels, with an
initial slight increase by a factor of 4.7 (core-shell) and 4.4 (homogeneous), respectively,
between 30 and 35◦C. The modulus then increases further at 40 to 45◦C, up to a factor
of roughly 15. The transition temperature is thus still above the VPTT for homogeneous
microgels, and does not differ significantly from core-shell microgels.

Lastly dynamic AFM measurements have been performed on homogeneous microgels to
obtain the dynamic modulus G. Figure 6.7a shows the storage modulus at oscillation fre-
quencies of 5 to 100 Hz. Similar to the results from chapter 5.2.4, the values at 20◦C in
0, 30, and 100 vol% ethanol are by far the lowest, and show no frequency dependence.
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The values at 100 vol% are even a bit below all other values, in contrast to the core-shell
particles. Shear moduli at 60 vol% ethanol are significantly higher, by about one order of
magnitude compared the values at 30 vol%. This difference is much more pronounced than
for core-shell particles, where the values at 60 vol% were on the same level as 100 vol%.
For homogeneous microgels they are rather at the same level as the values at 50◦C in wa-
ter. A frequency dependence is missing for the higher storage moduli as well. Figure 6.7b
shows the loss modulus. Just like the storage modulus, the loss modulus takes its highest
values in 60 vol% ethanol and at 50◦C. The loss tangent, presented in figure 6.7c, shows
the same trend as for core-shell microgels: The higher the storage modulus of the system,
the higher is the loss tangent, which means that the viscous influence is higher for stiffer
particles. Values for the loss tangent are higher for homogeneous microgels compared
to core-shell microgels roughly by a factor of 2, with around 0.1 for soft particles, and
roughly 1 for stiffer particles.

Temperature [◦C] Vol% EtOH G’ [kPa] G” [kPa] E [kPa] E/G’
20 0 55 9 121 2.18
20 30 137 33 176 1.29
20 60 1401 604 937 0.67
20 100 28 6 82 2.90
50 0 1836 1742 9711 5.29

Table 6.1.: Average values of G’, G”, E, and the ratio E/G’ for homogeneous microgels for
different water-ethanol mixtures at 20◦C and 50◦C.

Values of G’ and G” averaged over the whole frequency range are presented in table 6.1.
Additionally, the elastic modulus, which could be obtained from the approach part of the
dynamic force curves, as well as the ratio E/G’ are shown, which should ideally be E =
2G(1+ν) = 3G for a poisson ratio ν of 0.5 [Lan1970]. Like for core-shell microgels (see
chaper 5.2.4), the E/G’ ratios are mostly different from 3, and scatter more than in the case
of core-shell gels. Apparent Poisson ratios ν = E

2G′ −1 scatter between -0.67 and 1.64.

6.3. Discussion

Homogeneous microgels lie flatter on the surface after adsorption than core-shell gels. This
is a hint to a more flexible overall structure. A very densely cross-linked core prevents a
microgel from spreading out on a surface as a uniformly structured gel does. Therefore,
it occupies a smaller area, but is higher. Regarding the temperature dependence, DLS
results from bulk solutions reported in reference [Acc2011] could be confirmed for ad-
sorbed microgels. Homogeneous microgels swell to a higher degree, especially in height.
This proves their uniform swelling capability. It is obviously not hindered by the surface,
which means that the uniform structure is preserved upon adsorption to a gold wafer. The
more pronounced swelling and shrinking is not limited to the temperature response, but
can also be transferred to the cononsolvency effect. Considering that cononsolvency can
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Figure 6.8.: Temperature dependence of the storage modulus of a PNIPAM macrogel (PNI-
PAM concentration: 0.87 mol/L, cross-linker (BIS) concentration: 1 mol%) at 1 Hz
and a deformation of 0.3% (Data from the Master’s thesis of Paul Krause [Kra2017]).

be explained by bridging between NIPAM monomers via ethanol (the better solvent), this
indicates that those loops are mainly formed in the shell, and not in the already dense core.
A further reason for the higher swelling degree of homogeneous gels in cononsolvency
experiments might be the larger size of ethanol molecules, making them unable to pene-
trate deeply into the dense core and to induce a collapse there. Homogeneous microgels
however can collapse uniformly, which leads to a much higher swelling ratio. Because of
their larger surface area already in dry state, there is a high interaction with the surface,
which prevents a more pronounced swelling in the lateral direction. Therefore, the main
difference lies in the swelling vertical to the surface.
The distribution of elastic moduli over the microgel turned out as expected. The fact that
the moduli are the same regardless of the spot on the homogeneous microgel proves the
explanation that was given for the distribution on core-shell microgels [Bur2011b]. The
different cross-linker densities in the gel are responsible for the occurrence of a maximum
modulus at the center of core-shell particles. Getting rid of the core-shell structure also
makes this maximum vanish. It is, however, puzzling, that the transition temperature of
the elastic modulus to its plateau maximum remains the same for homogeneous microgels
as for core-shell particles. The difference in cross-linker density was assumed to be the
reason behind the shift between this transition temperature and the VPTT, which marks
the transition regarding the particle size. The reason behind this shift remains unexplained,
particularly because it has been shown that a higher polymer concentration indeed leads to
lower transition temperature, but the LCST for very low concentrations is not higher than
33◦C [Ton1999]. Additionally, the VPTT is independent of the cross-linker content of
microgels[Bur2011b]. It can therefore be excluded that the loosely cross-linked microgel
shell might have a transition temperature which is much higher (above 46◦C [Dal2000]).
Rheological temperature sweep measurements have also been done on PNIPAM macro-
gels, as shown in figure 6.8, by Paul Krause [Kra2017]. Because of the considerable size
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change during the heating process, the sample had to be exchanged twice during the whole
temperature sweep. The resulting G’ values show a dip right at the VPTT, which has not
been observed for AFM measurements on microgels, probably because of the larger tem-
perature intervals. From 33◦C on, G’ increases rapidly. This decrease is gradually slowed
down, and G’ reaches a constant value at 50◦C. This means that, just like microgels, macro-
gels reach their plateau in stiffness at temperatures which are considerably higher than the
VPTT. Considering that for homogeneous and core shell microgels, as well as for macro-
gels based on PNIPAM the transition in mechanical properties is shifted to higher temper-
atures compared to the VPT, this effect has to be caused by generic, intrinsic PNIPAM gel
properties rather than some kind of core-shell structure. It might be referable to micro-
scopic differences in cross-linker density, with some randomly distributed small domains
with low polymer density retaining a certain softness. On the other hand, the breaking
of hydrogen bonds between water and polymer during the shrinking process is followed
by the formation of intra- and interchain hydrogen bonds between PNIPAM monomers.
This is supposed to strengthen the network, and would increase E and G’. The formation
of those bonds might not be completed until around 50◦C, leading to the observed con-
tinuous increase of elastic and storage moduli up to this temperature. A hint to this is the
observation that the phase separation during the demixing transition of linear PNIPAM in
water occurs at least within a temperature interval of 4 to 5◦C width above the demixing
temperature, which has been made by infrared spectroscopy [Sun2008].
The results from dynamic force measurements resemble those for core-shell particles in
some points, but there are a few differences. The lowest shear moduli have been mea-
sured for 100 vol% ethanol rather than 0 vol%. This might indicate that the decoration
of the polymer with ethanol is more efficient for homogeneous particles. The reason for
the smaller size of PNIPAM gels swollen in ethanol compared to water, in spite of the
better solubility in ethanol, has been proposed to be the larger size of ethanol molecules
[Ric2014]. Obviously, this effect is mainly present in the core, because the lack of a dense
core in homogeneous particles makes them softer in pure ethanol. It does however still
affect the size, as can be seen in the smaller volume in ethanol compared to water in figure
6.4. This again shows that there is no direct relationship between particle size and stiffness,
but that the stiffness is very much influenced by the microstructure.
Regarding the quotient E/G’, the values are scattering a lot, and are, despite the homoge-
neous nature of the microgels, not systematically closer to 3 than the values for core-shell
microgels presented in table 5.3. Homogeneity is given here, so the finite size of the par-
ticles seems to be a crucial factor causing the deviation from ideal behavior (which has
already been observed in chapter 5) here.

6.4. Conclusion

It has been shown that the alternative synthesis by feeding changes the internal structure
of microgels compared to the common batch synthesis. This has an influence on the ad-
sorption as well as on the swelling behavior. Homogeneous microgels swell considerably
more. Most interestingly, they show a homogeneous distribution of the elastic modulus
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throughout the whole gel, from the shell to the core, proving that the core-shell structure
of conventional microgels is responsible for their higher modulus at the center. Another
central question, however, remains unanswered: The shift in transition temperature con-
cerning the volume and the elastic modulus cannot be explained by the core-shell structure
as assumed, because it is still present for homogeneous microgels. At the current state,
only vague assumptions can be made about the reason for this shift. Experiments with
polymers that do not form intramolecular hydrogen bonds, which do not show conon-
solvency as well, might reveal if the delayed (i.e. at high temperatures around 50◦C)
formation of those bonds in PNIPAM might be responsible for the mismatch of transition
temperatures regarding volume and elasticity.
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7. Micogels loaded with magnetic
CoFe2O4 nanoparticles

This chapter contains parts of the publication: S. Backes, M. U. Witt, E. Roeben, L. Kuhrts,
S. Aleed, A. M. Schmidt, R. von Klitzing, Loading of PNIPAM Based Microgels with
CoFe2O4 Nanoparticles and their Magnetic Response in Bulk and at Surfaces, J. Phys.
Chem. B 119 (2015) 12129-12137.

7.1. Introduction

The loading of PNIPAM-based microgels with inorganic nanoparticles can expand their
smart behavior. While their thermoresponsiveness should always be maintained, the load-
ing with MNP aims at introducing an additional magnetic response. Most experimental
studies on magnetic microgels so far have been conducted on hybrids with an MNP core
and a polymer shell or vice versa. For the present study however, MNP were deposited
into the meshes of pre-synthesized microgels. The aim of this was a uniform loading of
the gels with MNP. This way, a magnetic response in shape or stiffness of the hybrids
could be analyzed, in contrast to studies on core-shell particles, which were mainly fo-
cused on magnetization and magnetic separability. Homogeneously and inhomogeneously
cross-linked microgels have been used to investigate the influence of the gel mesh size on
the MNP loading and the subsequent magnetic response.
The determination of the shape of the magnetic microgels could be achieved by AFM scan-
ning after adsorption to a gold-coated silicon wafer. Both the dependence on temperature
and on an external magnetic field have been analyzed. AFM force measurements allowed
to determine the influence of loading with MNP and application of a magnetic field on the
elastic modulus.

7.2. Results

7.2.1. Properties of magnetic microgels

Three different magnetic microgels have been studied in this work. For the sake of con-
venience they will be abbreviated as MMG1, MMG2, and MMG3. The respective pure
microgels without MNP will be denoted by MG1, MG2, and MG3. The specifications
of the magnetic microgels are presented in table 7.1. Microgels with and without AA as
comonomer, as well as homogeneous and core-shell microgels have been combined with
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Figure 7.1.: Comparison of a) adsorbed unloaded microgel MG1 and b) microgel particles
loaded with magnetic nanoparticles MMG1 recorded by AFM against air.

CoFe2O4 with two different coatings, namely PAAc and CA. The MNP are negatively
charged and have a diameter of about 15 nm.

Designation Microgel MNP
MMG1 P(NIPAM-co-AA) CoFe2O4@PAAc
MMG2 PNIPAM CoFe2O4@CA
MMG3 P(NIPAM-co-AA) (homogenous) CoFe2O4@CA

Table 7.1.: Composition of the used magnetic microgels.

A comparison of pure, unloaded microgels and microgels loaded with MNP is presented
in figure 7.1, which shows AFM scans of MG1 and MMG1 against air. For the magnetic
microgels, the MNP in the less dense shell of the microgel are clearly visible around the
gel particles. In contrast, the pure gels have a smooth spherical shape. The gel volume
in dry environment however remains unaffected by the loading with MNP, with values of
8.30±1.12 ·10−21 m3 for MG1 and 8.38±1.12 ·10−21 m3 for MMG1. In contrast to the
dry state, DLS measurements in aqueous bulk solutions reveal a significant difference in
Rh, with 240± 6 nm for MG1 and 527± 15 nm for MMG1. Obviously, loading of the
microgel particles with MNP leads to an increase in the hydrodynamic radius.
Figure 7.2 shows 2D and 3D representations of AFM scans, as well as TEM images of all
three used magnetic microgels. In figure 7.2c, small MNP in the range of 15 nm and larger
microgel particles with a broader density profile can be seen. Obviously, the microgel
particles consist of a dense core and a rather fluffy shell, where most of the MNP adsorb.
The second information that can be obtained from the TEM image is the spacing between
the MNP. It shows that the MNP are well separated and homogeneously distributed over
the gel profile. A tendency for a hexagonal packing of the magnetic microgel is observed.
Almost no single MNP exist between the magnetic microgels. This shows that the washing
by centrifugation has successfully removed all free MNP, and the remaining MNP are
fixed inside the gel. For MMG1 the number of MNP per microgel can be determined
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Figure 7.2.: 2D and 3D AFM scan images and TEM images of a-c) MMG1, d-f) MMG2,
g-i) MMG3. TEM images have been taken by Marcus Witt.
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from the TEM images, giving an average n=275±36. The loading of MMG2 and MMG3
is significantly higher, making it impossible to count the MNP from the 2D projection
provided by TEM. Additionally, in figure 7.2i, MMG3 appears darker in the middle of the
microgels. Considering that a TEM image is a 2D projection of a 3D object, this indicates
a loading which is not only superficial, but a more even distribution of MNP throughout
the whole microgel. This even loading reflects the homogeneous architecture of MG3 in
contrast to MG1 and MG2, where MNP are only assimilated in the loosely cross-linked
shell, but not in the densely cross-linked core. The higher loading can also be seen very
well from the 3D AFM images. MMG2 and MMG3 show an uneven, grainy structure all
over the gel, whereas in MMG1 MNP are mainly observed in the soft shell, but not in the
middle of the gel.
Magnetic separability was proven for the magnetic microgels with a UV-vis spectrometer.
They could be pulled out of the beam path by an external magnetic field. Because of the
positive charge of the microgel and the negative charge of the MNP, a charge reversal of
microgels is observed upon loading with MNP. The electrophoretic mobility (measured by
Marcus Witt) is +0.9 µm cm/(Vs) for MG1, and -1.20 µm cm/(Vs) for MMG1.

7.2.2. Effect of MNP loading on temperature response

The first important question regarding magnetic microgels is if the gel properties, notably
the temperature response, are preserved after the loading with MNP. The temperature re-
sponsiveness of adsorbed magnetic microgels has been tested by AFM measurements in
water by ramping the temperature up from 15◦C to 50◦C and down to 15◦C again in steps
of 5◦C. The same set of microgel particles was scanned for every temperature step. Figure
7.3 shows the average volume, projected area (surface area covered by the gel), and height
for MMG2 and the corresponding MG2. There is no pronounced difference between the
behavior of MMG2 and MG2, indicating that the temperature responsiveness in all dimen-
sions remains unaffected by the loading with MNP. No significant hysteresis can be seen
in either case. MMG2 was chosen as representative here because of its high loading.
Additionally, in contrast to the comparison of the dry gels (figure 7.1), there is a pro-
nounced difference in size between adsorbed MG2 and MMG2 in water. At 15◦C MG2
has a volume of around 107.4± 10.1 · 10−21 m3 compared to 199.7± 8.8 · 10−21 m3 for
MMG2. This behavior is in line with the DLS results for MG1 and MMG1, with increas-
ing size upon loading with MNP.

7.2.3. Influence of a magnetic field on the topography

The main motivation of incorporating MNP into microgels is to achieve magnetostriction,
which is a responsiveness of the shape to magnetic fields. This could be probed by applying
a lateral magnetic field during AFM scans. Those measurements were conducted in water,
because a response is only expected in the swollen state, not for unflexible, dry microgels.
The magnetic field was increased step-like from 0 T to 0.375 T and decreased to 0 T again
three times. The responses of MMG1, MMG2, and MMG3 in lateral and vertical direction,
as well as in overall volume, are presented in figure 7.4.

82



7. Micogels loaded with magnetic CoFe2O4 nanoparticles

Figure 7.3.: Temperature response of a,c,e) MMG2 and b,d,f) MG2.

83



7.2. Results

Figure 7.4.: Response of a-c) MMG1, d-f) MMG2, and g-i) MMG3 to a lateral external
magnetic field of 0.375T.
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Figure 7.5.: Relative change in volume, height and width parallel to the field direction of
adsorbed magnetic microgels MMG1 after applying a magnetic field of 0.375 T. The
magnetic field was ramped up from 0 T to 0.375 T three times (three cycles).

Figures 7.4a-c reveal a systematic dependence of the topography of MMG1 on the mag-
netic field. Switching the field on leads to an increase in width and a decrease in height
and overall volume compared to the previous state without magnetic field. There is how-
ever a persistent increasing trend in all dimensions over time. This might be an artifact
caused by evaporation or a temperature drift, as measurements in magnetic field with the
VFM2 allow neither temperature control nor the installation of a liquid cell. The measure-
ments have thus been conducted in a drop of water without temperature control, making
the system susceptible to unwanted external influences. The trend with every turning-on
of the magnetic field however is persistent, which is highlighted in figure 7.5a. Here the
overall drift is omitted by showing the relative change in volume, height and width (width:
parallel to the field direction and parallel to the slow-scan direction). Each value measured
with the magnetic field turned on is normalized with respect to the value obtained with
the magnetic field turned off the previous time. Both volume and height of the magnetic
microgel decrease by up to 6% in the magnetic field, whereas the width increases by up
to 7%. This means that the microgels are elongated in the direction of the magnetic field,
which leads to a flattening and overall slightly smaller volume of the gels, as sketched in
figure 7.5b.

Surprisingly, MMG2 and MMG3 show no systematic responsiveness to the magnetic field
in either direction despite their higher MNP loading, as shown in figure 7.4d-i.
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Figure 7.6.: Cross section and elastic modulus of an exemplary magnetic microgel
(MMG1) in the absence of an external field.

7.2.4. Influence of a magnetic field on the elasticity

In addition to a response in spatial dimensions, a response in elastic properties of magnetic
microgels could be desirable and has been observed for macroscopic ferrogels [Nik2001,
Bon2008]. To obtain the elastic modulus E in microscopic dimensions force maps of the
area around a single MMG1 particle have been recorded. The magnetic field has been
turned on and off as described in chapter 7.2.3. As has been shown before [Bur2011a,
Bur2011b], the highest elastic modulus is found at the center of a microgel, whereas the
modulus decreases as one gets closer to the edge of the gel. This is attributed to the fact
that less dense materials are generally softer, and as the cross-linker density is lower in the
outer regions of the gel, the elastic modulus decreases towards the outer periphery (core-
shell structure). This is shown exemplarily in figure 7.6, which depicts the cross section
and elastic properties of an exemplary magnetic microgel (without external field).
The obtained values for the elastic moduli are summarized in table 7.2. The values are the
averaged elastic moduli in the center of three different particles. They were measured for a
pure microgel (MG1), as well as magnetic microgels (MMG1) with the external magnetic
field being ramped up to 0.375 T and down again twice. Two results can be obtained here.
First, the pure microgel has a higher elastic modulus than the magnetic microgel. Second,
there is no measurable influence of an external magnetic field on the elastic modulus of the
magnetic microgels.
For the magnetic microgels MMG2 and MMG3 with a higher loading, difficulties were
showing up during the measurements. Figure 7.7 compares exemplary force curves on
MMG1 and MMG2, which has a higher loading. The loading of those magnetic microgels
however seems to be so high that no smooth force curves as for pure gels or MMG1 could
be recorded. The AFM tip is obviously pushed in between MNP, leading to steps in the
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Pure gel 0 T 0.375 T 0 T 0.375 T 0 T
531± 55 448± 64 421± 72 426± 21 426± 26 442± 13

Table 7.2.: Averaged elastic moduli in kPa in the center of magnetic microgel particles in
MG1 and MMG1.

Figure 7.7.: Exemplary force curves on a) MMG1 and b) MMG2.

force curve and making a quantitative analysis of the elastic modulus on a microscopic
scale impossible.

7.3. Discussion

Loading with MNP has several effects. First, the magnetic microgels show a higher hydro-
dynamic radius and a larger volume in AFM measurements in water than pure microgels.
This indicates that the repulsive force between the charged MNP stretches the microgel
matrix.
With a magnetic moment of 3.77*10−19 Am2 (measured by Eric Roeben from the Uni-
versity of Cologne with a vibrating-sample magnetometer) for CoFe2O4@PAAc one can
calculate the dipolar interaction parameter λ , which is the ratio between the magnetic
dipole-dipole interaction and the thermal energy at room temperature:

λ =
µ0m2

4πd3kBT
(7.1)

with the vacuum permeability µ0, the magnetic moment m, the particle diameter d, the
Boltzman constant kB, and the temperature T. The obtained value of λ = 0.58 for MMG1
shows that the thermal energy dominates, which supports the observation that the particles
are stable at 20◦ C and do not form aggregates due to magnetic interaction. This value
is rather small, which is a factor contributing to the low magnetostriction observed when
applying an external magnetic field.
From the Grahame equation one can calculate the charge density σ [Isr1998]

σ =
2ε0εrkBT

eδ
sinh

eζ

2kBT
(7.2)
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with the vacuum permittivity ε0, the relative permittivity εr, the Debye length δ , the zeta
potential ζ , and the elementary charge e. An average charge of 14 e per MNP is obtained
for CoFe2O4@PAAc, with ζ =-70 mV (measured by Marcus Witt). The electrostatic re-
pulsion is 6.4 times larger than the magnetic dipole dipole attraction. This repulsion of
MNP is one explanation for the larger radii of magnetic microgels compared to unloaded
microgels.
The ability to pull the magnetic microgel out of the dispersion is a clear hint for a net
magnetic moment which can be induced by the external magnetic field. During synthesis
in the absence of a magnetic field the MNP are not oriented and the directions of the dipole
moments are isotropically distributed. That means that the magnetic microgel has no net
magnetic moment in absence of an external magnetic field. When an external magnetic
field ~H is applied, a torque of ~m× ~H acts on all MNP, where ~m is the magnetic moment of
an MNP. The fact that magnetic microgel particles can be moved by an external magnetic
field shows that the magnetic moment of the MNP can be oriented within the microgel
along the axis of the magnetic field.
The increasing contrast in TEM images of the microgel particles of MMG1 and MMG2
towards their center indicates a higher polymer density due to increasing concentration of
cross-linker towards the center of the microgel particle. This is already known from liter-
ature [Sau1999] and is explained by faster reaction kinetics of the cross-linker in compar-
ison to the monomer. With increasing cross-linker concentration the mesh size decreases
and the MNP are not allowed to penetrate due to sterical hinderance. This causes the MNP
to be located only in the shell. The homogeneous mesh size distribution of MG3 however
allows MNP in MMG3 to penetrate deep inside the gel. The density gradient in MMG1
is also supported by mechanical studies, which show a higher elastic modulus for the cen-
ter of the microgels than for the outer shell (references [Bur2011a, Bur2011b] and present
work).
The adsorbed magnetic microgels (MMG1) elongate along the direction of the magnetic
field, and contract perpendicular to the surface and to the field. This behavior corresponds
to 2D simulations by Weeber et al. [Wee2012]. The MNP have a relatively small diameter
of about 15 nm, so a significant fraction should be small enough to allow Néel relaxation.
Additionally, the MNP are not chemically bound to the microgel and thus can rotate with-
out strong interaction with the gel, so Brownian motion is possible as well. In this case, the
application of a magnetic field leads to an alignment of the magnetic moments, causing a
formation of chain-like arrangements of MNP parallel to the field. This could explain the
observed deformation. Zubarev and Borin [Zub2015] have found a dependence of the sign
of magnetostriction on the gel shape and the MNP concentration in theoretical considera-
tions. Samples with a low MNP concentration and a moderate shape (i.e. not to strongly
oblate) were found to elongate in field direction, which is applicable to the case observed
in the present experimental work.
Obviously, the arrangement of MNP is not significant enough to influence the elastic mod-
uli of the gels, but only the presence of the MNP already decreases the elastic moduli. This
effect might be related to the increase in the microgel size after loading with MNP. This in-
crease is probably caused by repulsion between the MNP, which makes the meshes inside
the microgel grow. Hence, more water can get inside the gel and make it swell more. The
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fact that there is a charge reversal due to the loading with MNP, as proven by the change of
the sign of the electrophoretic mobility of MG1 and MMG1, is a hint that not all charges
are compensated and that additional counterions are introduced into the system. This in-
creases the osmotic pressure and thus might be another explanation for the swelling, which
could be the reason why the hybrid magnetic microgels are softer than pure microgels.
Furthermore there is no influence of the MNP loading on the temperature response of the
microgels, even for the rather highly loaded MMG2. Obviously, the MNP do not disturb
the structure according to its thermosensitivity. There are no magnetic interactions in the
absence of a field which hinder this effect. Other studies, however, have shown an influ-
ence of very high loading with MNP on the thermoresponsible swelling. A decrease in the
swelling capacity and a less defined transition has been observed for PNIPAM-chitosan
microgels loaded with 10 wt% iron oxide nanoparticles [Ech2015]. An increase of the
LCST has been found for (Fe3O4/Fe-phthalocyanine)@P(NIPAM-co-AAc) nanocompos-
ites with 2 or 4 wt% of MNP [Kar2015] and for PNIPAM microgels covered with γ-Fe2O3
MNP [Rub2007]. This was explained by the MNP-MNP interactions which hinder the
polymer aggregation during the volume phase transition. The LCST could be increased
to 38-41◦C, which is closer to the human body temperature than the original 32◦C, and
therefore is a step towards application in controlled drug release. Studies on macroscopic
gelatin-based hydrogels with Fe3O4 MNP have revealed an increase in the swelling degree
for rather low loading, caused by an increased osmotic pressure inside the gel. Larger
concentrations however lead to a decrease in the swelling capacity because of an attractive
interaction between the MNP and the gelatin matrix [Hel2014].
The volume concentration of MNP in the swollen MMG1 in bulk solution is φ = 0.6 vol%.
This concentration is rather low compared to studies on macroscopic ferrogels. There, con-
centrations of up to 30 vol% are considered [Dig2010, Iva2014]. Consequently, for con-
centrations as low as in the present study, only a low magnetic response can be expected. In
addition to the concentration, the magnetic response is a complex function of many other
factors like the MNP and gel shape, their interaction, the exact internal topology, and the
distribution of MNP, some of which are hardly accessible in experiments. This explains
the low observed response for MMG1. The lack of measurable response for MMG2 and
MMG3 could be explained by a stronger interaction between MNP and gel, which might
be caused by the different MNP coating or a smaller gel mesh size compared to the MNP
size. This could hinder the turning of MNP in the mesh.

7.4. Conclusion

Magnetic microgels made of PNIPAM based microgels and CoFe2O4@PAA MNP have
been successfully prepared and characterized. In case of oppositely charged microgels and
MNP a pronounced MNP uptake by the microgels could be detected.
The hydrodynamic radius as well as the volume of adsorbed microgels increase after the
MNP incubation due to the electrostatic repulsion of the MNP and an increase in osmotic
pressure. This is supported by the decrease of the elastic modulus for the magnetic micro-
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gel compared to the pure gel. The magnetic microgels show a magnetic separability but
their thermosensitive response is still preserved after loading with MNP.
Additionally, a response of the ferrogel to an external magnetic field has been detected.
Some magnetic microgels, depending on the number of MNP, their coating, and the inter-
action with the gel, elongate in field direction, and their volume shrinks anisotropically.
This effect is however not strong enough to induce a pronounced change in their elastic
behavior. The type of magnetic microgel particles presented here are promising candidates
for actuating systems.
Future work will address the adjustment of the microgels and MNP in order to get stronger
magnetic response. Focus will especially be put on homogeneously cross-linked microgels
to achieve a homogeneous loading with MNP, which should also improve the magnetic re-
sponsiveness. In the present study, strong interactions between MNP and the homogeneous
gel are likely to have prevented magnetostriction. Additionally, the application of a mag-
netic field perpendicular to the surface is of great interest for future investigations. Because
the adsorbed magnetic microgels are less restricted in this direction, a larger effect of the
magnetic field on the shape is expected here.
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8. General conclusion

Subject of this work has been the response of PNIPAM microgels both in shape and in their
elastic properties to external stimuli. The temperature response in cononsolvent systems
has been analyzed for microgels in bulk solution and adsorbed to surfaces. PNIPAM and
P(NIPAM-co-AAc) microgels in bulk below the VPTT show a minimum in their hydro-
dynamic radius for 30 vol% ethanol. Although both water and ethanol are good solvents,
ethanol is preferred by PNIPAM over water. The addition of ethanol therefore leads to the
formation of loops in the polymer fixed by ethanol contacts, which makes the microgel
shrink.
The VPTT of PNIPAM is shifted from 34◦C in water to 30◦C in 10 vol% ethanol and
to 20◦C in 20 vol% ethanol, while no VPTT is observed in mixtures with higher ethanol
concentration. Ethanol is a good solvent over the full measured temperature range. An un-
expected reswelling was observed in mixtures of ethanol and water at temperatures above
50◦C. This reswelling is confirmed by all-atom MD simulations on linear chains. It can
be explained by the fact that, while ethanol remains a good solvent for PNIPAM up to
60◦C (upper limit of the measuring range), water becomes a poor solvent at such high
temperatures. The situation above 50◦C can therefore be described as a mixture of a good
(ethanol) and a poor (water) solvent, which leads to a decoration of the polymer with the
good solvent.
Another factor that plays a role for PNIPAM in bulk mixtures are depletion forces, which
are caused by the breaking of a certain number of hydrogen bonds at high temperatures.
This brings an effective attraction of the PNIPAM chains and limits their reswelling above
50◦C to a certain degree. A confirmation for this theory is given by considering the fact
that the depletion force increases with the number density of molecules in the solution.
Microgels reswell less in mixtures of water and methanol, where the number density of the
solvent molecules is higher than in water and ethanol, and they reswell more in mixtures
of water and 2-propanol with a lower number density of solvent molecules.
The swelling behavior of PNIPAM microgels in bulk solution therefore depends on a del-
icate interplay between preferential binding of the monomer with the better solvent, the
bulk solution number density, and the temperature dependent hydrogen bonding.
The significant compression of microgels adsorbed to surfaces makes it important to study
this case separately, given the high relevance for applications such as sensors. Experiments
have shown that their volume and shape depend strongly on the kind of surface and the
preparation procedure. PNIPAM microgels are larger and fixed more strongly on PAH
compared to gold. Additionally, they have a larger value in height, a smaller value in width,
and a larger volume when spincoated from solutions with a higher ethanol concentration
rather than pure water.
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Those differences have an effect on the swelling of the microgels. Their cononsolvency-
induced minimum volume at 20◦C (which is below the VPTT) appears at 40 vol% ethanol
on PAH, which is an increase by 10 vol% compared to the microgels in bulk phase or
adsorbed to gold. Additionally, the VPTT is decreased less significantly on PAH by the
addition of ethanol when spincoated from pure water. This leads to the conclusion that
spincoating from water on PAH produces a compressed microgel which is strongly fixed
on the substrate. The decreased mesh size coupled with a low flexibility obviously makes
it hard for ethanol to penetrate inside the gel, thereby decreasing the ethanol concentration
in adsorbed gels compared to the concentration in gels in bulk solution. Additionally, PAH
is more hydrophilic than gold, and the ethanol concentration might be slightly lower near
a PAH surface than near gold.
Dynamic force measurements on P(NIPAM-co-AAc) microgels adsorbed to gold sub-
strates allow to determine the storage, loss, and elastic moduli. They reveal a much higher
storage modulus for microgels above the VPTT (at 50◦C) than for microgels below the
VPTT at the cononsolvency-induced minimum volume in 30 vol% ethanol. This supports
the theory that the temperature effect is based on the breaking of hydrogen bonds and sub-
sequent expelling of solvent molecules, while the cononsolvency effect is explained by
ethanol bridges caused by preferential adsorption. Thereby more solvent molecules re-
main in the gel and make it softer. Surprisingly, the storage modulus is larger in 60 vol%
ethanol than in 30 vol%, although the particles are smaller in 30 vol%. There is obviously
no simple relation between the microgel size and its elastic properties, but they also depend
on the microscopic interaction between solvent and gel. Microgels with a larger storage
modulus also possess a larger loss tangent. In shrunken and stiff particles, there is more
friction because of direct monomer-monomer contact during the measurement.
The influence of the gel structure on its swelling has been analyzed. While common mi-
crogels possess a densely cross-linked core and a more weakly cross-linked shell, it is
possible to synthesize microgels with a homogeneous cross-link density. This is important
for the incubation of nanoparticles, because it enables a uniform loading. Additionally, it is
of special interest because of the elastic properties. The elastic modulus is constant on the
entire gel, in contrast to core-shell microgels that are stiffer at the center. A point that re-
mains puzzling however is the observation that the elastic modulus increases significantly
at temperatures which are much higher than the VPTT, so the elastic transition takes place
at higher temperatures than the volume phase transition. Although the core-shell struc-
ture was proposed as a reason for this, the same behavior is observed for homogeneous
microgels. Therefore, the true cause for this shift still remains subject to speculation.
Homogeneous microgels spread out more on a surface and swell more than core-shell
microgels because they are more flexible and lack a densely cross-linked, stiff core. Es-
pecially in vertical direction the swelling ability is enhanced significantly, as the homoge-
neous gels swell nearly twice as much compared to core-shell particles. The shrinking in
cononsolvent systems is much more pronounced for homogeneous particles as well, and
again occurs mainly in vertical direction.
Finally, magnetic CoFe2O4 nanoparticles have been incubated into PNIPAM and both
core-shell and homogeneous P(NIPAM-co-AA) microgels with the aim of introducing an
additional responsiveness to external magnetic fields. The opposite charge of MNP and
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8. General conclusion

microgels enhances the loading. The coating of the MNP (PAAc or CA) and the microgel
structure play an additional role in the loading efficiency. Using CoFe2O4@CA MNP gen-
erally leads to a higher loading than using CoFe2O4@PAAc. In homogeneous microgels
MNP penetrate deeply into the microgel, while for core-shell microgels they are mostly
located in the loosely cross-linked shell.
Temperature responsiveness remains unaffected even for microgels with high MNP load-
ing. Magnetic microgels adsorbed to a gold substrate show a VPTT between 30 and 35◦C.
The swelling or shrinking takes place in both lateral and vertical direction to the surface,
just like for pure microgels.
Of all the analyzed magnetic microgels only (CoFe2O4@PAAc)@P(NIPAM-co-AA) has
shown a systematic response in spatial dimensions to an external lateral magnetic field,
despite having the lowest loading with MNP. The microgel is elongated in field direction
and its height is reduced. The overall volume is decreased anisotropically by up to 7%
in a field of 0.375 T compared to 0 T. This change in shape is consistent with simulations
of MNP which are weakly coupled to the polymer matrix. It can be explained by the
formation of MNP chains in field direction. The fact that the other magnetic microgels are
not distorted by the magnetic field might be explained by a stronger binding of the MNP
to the gel.
Magnetic microgels are larger than pure microgels and have a lower elastic modulus. This
is due to the electrostatic repulsion of MNP and an increase in osmotic pressure. The
achieved loading of 0.6 vol% was however not high enough to induce a response of the
elastic modulus to the magnetic field, although an increase in the presence of a magnetic
field was expected from former studies on macrogels.
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9. Outlook

Because of the continuously high interest in applications for PNIPAM microgels, further
research to reach a wider understanding in this field is of great importance.
A really profound picture for the cononsolvency effect of adsorbed microgels could not be
provided yet. Theoretical work and simulations might help answering the questions about
the role of the specific surface and adsorption. Therefore, the influence of the surface
hydrophilicity on the solvent composition in the vicinity of the surface, as well as the
influence of surface charges, polymer interdigitation or compression could be analyzed
separately in detail.
The lack of direct connection of microgel size to the elastic properties also remains un-
clear. Interaction strength of solvent and gel or solvent compressibility might play a role
here, as well as the solvent composition inside the gel. A study systematically simulating
the composition in the first solvation shell depending on bulk composition and tempera-
ture could help provide an explanation for higher moduli of microgels in 60 vol% ethanol
despite their smaller size.
Due to evaporation and the subsequent change in composition of ethanol-water mixtures as
well as a quick reduction of the overall solvent volume, AFM measurements were limited
to temperatures up to 50◦C. Therefore, no reswelling, which has been observed in bulk
above 50◦C, could be found for adsorbed microgels. Modification of the AFM setup, e.g.,
by developing a closed fluid cell, or by inducing a flow of liquid to keep the composition
and overall volume constant, could enable measurements at higher temperatures. Like this,
the possible reswelling for adsorbed microgels could be analyzed similarly to gels in bulk
solution.
The response of magnetic microgels to an external magnetic field observed in this work
was unfortunately very weak, and in most cases not detectable. Therefore, the aim for fu-
ture work should be to achieve a higher loading with MNP by variation of, e.g., comonomers
or MNP coatings, to increase the response. Focus should especially be laid on homoge-
neously cross-linked microgels, because they can be uniformly loaded and subsequently
promise the highest resonsiveness. Alternative routes for the preparation of magnetic mi-
crogels, like microgel synthesis in presence of MNP or MNP synthesis in presence of
microgels, are of interest because a stronger coupling between MNP and polymer is ex-
pected. Additionally, MNP with an anisotropic form, like nanorods, could be employed
because of their stronger ability to distort the microgel network in the Brownian response
to a magnetic field.
Theoretical studies on magnetic microgels have been conducted, and might be adapted to
the systems analyzed in this work. This way the required loading with MNP to achieve a
measurable response could be estimated in advance.
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AFM force curves measured with a tip could not be analyzed for microgels which are
highly loaded with MNP because of their grainy structure. Better results might be achieved
with a colloidal probe glued to the cantilever, measuring the average response of numerous
microgels. To do this in a defined and reproducible way, however, a monolayer of magnetic
microgels should be built. With the low concentrations of magnetic microgels given in this
work, this was not possible. Higher concentrations of magnetic microgel solutions would
help to accomplish this and to conduct force measurements with AFM on highly loaded
microgels.
The question if the formation of intramolecular hydrogen bonds above the VPTT is re-
sponsible for the higher elasticity transition temperature compared to the VPTT might
be answered by temperature-dependent measurements on tertiary amides like poly(N,N’-
diethylacrylamide) (PDEAAM) or poly(N-vinyl-caprolactam) (PVCL). If indeed
intramolecular bonds should cause the increase in elasticity, gels synthesized from those
monomers should not show such a significant increase.
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A. Density and viscosity of
ethanol-water and 2-propanol-water
mixtures

The dynamic viscosity was needed for DLS and zeta potential analysis. For methanol-
water mixtures it was taken from reference [Mik1961]. For ethanol and 2-propanol kine-
matic viscosity and density have been measured, and the dynamic viscosity has been cal-
culated thereof. Values at all temperatures have been calculated from linear fits. Table A.1
shows the kinematic viscosity, table A.2 the density, and table A.3 the dynamic viscosity
of water-ethanol mixtures. The values for dynamic viscosity are graphically presented in
figure A.1.
The kinematic viscosity of 2-propanol-water mixtures is given in table A.4, the density is
given in table A.5, and the dynamic viscosity is presented in table A.6 and in figure A.2.

T 10% 20% 30% 40% 50% 60% 80% 100%
20◦C 1.4160 1.9161 2.4004 2.8397 3.0032 2.9869 2.5334 1.4863
30◦C 1.0300 1.4392 1.7487 1.9797 2.1294 2.1577 1.9034 1.2557
40◦C 0.8905 1.1984 1.3917 1.5916 1.7105 1.7199 1.5151 1.0626
50◦C 0.7077 0.8687 1.0350 1.1642 1.2550 1.2958 1.2234 0.9258

Table A.1.: Kinematic viscosity of ethanol-water mixtures (proportions in vol%) in mm2/s
at different temperatures.

T 10% 20% 30% 40% 50% 60% 80% 100%
20◦C 0.9851 0.9748 0.9642 0.9477 0.9311 0.9076 0.8565 0.7903
30◦C 0.9822 0.9710 0.9589 0.9410 0.9236 0.8995 0.8479 0.7817
40◦C 0.9784 0.9663 0.9530 0.9337 0.9157 0.8910 0.8390 0.7729
50◦C 0.9738 0.9609 0.9465 0.9261 0.9075 0.8824 0.8298 0.7634

Table A.2.: Mass density of ethanol-water mixtures (proportions in vol%) in g/cm3 at dif-
ferent temperatures.
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T 10% 20% 30% 40% 50% 60% 80% 100%
20◦C 1.3949 1.8679 2.3145 2.6911 2.7964 2.7108 2.1699 1.1747
30◦C 1.0117 1.3974 1.6769 1.8629 1.9666 1.9408 1.6139 0.9816
40◦C 0.8713 1.1580 1.3263 1.4862 1.5662 1.5325 1.2711 0.8213
50◦C 0.6892 0.8347 0.9796 1.0781 1.1388 1.1434 1.0151 0.7067

Table A.3.: Dynamic viscosity of ethanol-water mixtures (proportions in vol%) in mPa*s
at different temperatures.

Figure A.1.: Dynamic viscosity of ethanol-water mixtures (proportions in vol%) at differ-
ent temperatures.

T 10% 20% 30% 40% 50%
20◦C 1.6057 2.2951 3.0766 3.7028 4.1321
30◦C 1.2247 1.6690 2.1581 2.5322 2.7946
40◦C 0.9645 1.2293 1.5136 1.7760 2.0097
50◦C 0.7700 0.9830 1.1775 1.3789 1.5113

Table A.4.: Kinematic viscosity of 2-propanol-water mixtures (proportions in vol%) in
mm2/s at different temperatures.

T 10% 20% 30% 40% 50%
20◦C 0.9847 0.9734 0.9538 0.9426 0.9176
30◦C 0.9817 0.9686 0.9535 0.9352 0.9123
40◦C 0.9772 0.9646 0.9385 0.9133 0.8898
50◦C 0.9697 0.9486 0.9159 0.8962 0.8488

Table A.5.: Mass density of 2-propanol-water mixtures (proportions in vol%) in g/cm3 at
different temperatures.
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A. Density and viscosity of ethanol-water and 2-propanol-water mixtures

T 10% 20% 30% 40% 50%
20◦C 1.5810 2.2340 2.9345 3.4904 3.7916
30◦C 1.2022 1.6165 2.0578 2.3681 2.5496
40◦C 0.9426 1.1858 1.4205 1.6220 1.7882
50◦C 0.7467 0.9324 1.0785 1.2357 1.2829

Table A.6.: Dynamic viscosity of 2-propanol-water mixtures (proportions in vol%) in
mPa*s at different temperatures.

Figure A.2.: Dynamic viscosity of 2-propanol-water mixtures (proportions in vol%) at dif-
ferent temperatures.
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B. Abbreviations

A projected surface area

AA allylamine

AAA allyl acetic acid

AAc acrylic acid

AFM atomic force microscopy

APS ammonium persulfate (polymerization initiator)

BIS N,N’-methylene bisacrylamide (cross-linker)

CA citric acid

CM comonomer

DLS dynamic light scattering

E elastic modulus

e elementary charge

ETT electrokinetic transition temperature

F force

fA swelling ratio of the surface area

fV swelling ratio of the volume

G complex dynamic modulus

G’ storage modulus

G” loss modulus

k spring constant

kB Boltzmann constant

KPS potassium persulfate (polymerization initiator)
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LCST lower critical solution temperature

MD molecular dynamics

MG1 P(NIPAM-co-AA) microgel

MG2 P(NIPAM-co-AA) microgel

MG3 homogenous P(NIPAM-co-AA) microgel

MMG1 P(NIPAM-co-AA) microgel loaded with CoFe2O4@PAAc MNP

MMG2 P(NIPAM-co-AA) microgel loaded with CoFe2O4@CA MNP

MMG3 homogenous P(NIPAM-co-AA) microgel loaded with CoFe2O4@CA MNP

MNP magnetic nanoparticles

mol% percentage by amount of substance

n particle number

Npe
hb number of hydrogen bonds between a monomer and ethanol

Npp
hb number of hydrogen bonds between two monomers

Npw
hb number of hydrogen bonds between a monomer and water

Ntotal
hb total number of hydrogen bonds between a monomer and solvent

Npe
hb excess of PNIPAM-ethanol hydrogen bonds

NIPAM N-isoproylacrylamide

NMR nuclear magnetic resonance

PAAc poly(acrylic acid)

PAH poly(allylamine hydrochloride)

PNIPAM poly(N-isoproylacrylamide)

Q quality factor

Rg radius of gyration

Rh hydrodynamic radius

RRMS root mean square roughness

RMS root mean square
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B. Abbreviations

T temperature

TEM transmission electron microscopy

THF tetrahydrofuran

UCST upper critical solution temperature

UV-Vis ultraviolet-visible

V volume

VFM2 variable field module 2

vol% percentage by volume

VPT volume phase transition

VPTT volume phase transition temperature

wt% percentage by weight

x cantilever deflection

xe ethanol mole fraction

x∗e normalized ethanol mole fraction

ε0 electric field constant

εr relative permittivity

ζ zeta potential

η dynamic viscosity

λ wavelength

µe electrophoretic mobility

ν kinematic viscosity / Poisson ratio

ρ mass density

ρn number density

σ charge density

φ e ethanol volume fraction

ω frequency
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