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Introduction

1 Introduction

1.1 Polymer Gels

1.1.1 Definition and Applications of Polymer Gels

Polymer gels consist of polymer networks swollen in a solvent.!? Polymer networks are three-
dimensional assemblies of covalently or physically crosslinked macromolecular chains.’

If polymer networks are swollen in water, they are called hydrogels; if, in contrast, they are
swollen in an organic solvent, they are denoted as organogels. Polymer gels can also be classi-
fied according to their size: gels exhibiting sizes that range from a few nanometers to several
hundreds of micrometers are commonly referred to as microgels,* whereas gels of larger size
are called macrogels or simply gels, as shown in Figure 1.1. Synthetic hydrogels find an in-

creasing amount of applications in absorbent® and separation®!* technology, controlled drug

11-16 17-19

delivery, catalysis, and in the mimic of biological tissues.?’ Examples of synthetic hy-
drogels commonly used in everyday life are sodium polyacrylate gels used as superabsorber

materials in diapers,® and poly(2-hydroxyethyl methacrylate) gels used in soft contact lenses.?!

Macrogel or Gel Microgel

e A
3 10 nm —1000 wm
¥ R

Figure 1.1. Illustration of an above-millimeter-sized macrogel (left) and of a spherical microgel with

size ranging from a few nanometers to several hundreds of micrometers (right).

1.1.2 Synthesis of Polymer Gels and Microgels

Macroscopic polymer gels exhibiting covalent crosslinks are typically synthesized by one of
the following different mechanisms: (i) copolymerization of mono- and multifunctional mono-
mers;*>? (ii) crosslinking of linear polymer chains containing crosslinkable side groups;* (iii)
end-linking of linear polymer chains functionalized with reactive end groups to multifunctional
crosslinkers;?’ (iv) interconnection of star-shaped macromonomers whose arms are capped with

suitable groups.2¢
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Microgels can either consist of colloidal particles that exhibit sizes of 10—1500 nm and
are subject to Brownian motion, or of granular-scale particles with sizes of 10—1000 pum, that
are subject to gravitational sedimentation. Colloidal microgels are typically prepared by pre-
cipitation polymerization or by miniemulsion polymerization of mono and bi-functional mono-
mers. A precipitation polymerization is carried out at conditions at which the forming oligomer
chains are not soluble in the reaction mixture and therefore precipitate: subsequent clustering
and growth of the precipitated oligomer chains lead to the formation of crosslinked microgel

particles, as schematized in Figure 1.2.%’

Particle growth

Solubility limit
S Oligomers

Monomers Odj)o Nucleation

Figure 1.2. Schematic illustration of the synthesis of colloidal microgels by precipitation polymeriza-
tion. White spheres represent monofunctional monomers, whereas gray spheres represent multifunc-

tional monomers.

In a miniemulsion polymerization a solution of monomers or polymer chains is first emulsified,
and subsequent initiation of the polymerization inside each droplet of the emulsion eventually
leads to the gelation of such droplets and to the formation of colloidal microgels.® In addition,
a similar droplet-templated synthetic strategy has been developed to obtain larger, granular-
scale microgel particles.?’®! For this purpose, droplets exhibiting sizes that range from a few
micrometers to several hundreds of micrometers, along with very narrow size distributions, are
formed by injecting two immiscible liquids into microfluidic devices. These devices usually
consist either of coaxial assemblies of round and square glass capillaries glued on a glass slide,>>
or of a poly(dimethylsiloxane) (PDMS) elastomer permanently sealed on a glass slide.** The
simplest and most common type of microfluidic device contains two inlet microchannels meet-
ing at a junction that leads into a common outlet microchannel. In the droplet-templated syn-
thesis of microgels, a solution of monomers or crosslinkable polymer chains (dispersed phase)
is injected into the first inlet channel, whereas another immiscible fluid (continuous phase) is

injected into the second inlet channel. At the junction, droplets are formed by flow-focusing of
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the dispersed phase exerted by the continuous phase, as shown in Figure 1.3; these droplets act
as templates for the subsequent gelation achieved by crosslinking polymerization of the mono-
mers or of the polymer chains within them, as also shown in Figure 1.3. Besides the experi-
mental set up described above, more complex microfluidic devices and synthetic strategies have
been exploited to prepare functional microgel particles with different morphologies, such as

3435

hollow particles, core—shell microgels*® and anisotropic Janus microgels” (Figure 1.3).

m -F
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Figure 1.3. Synthesis of granular-scale microgel particles by droplet-templated polymerization in glass
capillary (A,C) and PDMS elastomer (B,D) microfluidic devices; E) single emulsion droplets; F) double
emulsion droplets; G) granular-scale microgels resulting after gelation of the droplets in (E); H) hollow
microgels resulting from the double-emulsion templates in (F). All scale bars denote 50 mm. Repro-

duced with permission from ref. 31. Copyright John Wiley & Sons 2013.

1.1.3 Poly(/V-isopropylacrylamide) Gels

Poly(N-isopropylacrylamide) (pNIPAm) is a polymer that is well-known for its responsiveness
to temperature variations in water. This thermo-responsiveness has been investigated in the
1960s by Heskin and Guillet:**** pNIPAm is a flexible, water-soluble coil at temperatures be-
low its lower critical solution temperature (LCST) of = 32 °C, whereas it undergoes a transition
from coil to globule and then precipitates at temperatures above its LCST. The thermo-respon-
siveness of pNIPAm is due to the simultaneous presence of hydrophilic amide groups and hy-

drophobic isopropyl groups in the polymer, as shown in Figure 1.4. At temperatures below the
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LCST, the amide groups interact strongly with water through hydrogen bonding. By contrast,
at higher temperatures, the hydrogen bonds are broken, water becomes a poor solvent and phase
separation occurs. As a result of this change in the solubility of their constituent polymer chains,
crosslinked pNIPAm gels undergo a sharp transition from highly swollen networks at temper-
atures below the LCST, to shrunken networks at temperatures above the LCST.3*"*? This tran-
sition, denoted as the volume phase transition, is accompanied by large expelling of water from
the polymer network at temperatures at which pNIPAm is hydrophobic, and to a large water
uptake at temperatures at which pNIPAm is hydrophilic.

Linear pNIPAm chains are typically synthesized by free-radical polymerization of N-
isopropylacrylamide (NIPAm), initiated by reduction of ammonium persulfate (APS) in the
presence of tetramethylethylenediamine (TEMED), which accelerates the rate of production of
free radicals.*® Functionalization of pNIPAm can be achieved by copolymerization of NIPAm
and of a comonomer that contains the desired functional group; this strategy has been exploited
to label pNIPAm with fluorescent dyes or to insert photo-reactive crosslinkers in the poly-
mer.*®* Another method to synthesize pNIPAm chains exhibiting additional functionality is
the copolymerization of NIPAM with N-acryloxysuccinimide (NASI) or N-(methacryloxy)suc-
cinimide (MASI), followed by nucleophilic addition of an amino-functionalized molecule and
by elimination of N-Hydroxysuccinimide. This strategy allows several copolymers exhibiting
different functionalities but very similar distributions of molecular weights to be synthesized

starting from a single batch of p(NIPAM-co-NASI) or p(NIPAM-co-MASI) chains.**4¢

Crosslinked pNIPAm gels are commonly synthesized by free-radical copolymerization

of NIPAm and N,N'-methylenebis(acrylamide) (BIS), as shown in Figure 1.4.%°

A J\ HL J'ﬁ S

NIPAm

Crosslinked pNIPAm

Figure 1.4. Synthesis of crosslinked pNIPAm by free-radical copolymerization of NIPAm and BIS in
water, initiated by the reduction of APS in the presence of TEMED. The hydrophilic and the hydropho-

bic functional groups of pNIPAm are marked with blue and orange, respectively.
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PNIPAm gels have been also prepared by irradiation of solutions of NIPAm with y-rays, which
simultaneously induces polymerization and crosslinking.*” A more complex way to synthesize
pNIPAm gels with better control of their nanostructure is the crosslinking of linear pNIPAm
chains containing crosslinkable side groups. Following this strategy, Seiffert et al. synthesized
pNIPAm gels by UV irradiation of semidilute aqueous solutions of linear pNIPAm chains con-
taining dimethylmaleimide (DMMI) moieties randomly distributed along the chains, in pres-
ence of thioxanthone disulfonate (TXS) as triplet photosensitizer;*>>® upon irradiation of

p(NIPAm-co-DMMI) chains, the DMMI moieties dimerize,**>° leading to crosslinking of the

chains and to gelation of the polymer solutions, as illustrated in Figure 1.5.

& _ = s .
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Figure 1.5. Synthesis of crosslinked pNIPAm gels by photo-crosslinking of linear pNIPAm chains con-
taining crosslinkable DMMI moieties. (A) Copolymerization of NIPAm and (dimethlymalei-
mide)ethylacrylamide (DMMIAAm), initiated by the addition of APS and TEMED; sodium formate is
used to control the size of the obtained chains. (B) UV-induced crosslinking of linear p(NIPAm-co-
DMMI) chains in aqueous solution. The dimerization of DMMI is mediated by a triplet sensitizer, thi-
oxanthone-disulfonate (TXS). Two isomeric types of dimers are formed, each of them constituting a
covalent crosslinking junction between the pNIPAm chains. Adapted with permission from ref. 35. Cop-

yright Royal Society of Chemistry 2010.
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Colloidal-scale pNIPAm microgels exhibiting sizes of 100—1500 nm and narrow size
polydispersity are typically prepared by precipitation polymerization, as explained in section
1.1.2. The synthesis of colloidal pNIPAm microgels was first reported by Pelton et al.,>! and
usually involves precipitation copolymerization of NIPAm and BIS at temperatures of 60—70°
C, initiated by thermal decomposition of potassium persulfate or ammonium persulfate. In the
first synthesis procedure reported by Pelton, the growing microgel particles were colloidally
stabilized by electrostatic repulsion originating from sulfate groups introduced by the initiator.>>
Later on, a charged surfactant such as sodium dodecyl sulfate (SDS) was added to the reaction
mixture to further stabilize the growing particles and thus to achieve better control of the final
size of the microgels.’>>* By contrast, if precipitation polymerization is performed in presence
of an electrolyte, the microgels are destabilized, such that their final size increases with the
ionic strength of the reaction media.> Pelton’s synthesis procedure for colloidal pNIPAm mi-
crogels has been widely exploited and implemented: in this context, the copolymerization of
NIPAm and BIS with a third co-monomer allowed the synthesis of ionic microgels with con-

trolled charge density,>¢ ¢

along with the conjugation of microgels to biomolecules, and with
the labeling with fluorescent dyes.®**! Moreover, NIPAm was also copolymerized with a more
hydrophobic or with a more hydrophilic monomer to shift the volume phase transition of the
obtained microgels to lower or to higher temperatures than in the case of plain pNIP Am micro-

gels 62—65

Granular-scale pNIPAm microgels exhibiting sizes of 10—1000 um and low polydis-
persity have been prepared by droplet-templated polymerization in microfluidic devices, as ex-
plained in section 1.1.2.2%667 For this purpose, an aqueous solution of NIPAm, BIS and APS
is emulsified in an immiscible fluid, in which a small amount of TEMED is dissolved. Once
water-in-oil droplets are formed, TEMED diffuses into them, thereby accelerating the reduction
of APS: this initiates a free-radical polymerization inside the droplets, leading to gelation of
these droplets and to the formation of microgels. The size of the obtained microgels is controlled
by the size of the droplet templates, which can be tuned by varying the size of the microchannels
in which the droplets are formed, along with varying the relative flow rates of the dispersed and
of the continuous phases.*? Furthermore, Seiffert et al. synthesized granular-scale pNIPAm mi-
crogels by emulsification and subsequent UV-induced gelation of solutions of linear p(NIPAm-
co-DMMI) chains in microfluidic devices.**’ The microgel particles obtained with this pro-
cedure were found to exhibit a more homogeneous nanostructure in comparison to microgels

formed by free-radically initiated copolymerization of monomers, as investigated by static light



Introduction

scattering and NMR spectroscopy.®® Moreover, this strategy was exploited to prepare pNIPAm
microgels exhibiting different functionalities and morphologies by UV-induced crosslinking of
polymer chains containing photo-crosslinkable groups, along with additional functional

groups.®%’
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1.2 Nanostructural Heterogeneity in Polymer Gels

1.2.1 Origin and Characterization of Heterogeneity in Polymer Gels

In a crosslinked polymer network, the strands between two crosslinking junctions define the
network meshes, and the equilibrium end-to-end length of the strands defines its mesh size,
typically & = 1-10 nm. However, most polymer networks, in particular those obtained by free-
radical crosslinking copolymerization, exhibit a marked degree of nanostructural heterogeneity,

09772 a5 illustrated in

manifested in form of an inhomogeneous spatial distribution of crosslinks,
Figure 1.6. This crosslinking heterogeneity leads to a broad distribution of network strand
lengths, such that the polymer network displays a distribution of mesh sizes rather than exhib-
iting a unique, single mesh size. In addition to this distribution of chain lengths, most polymer
networks display topological and connectivity defects such as dangling chain ends, chains form-

ing closed loops, and crosslinker—crosslinker shortcuts, as also shown in Figure 1.6.

Dangling end

Crosslinker-
crosslinker

Figure 1.6. Schematic of a polymer network exhibiting inhomogeneous crosslinking density and con-
nectivity defects. The short arrow marks a typical mesh size, § = 1—-10 nm, whereas the long arrow
indicates the typical length scale of spatial variation of the crosslinking density, =~ 10—100 nm. Repro-

duced from ref. 73. Copyright Royal Society of Chemistry 2015.

Furthermore, the spatial inhomogeneity of a polymer network increases when the net-
work is swollen in a solvent:’* 7 this is because upon swelling, local loosely crosslinked do-
mains expand more than local densely crosslinked domains, and this effect causes additional
pronounced fluctuations in the spatial profile of the polymer segmental density and of the con-

centration of crosslinking junctions, as illustrated in Figure 1.7.
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Figure 1.7. Schematic of A) randomly distributed crosslinking junctions (red dots) in a deswollen pol-
ymer network and B) the same polymer network swollen in a good solvent. Highly crosslinked local
domains (red segments) swell less than the rest of the network, leading to pronounced static spatial
fluctuations of the polymer concentration. Reproduced with permission from ref. 77, copyright Nature

Publishing Group 2011, previously modified from ref. 74,copyright American Chemical Society 1988.

It was found that the crosslinking density is particularly inhomogeneous in polymer networks
obtained by free-radical crosslinking copolymerization of bi- and multi-functional monomers
in solution. This is a consequence of the mechanism of network formation: during the early
stage of a crosslinking copolymerization, chain cyclization and local multiple crosslinking lead
to the formation of nanogel clusters, as shown in Figure 1.8.%7878! At higher conversion, mac-
roscopic gelation occurs by rather loose interconnection of these clusters to a continuous, space-
filling polymer network that therefore displays pronounced spatial concentration fluctuations

on a length scale of 10—100 nm, as also illustrated in Figure 1.8.
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Figure 1.8. Cyclization and multiple crosslinking reactions in free-radical crosslinking copolymeriza-
tion, leading to local highly crosslinked domains (area inside the dotted circle) in the final network.

Adapted with permission from ref. 81. Copyright Elsevier 2003.



Introduction

Thus, the extent of heterogeneity of a polymer gel depends on the polymerization mechanism
and on the reaction conditions. In polymer gels obtained by free-radically initiated copolymer-
ization of monomers, nanostructural heterogeneity increases with increasing ratio of crosslinker
to monomer in the pre-gel solution,®! and with incresing crosslinker reactivity.®>®* This is be-
cause cyclization and multiple crosslinking reactions are more probable if the crosslinker con-
centration is higher during the reaction and if the crosslinker reacts faster than the main mono-
mer. On the contrary, if the crosslinker concentration in the pre-gel solution is kept constant
and the monomer concentration is increased, the probability of multiple crosslinking reactions
decreases, and more homogeneous gels are formed.3#*° Moreover, the extent of inhomogeneity
of polymer gels is lower if the polymerization occurs in a good solvent, while it is more pro-
nounced in gels polymerized in close-to theta solvents, because in a theta solvent the nanoscopic
gel clusters formed in the early phase of a polymerization are unswollen, such that their volume
fraction is smaller than it would be in a good solvent.*®%” Hence, a higher conversion of the
polymerization is needed for the nanogels to eventually percolate to a space-filling network,
which then displays more pronounced concentration fluctuations.®* For this reason, if the syn-
thesis of crosslinked polymers with an upper critical solution temperature (UCST) occurs at
temperatures higher than its UCST, the extent of inhomogeneity of the resulting polymer net-
work decreases with increasing preparation temperature.®® For the opposite case of polymers
with a lower critical solution temperature (LCST) that lays above the reaction temperature, the
inhomogeneity of the resulting polymer network increases with increasing polymerization tem-

perature. 348687

The spatial inhomogeneity of polymer gels has been extensively investigated by means

68,88—92 ) 93-95 1 96,97
5 3

of NMR spectroscopy, atomic force microscopy (AFM optica x-ray’® and

electron®® 10!

microscopy, in addition to light3?$+1027108 "small angle x-ray (SAXS),!%-!10 and
neutron scattering (SANS).”>!!!"115 The scattering of a polymer gel is due to fluctuations of its
local polymer concentration, which are reflected by fluctuations of the gel refractive index.
These fluctuations are the sum of thermal, time-dependent concentration fluctuations due to
Brownian motion (ergodic contribution), and of static, time-independent concentration fluctu-
ations that are a consequence of the inhomogeneous crosslinking density of the network (non-
ergodic contribution).!'® To investigate the structural inhomogeneity of polymer networks by

scattering methods, it is necessary to separate the static from the dynamic contribution to the

measured scattering intensity. This is usually done by assuming the dynamic fluctuations to be

10
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equivalent to those of a corresponding uncrosslinked polymer solution: subtracting the scatter-
ing intensity of an uncrosslinked polymer solution from that of a corresponding crosslinked
polymer gel yields an excess scattering intensity that solely reflects the static concentration
fluctuations of the polymer gel. Evaluation of this excess scattering intensity with the model of

117-120

Debye and Bueche allows two characteristic parameters to be derived: the static correla-

tion length of the inhomogeneous polymer network density, =, and the root-mean-square fluc-

25172

tuation of the refractive index, <ou , which can be converted into the root-mean-square fluc-

2>12 by use of the refractive index increment, du/de.®* Accord-

tuation of the concentration, <éc
ing to the model of Debye and Buche, the excess scattering intensity, Rex, is given by
Rex (q) = (4nK <>/ (1+¢? Z2)

where g is the scattering vector g = 4 sin(0/2)/ A, and K = 8n%*> A4, where 0 is the angle between
the incident and the scattered radiation, and A is the wavelength of the incident radiation. Alter-
natively, the scattering intensity of a gel can be decomposed into static and dynamic contribu-
tions by dynamic scattering methods, such as dynamic light scattering (DLS): if DLS measure-
ments are performed at different sample positions, the measured scattering intensities can be
split into position-independent scattering contributions arising from thermal concentration fluc-

tuations (ergodic contribution) and position-dependent scattering contributions deriving from

static concentration fluctuations (non-ergodic contribution), as illustrated in Figure
1.9.106,116,121,122

Thermal concentration fluctuations dc¢ C Static concentration fluctuations

poeeens - [\

Thermal + static concentration fluctuations

d¢

C

r

Figure 1.9. Concentration fluctuations in a polymer gel, as a function of the position on the sample: (A)
thermal fluctuations due to Brownian motion (ergodic contribution); (B) static fluctuations due to frozen
inhomogeneities (non-ergodic contribution); (C) superposition of the two. Adapted with permission

from ref. 77. Copyright Nature Publishing Group 2011.
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Besides scattering methods, atomic force microscopy has also been used to study the
morphology of polymer gels.”> ** In this technique, a cantilever equipped either with a sharp
tip or with a spherical probe is used to scan the surface of a sample. In a mode of operation
often referred to as contact mode, the tip or the sphere are dragged across the sample surface,
and either the deflection of the cantilever, or the force needed to keep it at a certain position, is
measured. By contrast, in different modes of operation, often referred to as tapping and non-
contact modes, the cantilever oscillates in close proximity to the surface, and variations of the
oscillation amplitude due to attractive or repulsive interactions with the sample are measured.!??
To investigate polymer gels, AFM is normally used in the contact mode, allowing the stiffness
of the gel surface to be probed with a spatial resolution down to a few Angstroms.!?* AFM
micrographs of heterogeneous polymer gels typically display inhomogeneous surfaces.”>
However, AFM measures the local stiffness of a gel sample, which is then typically used to
estimate the sample’s local crosslinking density and to reconstruct its surface morphology.
Thus, the investigation of crosslinking heterogeneity in polymer networks by AFM relies on
the assumption that there is a simple relation between the stiffness of a gel and its crosslinking
density. This assumption would require each crosslinking junction of the polymer network to
equally contribute to the gel stiffness; however, this is not concluded to be true by several stud-
ies, as detailed in Section 1.2.2. Thus, while AFM is a convenient technique to locally probe

125-127

the mechanical properties of hydrogels, it is less suitable to investigate their heterogene-

ous nanostructures.

1.2.2 Effect of Nanostructural Heterogeneity on the Elasticity of Polymer Gels

Crosslinked polymer networks composed of long flexible chains are able to sustain high levels
of deformation if they are subjected to stress, and to recover their initial shape after stress re-
moval.'?® Their elasticity was first described about 70 years ago by the statistical theory of
rubber elasticity.!>*"134 In this theory, each flexible chain strand of a polymer network is treated
like an elastic spring with determined spring constant and equilibrium length: the most likely
chain conformation is that of a random coil, whereas the most unlikely conformation is that of
a fully decoiled chain. Upon deformation of the polymer network, each elastic chain decoils
and thereby loses conformational freedom: as a result, an entropy-driven elastic restoring force
originates. On the basis of this conceptual picture, different models were developed to describe
the deformation of a polymer network. In the affine network model, the positions of the cross-
links are affine to the macroscopic deformation of the network.!3%!*> In the phantom network

model, only the time-averaged mean positions of the crosslinks are affine to the macroscopic
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deformation.'**!3* According to these variants of the theory of rubber elasticity, the elastic shear
modulus of a polymer gel, G, increases linearly with the concentration of its constituent elastic
chains, v, as by G’ =v kgT in the affine model or by G’ = (1 — 2/f) v kT in the phantom model,
where f'is the functionality of the crosslinks.!** Hence, in both these models, the main contri-
bution to elasticity is the number of elastic network chains, while the distribution of network

chain lengths is considered to be monodisperse.

In contrast to this simple picture, the experimentally measured elastic properties of many
rubbers and gels, such as their response to applied shear and uniaxial compression and exten-
sion, showed deviations from the predictions of the theory of rubber elasticity.'** 13 These

1377149 and to complex chain confor-

deviations were attributed to network topological defects
mation statistics.!*!!*> To account for these deviations, the concept of effective elastic chains
was introduced.!*%14%1%3 In this concept, effective elastic chains (vefr) are defined as chains that
actively contribute to the elasticity of the network by deforming and storing elastic energy, in
contrast to dangling chains or chains forming loops, which are not elastically active. In addition,
several studies by Mark et al. showed that, besides these network defects, a broad distribution
of chain lengths affects the elasticity of a polymer network, such that the theory of rubber elas-
ticity does not always apply to inhomogeneous gels. In this context, Mark et al. observed that
bimodal polymer networks containing large fractions of very short chains randomly mixed with
small fractions of much longer chains had improved stability if subjected to elongation and
rupture.'*1*8 This has been explained with the limited extensibility of the short chains, and
with the fact that stretching of such chains above a certain limit would require variation of the
bonding angles between the monomers in the backbone. Moreover, Mark et al. also prepared
bimodal networks that consisted of highly crosslinked domains randomly distributed on a soft,
loosely crosslinked background.'***1°% In contrast to the first type of bimodal networks, the net-
works with segregated crosslinking density displayed lower stability to elongation and lower
storage moduli. This findings were explained by considering that if the chains between two or
more crosslinkers are too short to be deformed and to store elastic energy, as it might happen
inside the highly crosslinked nanodomains, several crosslinkers within those must be regarded
to act as a single crosslinking supernode with low ability for elastic energy storage.'*-!>! Further
studies have shown that the elastic modulus of a gel, as determined by rheology, decreases with
increasing degree of inhomogeneity in the gel, as determined by light scattering.®> In addition,
the elastic moduli of polymer gels obtained by uncontrolled polymerization are generally lower

than what would be expected from their content of crosslinker on basis of the statistical theory
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of rubber elasticity. This decrease can be quantified by the efficiency of crosslinking of the gel,
defined as vefr /v, where v is the ideally achievable crosslinking density calculated from its con-
tent of crosslinker, whereas vefris the actual density of elastically active crosslinks, inferred
from the shear elastic moduli of the gels according to the statistical theory of rubber elasticity.
For heterogeneous gels prepared by uncontrolled free-radically initiated copolymerization of
monomers, the efficiency of crosslinking is 0.1-20%,3!%285 while for less heterogeneous poly-
mer networks obtained by crosslinking of pre-polymerized linear chains functionalized with
crosslinkable moieties, or by end-linking of linear polymer chains with multifunctional mono-
mers or oligomers, the efficiency of crosslinking is 3—70%.4%197-152.153 These previous works
suggest that both the presence of inelastic network defects such as loops and dangling ends and
the formation of highly crosslinked local domains in polymer networks might lead to a marked

decrease of the crosslinking efficiency in heterogeneous gels.

1.2.3 Effect of Nanostructural Heterogeneity on the Permeability of Polymer Gels

A prominent area of application of polymer gels is that of polymeric membranes in separation
techniques® ' or for the encapsulation and controlled release of additives such as drugs.!! !¢ In
both these areas of use, the gel permeability is of central relevance. This quantity is directly
related to the mesh size of the polymer gel. If additives are smaller than the polymer network
meshes, their self-diffusion in a gel is not affected by the polymer network. In this case, the
diffusion coefficient of the additives, D, is related to the friction acting on them, F, by the
Einstein relation, D = kg7 /F. In the case of spherical additives, the friction was calculated by
Stoke, and the diffusion coefficient is given by the Stoke-Einstein relation, D = kg7 / 6mnR,
where 1 is the viscosity of the solvent.!>*!> By contrast, if the additives are polymer chains
smaller than the polymer network meshes, their self-diffusion has been described by the Rouse
model.">® According to this model, each of the N beads of a polymer chain is characterized by
an own independent friction coefficient, FBead, and the total friction acting on the chain is given
by the sum of all frictions coefficients acting on its beads. As a result, the Rouse diffusion
coefficient of the polymer chain is Drouse = kBT / (FBead N) ~ My !, where My is the molecular
weight of the diffusing chain. In the opposite case of additives that are larger than the polymer
network meshes, two different scenarios are observed. If the additives are rigid, their diffusion
through the polymer network is hindered: thus, the additives either cannot penetrate in the gel
matrix, or they are permanently immobilized in its interior. By contrast, if the additives are
flexible polymer chains, they can creep or “reptate” through the polymer network even if their

own size is larger than the size of the network meshes. This mechanism of motion has been
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described by De Gennes in his reptation theory.!>’ 162 In this theory, the self-diffusion of a
linear flexible macromolecule within a polymer network is modeled to proceed as a worm-like
motion of a chain confined in a tube-like region, as shown in Figure 1.10. This tube is either
defined by temporary topological constraints, such as chain entanglements, or by permanent
topological constraints, such as crosslinking junctions. On time scales shorter than a character-
istic reptation time, Trep, the diffusing chain only fluctuates inside the tube-like region, while
on longer time scales, the chain diffuses along and eventually out of the tube. The reptation
theory predicts that the reptation time depends on the molecular weight of the reptating chain

as Trep ~ My>, while the diffusion coefficient of the chain is D ~ My, 2.

Figure 1.10. Concept of the reptation theory: a linear polymer chain fluctuates in a tube-like region
defined by topological constraints. In a polymer melt, the topological constraints are entanglements with
other polymer chains, whereas in a crosslinked polymer network, the topological constraints are repre-
sented by crosslinking junctions. Reproduced with permission from ref. 163. Copyright Nature Publish-
ing Group 2008.

In the reptation theory, the crosslinking junctions of a polymer network are assumed to
be fixed obstacles, and variations in their spatial distribution are neglected. In contrast to this
simplification, deviations of experimental results from the predictions of the reptation theory,
for example, in view of the scaling of D with My, have been attributed to polymer network
heterogeneities.!®*!%> In addition, theoretical studies suggest that the diffusion of reptating
chains in heterogeneous media is slower than predicted by the reptation theory, because the
diffusing chains can be subject to entrapment in energetically favorable regions. "1 This is
particularly relevant if the size of the diffusing chains is similar to the size of these regions and
therefore to the length scale of heterogeneities in the polymer network matrix.!** However,
these studies focus on the mobility of synthetic polymers or biomacromolecules such as DNA

diffusing in polymer networks of different chemical composition, and simulations show that
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the diffusivity of such heteropolymer samples is slower than in case of homopolymer chains
reptating within chemically identical matrixes.!”® In contrast, other investigations report exper-
imental estimates of the diffusion of both homopolymer and heteropolymer tracer chains to be
in accordance with the predictions of the reptation theory.!”"!'”? The preceding survey shows
that no clear picture has been developed to date. In particular, no comprehensive experimental
studies focusing on the self-diffusion of polymer tracer chains in model polymer network ma-

trixes with well-defined heterogeneity are known.

Nevertheless, the self-diffusion of flexible polymer chains through polymer gels of the
same chemical composition has recently been investigated by fluorescence recovery after pho-
tobleaching (FRAP) by Seiffert, Susoff and Opperman.!’>!”3 For this purpose, polymer chains
were labelled with a fluorescent dye and embedded within a non-fluorescent polymer network.
At a certain time, the mobile fluorescent chains were bleached by irradiation with a laser at high
intensity that locally destroys the fluorophores, leading to a local attenuation of the fluorescence
intensity in the bleached region, as shown in Figure 1.11. Subsequently, the fluorescence inten-
sity of the sample was recorded with spatial and temporal resolution by confocal fluorescence

microscopy, as also shown in Figure 1.11.
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Figure 1.11. Confocal fluorescence microscopy images (left) and fluorescence intensity profile (right)
recorded in a FRAP experiment as a function of the time. At the time t = 0 s, one spot of the sample is
bleached by irradiation with a laser at high intensity; the formed pattern smears with increasing obser-
vation time ¢, due to the diffusion of the fluorophores. Adapted with permission from ref. 173 (copyright
Elsevier 2008) and from ref. 174 (copyright John Wiley & Sons 2005).
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The local attenuation of the fluorescence intensity smears out with increasing observation time
due to the diffusive exchange of bleached and unbleached fluorophores, characterized by an
ensemble of diffusion coefficients. Thus, the analysis of the measured fluorescence intensity

174-176

profiles with a diffusion model developed by Hauser, Seiffert and Opperman, yields dis-

tributions of diffusion coefficients for the fluorescent polymer chains in the polymer network.

Part of section 1.2 was reproduced with permission from ref. 73. Copyright The Royal Society
of Chemistry 2015.
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1.3 Packed Suspensions of Microgel Particles

1.3.1 The Limiting Case of Hard Spheres

Hard spheres (HS) are defined as rigid, impenetrable and incompressible spherical particles.'”’
Two hard spheres interact through an infinite repulsive pair potential, U (#) = oo, if the interpar-
ticle distance, r, is smaller or equal to the sum of their radii, 6= Ri+R>; in the opposite case of
r>o, U(r) = 0.7 In the late 1950s, simulations predicted the phase diagram for a suspension
of monodisperse spheres interacting through a hard-sphere repulsive potential.!’®!7° These sim-
ulations revealed that a suspension of hard spheres undergoes a transition from liquid-like to
solid-like mechanics upon increase of the particle volume fraction, ¢. According to these sim-
ulations, a suspension of monodisperse hard spheres has the disordered structure of a fluid up
to the particle volume fraction Qfrecze = 0.49, whereas for 0.49 < ¢ < 0.55 a fluid and an ordered
crystal phase coexist, and for 0.55 < ¢ < 0.74 the whole suspension exhibits a crystalline ordered
structure, as shown in Figure 1.12. The volume fraction of 0.74 is the maximal volume fraction
reachable in a suspension of monodisperse incompressible spheres, and corresponds to the vol-
ume fraction of hexagonal close packing, ¢cp. By contrast, in suspensions of hard spheres with
polydispersity larger than = 8%, a different scenario is observed: crystallization is suppressed
and, instead, an amorphous solid-like phase is formed at the volume fraction of ¢y = 0.58; this
phase is denoted as colloidal glass,'®* in analogy with molecular glasses. A colloidal glass con-
sists in a disordered, dynamically arrested state that persists up to the maximal volume fraction

of a completely random packing of spheres, referred as the random close packing, @rcp = 0.64,'8!
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Figure 1.12. Phase diagrams of suspensions of hard spheres. In the phase diagram above the horizontal
arrow, the spheres are monodisperse and crystallize upon increase of the volume fraction above Qfreere.
By contrast, in the phase diagram below the horizontal arrow, the spheres are polydisperse and the sus-
pension undergoes a transition from fluid to glass at the volume fraction @g; @rp is the maximum particle
volume fraction of a completely random packing of spheres; ¢, is the packing fraction of hexagonal

close packing. Modified with permission from ref. 182. Copyright Elsevier 2002.
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as also shown in Figure 1.12.

In the 1980s, experiments by Pusey and van Hagen reproduced for the first time the
predicted phase diagram for hard spheres using colloidal poly(methyl methacrylate) (PMMA)
particles, which were sterically stabilized by a thin layer of poly(hydroxystearic acid) to mini-
mize attraction due to Van der Waals forces.!3*!84 Since then, PMMA particles have been used
in many experimental studies as model systems for hard spheres.!8"!°! Moreover, if the parti-
cles used in these experiments are large enough, the fluid, the crystal and the glassy phases of

their suspensions can be directly observed by optical microscopy, as shown in Figure 1.13.1%?

Crystal ‘ | Glass

Figure 1.13. Microscopic images of suspensions of hard spheres in the fluid, in the crystal and in the
glass phase, obtained over an observation time of 10 s. The scale bars represent 10 pm. Modified with

permission from ref. 192. Copyright Annual Reviews 2012.

1.3.2 Tuning the Softness of Colloids from Hard to Soft Spheres

In contrast to hard spheres, microgels are soft, deformable particles; their softness is determined
by the softness of their repulsive pair potential, which is defined as U (r) = € (o/r)", where € sets
the energy scale, n controls the stiffness of the potential (1/x is the softness), and » and ¢ are
the interparticle distance and the sum of two particle radii, respectively, as already defined for
hard spheres (see section 1.3.1).!%% In the limit of n —oo, the soft repulsive pair potential corre-
sponds to the repulsive pair potential of hard spheres. Several types of colloids have been clas-
sified according to their softness, which increases from hard spheres to polymer coils, going
through emulsions, microgels and star-shaped polymers, as illustrated in Figure 1.14."* In ad-
dition to hard spheres, suspension of soft particles also undergo a liquid-to-solid transition upon
increase of their particle volume fraction. Moreover, soft particles have the ability to deform,
and in some cases to interpenetrate and to deswell; thus, the determination of their volume
fraction in a suspension is not trivial.!®® For this reason, suspensions of soft particles are better
characterized by the particle packing fraction, { = d V4, where d is the number density of parti-

cles per unit volume and Vj is the volume of a fully swollen single particle in the dilute limit.®
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Figure 1.14. Classification of different types of colloids according to the softness of their repulsive pair
potential. This softness decreases starting from polymer coils and going to star-shaped polymers, mi-
crogels, emulsions and finally to the limit case of hard spheres, as pictured above. The shape of the
corresponding repulsive pair potentials is pictured below: dashed and dotted lines illustrate the variabil-
ity of this potential with the particle morphology. Adapted with permission from ref. 194. Copyright
Elsevier 2014.

The packing fraction of a suspension of soft particles can be calculated by knowledge of the
total mass concentration of particles in the suspension, ¢, and of the mass concentration of a
single particle in the dilute limit, cp, as { = c/cp. If particle interpenetration and deswelling are
absent, a space-filling packing of particles is characterized by { =1. By contrast, in suspensions

of interpenetrating or deswollen particles, { can reach values much larger than 1.1

In most experimental studies on soft colloids, crystallization is not observed. Instead,
suspensions of colloidal spheres subject to Brownian motion undergo a colloidal glass transi-
tion. This transition has been explained with the concept of each particle being dynamically
trapped in a cage composed by the surrounding particles.!¥”:18197 A further increase of the
packing fraction of a suspension of soft particles above random close packing leads to a dense
state in which particles are deformed and form polyhedral facets at contact; this second type of
transition is referred as the jamming transition, and depends on contact forces between the de-
formed particles.!”® 2% Suspensions of colloids have been found to undergo both glass and jam-
ming transitions: for example, suspensions of hard spheres-like colloids undergo a transition to
a glass,?®® whereas emulsion droplets first undergo a glass transition and then, upon further

increase of their volume fraction, a jamming transition.?**?%* For colloidal microgel particles
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interacting through soft repulsive potentials, however, no such clear picture exists. In this con-
text, suspensions of core—shell microgels composed of a soft pNIPAm shell and a hard poly-
styrene (pS) core have been shown to undergo a transition to a glass,?*®?°7 but no universal

behavior has been observed for plain pNIPAm microgels.

The liquid-to-solid transition of suspensions of colloids has been widely investigated

189,190,196,206—211 184,213-216

by means of rheology, microrheology,?>*!? dynamic light scattering,

187.188.217.218 and UV-vis spectrophotometry.'®® An attempt to determine the

confocal microscopy
state diagram of suspensions of colloidal particles exhibiting different extents of softness has
been recently made by Vlassopoulos and Cloitre.'"”* According to this classification, which is
based on experimental studies, the state diagram of suspensions of microgels does not strongly

differ from that of hard spheres, as shown in Figure 1.15.
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Figure 1.15. State diagrams of suspensions of colloids with varying softness, as a function of the particle
packing fraction. The softness of the colloids increases from hard spheres to polymer coils, going
through microgels and star-shaped polymers. The letters refer to different states: F) stands for fluid,
F+C) denotes the coexistence of fluid and crystal, C) denotes a crystal phase, G) stands for glass and J)
refers to a jammed state. RCP and HCP are the volume fraction of random close packing and of hexag-
onal close packing for hard spheres, respectively. Adapted with permission from ref. 194. Copyright
Elsevier 2014.

Suspensions of these two types of particles exhibit the same fluid, crystal, glassy and jammed

states, with the exception that the packing fraction of the glass transition is slightly upshifted
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from 0.58 for hard spheres to 0.64 for microgel particles, and that the packing fraction of the
jamming transition is upshifted from 0.64 for hard spheres to 1 for microgels, as also shown in
Figure 1.15. In contrast to this simplified classification, existing studies denote large variance
of the packing fraction at which the glass and jamming transitions of suspensions of microgels
occur. The state diagram of microgel suspensions shown in Figure 1.15 is based on experi-
mental studies on colloids that exhibit different sizes and morphologies, such as plain pNIPAm
microgels,?!%?! PMMA microgels,??° and core—shell microgels made of a hard polystyrene core
and of a soft pNIPAm shell.??! These results are in accordance with other investigations on

core—shell pS—pNIPAm microgels;!'?0-207-2!!

these particles have been used as model systems to
study the colloidal glass transition, in agreement with theoretical predictions of the Mode Cou-
ple Theory (MCT),?*”??! because their packing fraction can be elegantly controlled by temper-
ature variations, which cause the swelling or the shrinking of the thermosensitive pNIPAm
shell. However, other investigations on suspensions of soft pPNIPAm microgels indicate that the
liquid-to-solid transition of such suspensions occurs at much larger effective packing fractions,
{ = 2-3 or even { = 9, reachable only by strong deswelling of the microgels.?!*?2 Moreover,
the liquid-to-solid transition was found to be more gradual for suspensions of soft microgels
than for hard spheres: in suspensions of hard spheres, a small increase of the particle packing
fraction causes significant slowing of the suspension structural relaxation and therefore a sharp
liquid-to-solid transition, whereas in suspensions of soft spheres, this dynamic arrest stretches
over a wide range of packing fractions.?!>*23 Furthermore, it was recently observed that the state
diagram of suspensions of colloidal poly(vinylpyridine) microgels strongly depends on the par-
ticle softness, such that suspensions of very soft, loosely crosslinked microgels remain fluid at
all packing fractions investigated (up to 10), whereas suspensions of highly crosslinked, stiff
microgels undergo transition to a glass at { = 0.6.'¢ This is in agreement with theoretical studies
that predict the packing fraction of the glass transition of soft colloids to increase with the par-
ticle softness,'”* and to other experimental work suggesting the existence of a relation between
the packing fraction of the glass transition and the bulk elastic moduli of core—shell microgels
composed of a pNIPAm core and of a poly(N-isopropylmethacrylamide) shell.?** In addition,
recent simulations by lkeda, Berthier, and Sollich suggest that not only the softness, but also
the particle size affect the occurrence of the liquid-to-solid transition of suspensions of soft
colloids.?® According to these simulations, the ratio between the thermal energy and the elastic
energy of a suspension of soft particles is a key parameter for the understanding of the glass

and jamming transitions of soft particulate materials.
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The combination of soft and hard interactions in suspensions containing both soft and
hard colloids allows the macroscopic properties of these composite materials to be studied and
to be tuned on a microscopic length scale. For this purpose, several types of binary colloidal
mixtures of particles exhibiting different softness have been investigated in the last years, as

225

for example mixtures of star-shaped polymers with polymer coils,”” and mixtures of star-

shaped polymers of different sizes and softness.?262%7

1.3.3 Rheology of Dense Microgel Suspensions

The liquid-to-solid transition of particle suspensions can be followed by shear rheology.??® In a
small angle oscillatory shear experiment, a small sinusoidal strain, y (¢) = yo sin( ?), is applied
to the sample, which is placed between two parallel plates, between a plate and a cone, or be-
tween two concentric cylinders, depending on the experimental set up chosen, as shown in Fig-
ure 1.16. In a solid, the stress caused by this shear, the shear stress t (y), is proportional to the
shear strain as 1(y) = G y (f) = G yo sin(o #), where G is the shear elastic modulus of the solid.
By contrast, in a fluid, the shear stress is proportional to the shear velocity, dy/dt, as ©(y) = n
dy/dt (£) =m yo ® cos(w t ), where 1 is the viscosity of the fluid. In a viscoelastic material, the
shear stress is not in phase with the applied strain, as also shown in Figure 1.16, and is given
by 1(y) = v0 [G’(®) sin(® ¢) + G”’(®) cos(w t)], where G’ is the storage or elastic modulus and
G” 18 the loss or viscous modulus of the material. If G’ >> G”, the material exhibits solid-like
mechanics, whereas if G’<< G”, liquid-like mechanics is observed. In a small angle oscillatory
experiment, G’(0) and G (w) are measured at different shear oscillation frequencies, ®, allow-
ing the response of the material to be probed on different time scales. At each oscillation fre-
quency, the material is probed on a time scale ¢ = 27/ @, with ¢ typically ranging from = 100 ms

to several minutes.
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Figure 1.16. A viscoelastic sample is placed between two parallel plates and subjected to a shear applied
by the upper plate (Ieft); the stress caused by shearing is not in phase with the strain (right). Adopted
from ref. 229.
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The evolution of the elastic and loss moduli of suspensions of colloids approaching the
glass transition has been widely investigated by small angle oscillatory rheol-
ogy.190-207:208.210.211230231 1 5 syspension is fluid, the loss modulus, G, is larger than the storage
modulus, G’, on the whole range of typically probed time scales. With increasing particle pack-
ing fraction, the storage modulus increases; the approach of the liquid-to-solid transition is
characterized by G’= G”, as shown in Figure 1.17 A. A further increase of the particle packing
fraction in the suspension leads to the progressive formation of a plateau of the storage modulus,
Gp’, and to the emergence of a minimum of the loss modulus, as shown in the Figures 17 B, C

and D.
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Figure 1.17. Storage modulus, G’, (full symbols) and loss modulus, G, (open symbols) of suspensions
of core—shell pS-pNIPAm microgels, normalized by the particle thermal energy, ks T/R>, and reported
as a function of Pe, = wtg, where o is the oscillation frequency of the shear, and 18 is the Brownian
time of the microgels. The volume fraction of the microgel suspension increases from ¢ = 0.52 to ¢ =
0.64 going from Figure A to D. In this range of packing fractions, the suspension undergoes the colloidal
glass transition, marked by the formation of a plateau of G’ and by the appearance of a minimum of G”.

Adapted with permission from ref. 207. Copyright The Society of Rheology 2009.
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Experimental work by Siebenbiirger et al.?’ on suspensions of core—shell pS—pNIPA microgels
is shown in Figure 1.17. In these suspensions, the particle volume fraction is controlled by
tuning the thickness of the thermosensitive pNIPAm shell. To account for different microgel
sizes in suspensions at different packing fractions, G’ and G are normalized by the thermal
energy of the microgels, kg T/R®, whereas the angular oscillation frequency is multiplied by their
Brownian time s = R> 6mn/ kT, where R is the radius of the microgels and 1 is the viscosity of

the solvent.

The glass transition has been explained with the concept of each particle being dynam-
ically trapped in a cage composed by its surrounding particles, as illustrated in Figure
1.18.187:188.197 Within this conceptual picture, the oscillation frequency of the G’(0) = G” (®)
crossover corresponds to the inverse time of particle motion out of the cage, defined as the a
relaxation time 1, (= lifetime of a cage), as shown in Figure 1.18. By contrast, the oscillation
frequency at which G” displays a minimum corresponds to the inverse characteristic time, tc,
of the transition from out-of-cage (a relaxation) to in-cage particle dynamics (P relaxation), as
also shown in Figure 1.18. Both 1, and 1c increase with increasing particle packing fraction
while approaching the glass transition, with t,, — oo for an ideally arrested glass. By contrast,
tc displays a maximum corresponding to the packing fraction of the glass transition and de-
creases with increasing the particle packing fraction above this transition.!?%?%¥232 The initial
increase of tc below the packing fraction of the glass transition is due to the slowing down of
structural relaxation, while the decrease of tc above the packing fraction of the glass transition

has been explained by progressive tightening of the cages around the particles.!?%-208:232

Out-of-cage motion O
(o relaxation) Q .
. In-cage motion
Q O (B relaxation)
Figure 1.18. In a particle suspension approaching the glass transition, a particle is entrapped in a cage

formed by the neighboring particles. The a relaxation time corresponds to the particle out-of-cage mo-

tion and to the melting of the cage; the P relaxation time is related to particle motion inside its cage.

Above the liquid-to-solid transition, the plateau value of the storage modulus, Gp’ in-
creases with the particle packing fraction as Gp’ ~ (™, where m = (n/3) + 1 and n is the stiffness
of the repulsive pair potential of the particles (see section 1.2.2).22° Thus, the measurement of
Gr’ of particulate materials at different particle packing fractions allows the softness of their

constituent particles to be quantified. As a result, it was found that m = 50 for suspensions of
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hard-sphere-like PMMA particles,'3%!?° whereas m ~ 4—7 for core-shell pS—pNIPAM micro-

gels 189,190,211,233
b

as shown in Figure 1.19A. In contrast to this clear picture, a wide range of m
values, m =~ 3-22, has been observed for plain pNIPAm microgels,®%-2%231-234 because these
particles can be prepared within a wide range of softness, by varying both their crosslinking
density and their polymer concentration.?3! This observation suggests that pPNIPAm microgels
are a suitable system to study the liquid-to-solid transition of particle suspensions with respect
to the particle softness.

Finally, for microgel suspensions at very high packing, a different dependence of Gp’
on the particle packing fraction was observed.’®!°>2% In these densely-packed microgel sus-
pensions, the plateau storage modulus increases approximately linearly with the microgel pack-
ing fraction, as shown in Figure 1.19B for p(ethyl acrylate-co-methacrylic acid) microgels. The

reason for two regimes observed, Gp” ~ { and Gp’ ~ " (with m > 1), lies in the different micro-

structures of the microgel packings. At low packing, an increase of the microgel packing
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Figure 1.19. A) Plateau storage modulus, G’, of PMMA microgels (full symbols) and of two different
batches of core—shell pS—pNIPAm microgels (open symbols) as a function of the particle volume frac-
tion. G’ scales with ¢*° for suspensions of hard-spheres-like PMMA microgels, while this scaling is less
steep, ¢, for suspensions of core—shell microgels made of a hard core and of a soft shell. Reproduced
with permission from ref. 206. Copyright 2008 Springer. B) Plateau storage modulus, Gy’ of p(ethyl
acrylate-co-methacrylic acid) microgels of different softness as a function of the microgel concentration,
C, normalized by the concentration corresponding to a volume fraction of ¢ =0.64, Cy,. At low packing,
Go’ scales with C®7 and the exponent of this power law decreases with increasing microgel softness. At
high packing the microgels are space-filling and Gy’ increases approximately linear with C. Adapted
with permission from ref. 192 (copyright Annual Reviews 2012), previously modified from ref. 209
(copyright Elsevier 2003).
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fraction leads to an increase of the number of contact facets between the particles: this corre-
sponds to a sharp increase of the storage modulus, as shown in Figure 19B. By contrast, in
dense, space-filling microgel packings with fixed packing geometry, also shown in Figure 19B,
an increase of the microgel packing fraction solely causes the particles to deswell, such that the
packing as a whole deswell similarly to macroscopic gels, resulting in an linear increase of Gp’
with the density of crosslinking junctions, as assessed by the theory of rubber elasticity (see

section 1.2.2).66:129:130
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2 Scientific Goals

The physical and chemical properties of synthetic polymer gels and microgels are not only
determined by the chemical composition of gels, but also by their microscopic structure. Thus,
the improvement of the currently available polymer gels and the development of new types of
functional gels require a deep understanding of the relation between the nanostructure of these
gels and their properties. This is particularly important if the macroscopic properties of polymer
gels shall be tuned by tailoring their microscopic structure. However, the preparation of poly-
mer gels exhibiting defined and defect-free nanostructures relies on complex synthetic strate-
gies that are in most cases incompatible with large-scale production. By contrast, polymer gels
obtained by uncontrolled polymerization methods usually exhibit structural defects such as a
spatial inhomogeneous crosslinking density and topological network defects. For this reason,
the understanding of the impact of such nanostructural complexity on the properties of polymer
gels is a central goal of polymer research. In this context, both the microscopic and the macro-
scopic properties of gels exhibiting nanostructural heterogeneity should be investigated, de-
pending on the time scale and on the length scale on which these properties are relevant for a

given application.

The first part of this thesis aims at elucidating the impact of nanostructural heterogeneity
on the physical properties of macroscopic polymer gels. For this purpose, the mechanics and
the dynamics of polymer gels exhibiting well-defined extents of heterogeneity are investigated,
with a focus on the relation between structural heterogeneity and these physical properties,
measured both on a microscopic and on macroscopic length scale, as shown schematically in
Figure 2.1. PNIPAm gels exhibiting different extents of purposely added crosslinking hetero-
geneity are prepared by photo-crosslinking of linear polymer chains containing a low amount
of photo-crosslinkable groups, mixed either with linear chains containing a much larger amount
of photo-crosslinkable groups, or with densely pre-crosslinked microgel particles additionally
functionalized with photo-crosslinkable groups. As a result, polymer gels are obtained that ex-
hibit crosslinking heterogeneity on a length scale that is determined by the size of the precursor
polymer chains and microgels, as confirmed by static light scattering. The effect of nanostruc-
tural heterogeneity on the permeability of these gels to macromolecules is investigated by meas-
uring the self-diffusion of linear pNIPAm tracer chains within the gels by fluorescence recovery
after photo-bleaching (FRAP). In addition, the global, macroscopic elasticity of these gels,

measured by shear rheology on an experimental length scale of several millimeters, is compared
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with the local, microscopic elasticity of the same heterogeneous gels, measured on a nanometric

and on a micrometric experimental length scale by atomic force microscopy.

In another conceptual approach, macroscopic polymer gels exhibiting inhomogeneous
crosslinking density are modelled by densely packed suspensions of pNIPAm microgel parti-
cles. These microgel packings exhibit macrogel-type mechanics, because the microgel packing
geometry is fixed. Thus, dense heterogeneous microgel packings containing major fractions of
soft, loosely crosslinked microgels and minor fractions of stiff, densely crosslinked microgels
mimic the structure of inhomogeneous macroscopic gels that exhibit densely crosslinked net-
work domains randomly distributed on a loosely crosslinked background. The effect of pur-
posely added structural heterogeneity on the elasticity of these dense microgel packings is stud-
ied in this work by shear rheology, whereas their permeability to linear polymer tracer is inves-

tigated by FRAP.

Specific
Variation of Elasticity

Structural Permeability
Heterogeneity

Elasticity
Light Scattering
Tracer Diffusivity

Figure 2.1. Concept of this thesis: polymer gels are prepared with determined extents of nanostructural
heterogeneity and their physical properties are studied on macroscopic and a microscopic experimental

length scales.

Suspensions of colloidal particles undergo a transition from viscous, liquid-like to elas-
tic, solid-like mechanics upon increase of the particle packing fraction. In suspensions of col-
loids where Brownian motion is relevant, this transition is of entropic origin and is termed col-
loidal glass transition. If, in contrast, Brownian motion is negligible and the liquid-to-solid

transition depends on contact forces between the particles, this transition is called jamming
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transition. Suspensions of colloidal hard spheres undergo a glass transition at the packing frac-
tion ¢ = 0.58, whereas jamming occurs at { = 0.64. For microgel particles interacting through
soft repulsive potentials, however, no such clear picture exists: in contrast, existing studies de-
note large and seemingly contradictive variance of the packing fraction at which the liquid-to-
solid transition of suspensions of soft microgels occurs, 762132197224

The second part of this thesis aims at clarifying the apparent broad variance of occur-
rence of the liquid-to-solid transition of suspensions of microgels. In these studies, the liquid-
to-solid transition of suspensions of pNIPAm microgels is investigated by shear rheology, with
a focus on the effect of particle softness and size on the occurrence of this transition. The mi-
crogels investigated are either colloidal, sub-micrometer-sized particles subject to Brownian
motion, or granular-scale, above-micrometer-sized particles subject to gravitational sedimenta-
tion. In addition, these microgels consist either of soft, loosely crosslinked particles, or of stiff,
densely crosslinked particles. This allows the liquid-to-solid transition of their suspensions to
be studied within a wide range of particle softness and sizes. Furthermore, microgel packings
with heterogeneous structure are prepared by mixing soft microgels with stiff microgels of the
same size in different particle number ratios, to study the effect of nanostructural heterogeneity

on the elasticity of the obtained composite microgel packings.
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3 Publications

3.1 Tracer Diffusion in Heterogeneous Polymer Networks

F. Di Lorenzo and S. Seiffert, Macromol. Chem. Phys., 2014, 215, 2097-2111.
DOI: 10.1002/macp.201400317.

Author contributions:

F. Di Lorenzo: Synthesis of crosslinkable chains and microgels, labeling of polymer tracer
chains, UV-vis photometry, dynamic light scattering, viscosity measurements, fluorescence re-

covery after photobleaching measurements and data analysis, preparation of the manuscript.

S. Seiffert: Conception and supervision of the work, labeling of polymer tracer chains, UV-vis
photometry, rheology measurements under UV exposure, static light scattering measurements

and data analysis, correction of the manuscript.

In this work, the self-diffusion of flexible linear pNIPAm chains in pNIPAm networks exhibit-
ing different extents of spatial heterogeneity of their crosslinking density was investigated. Gels
with just a little spatial heterogeneity were prepared by photo-crosslinking one single batch of
identical polymer chains. By contrast, gels with more pronounced heterogeneity were obtained
by photo-crosslinking of mixtures of two different batches of polymer chains, one with high
and one with low degree of functionalization with crosslinkable groups. In addition, heteroge-
neous gel composites were prepared from crosslinkable polymer chains and defined fractions
of pre-crosslinked microgel particles that served as doped-in domains of high crosslinking den-
sity. The extent of heterogeneity of the resulting gels was determined by static light scattering,
while their shear elasticity was investigated by rheology, and the self-diffusion of fluorescent
linear tracer chains within the gels was probed by fluorescence recovery after photobleaching.
The outcome of these investigations is that spatial heterogeneity of a given crosslinking density
in swollen polymer networks decreases their ability to store mechanical deformation energy,

but has no significant impact on the above-micrometer-scale diffusivity of linear tracer chains.
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3.2 Macroscopic and microscopic elasticity of heterogeneous polymer gels

F. Di Lorenzo, J. Hellwig, R. von Klitzing and S. Seiffert, ACS Macro Lett., 2015, 4, 698—703.
DOI: 10.1021/acsmacrolett.5b00228.

AFM: Local elastic moduli Rheology: Global elastic modulus

Spatial resolution
I~100 nm, / ~ 2 pm

Densely crosslinked
network domains
Heterogeneity on scale £ ~10-20 mm

Author contributions:

F. Di Lorenzo: Synthesis of polymer gels, UV-vis photometry, preparation of the manuscript.

J. Hellwig: Atomic force microscopy measurements and data analysis, preparation of the man-

uscript.
R. von Klitzing: Correction of the manuscript.

S. Seiffert: Conception and supervision of the work, correction of the manuscript.

In this work, the elasticity of pNIPAm gels exhibiting different extents of crosslinking hetero-
geneity was investigated both on a microscopic length scale, by atomic force microscopy, and
on a macroscopic length scale, by shear rheology. Atomic force microscopy was used to meas-
ure the local, microscopic Young’s moduli of gel regions on a length scale close to that of the
nanostructural inhomogeneities purposely added to the gels. These experiments probe the effect
of network topological defects on the microscopic elasticity of gel regions with different
nanostructures. By contrast, rheology experiments were performed to measure the macroscopic
elastic moduli of the gels on an experimental length scale that is much larger than that of their
internal structural inhomogeneities. These experiments probe both the effect of network topo-
logical defects and that of a potentially non-affine deformation of densely crosslinked gel do-
mains. In these studies, the elastic moduli of heterogeneous gels were to found be progressively
smaller if the length scale of the probed gel region exceeds the size of polymer network heter-
ogeneities. This finding were explained with the conceptual picture of non-affine deformation

of the different polymer network domains.
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3.3 Nanostructural heterogeneity in polymer networks and gels

F. Di Lorenzo and S. Seiffert, Polymer Chem., 2015, 6, 5515-5528.
DOI: 10.1039/C4PY01677G.

Dangling end

Crosslinker-
crosslinker

Author contributions:

F. Di Lorenzo: Preparation of the manuscript.

S. Seiffert: Conception of the work, correction of the manuscript.

Many polymer networks and gels display nanostructural heterogeneity in the form of spatially
inhomogeneous crosslinking density, along with additional topological defects such as dangling
chain ends, crosslinker—crosslinker shortcuts, and chains forming loops. In this article, existing
studies on the origin of nanostructural heterogeneity in polymer gels and on the characterization
of such heterogeneity by scattering techniques, microscopies, and NMR spectroscopy were re-
viewed. In addition, recent investigations on the impact of nanostructural heterogeneity of pol-
ymer networks on the elasticity, the swelling, and on the permeability of crosslinked polymer

gels were summarized and interrelated.
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Publications

3.4 Macro- and Microrheology of Heterogeneous Microgel Packings
F. Di Lorenzo and S. Seiffert, Macromolecules, 2013, 46, 1962—-1972.
DOI: 10.1021/ma302255x.

Dense Microgel Packing 7 Schemat|cZoom e

Author contributions:

F. Di Lorenzo: Synthesis of microgels, dynamic light scattering, viscosity measurements, os-
motic compression, shear rheology measurements and data analysis, preparation of the manu-

script.

S. Seiffert: Conception and supervision of the work, osmotic compression, polymer tracers la-
beling, fluorescence recovery after photobleaching measurements and data analysis, prepara-

tion and correction of the manuscript.

In this work, dense suspensions of pNIPAm microgel particles were used to model macroscopic
gels. These microgel packings exhibit macrogel-type mechanics, because the microgel packing
geometry is fixed. This effect provides a way to model macroscopic polymer gels with inho-
mogeneous nanostructure by inserting nanometer-sized spatial inhomogeneities into dense mi-
crogel packings. Following this idea, heterogeneous microgel packings were prepared by mix-
ing major fractions of soft, loosely crosslinked microgels with minor fractions of stiff, densely
crosslinked microgels. The obtained microgel packings contain densely crosslinked domains
randomly distributed on a soft background, and therefore resemble the structure of macroscopic
gels with inhomogeneous crosslinking density. The elasticity of these heterogeneous microgel
packings was studied by shear rheology, while the microscopic mobility of flexible linear tracer
polymers that diffuse through them was investigated by fluorescence recovery after photo-
bleaching. From these studies it results that whereas the presence of densely crosslinked do-
mains does not exhibit any systematic effect on the microscopic tracer-chain diffusivity in the

heterogeneous packings, it contributes to their macroscopic shear elastic modulus.
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3.5 Particulate and continuum mechanics of microgel pastes: effect and non-

effect of compositional heterogeneity
F. Di Lorenzo and S. Seiffert, Colloid Polym. Sci., 2013, 291, 2927-2933.
DOI: 10.1007/s00396-013-3032-8.

Author contributions:

F. Di Lorenzo: Synthesis of microgels, dynamic light scattering, viscosity measurements, os-
motic compression, shear rheology measurements and data analysis, preparation of the manu-

script.

S. Seiffert: Conception and supervision of the work, correction of the manuscript.

In this work, the linear viscoelasticity of packings of 1 pm-sized pNIPAm microgels particles
was investigated by oscillatory shear rheology. These packings contained either solely soft,
loosely crosslinked microgels, or solely stiff, densely crosslinked microgels, or both these types
of microgels mixed in different particle number ratios. This study aimed at understanding how
the presence of microgel particles with different individual elastic moduli affects the overall
elasticity of heterogeneous microgel packings. The microgel packing fractions investigated
cover the range from the onset of elasticity to very large packing ({ = 5), at which the microgels
are strongly deformed and deswollen. This allowed the transition from the mechanics of a par-
ticulate suspension to the mechanics of a continuum to be studied. This work reveals that at low
packing the shear elasticity of heterogeneous microgel suspensions containing up to 50% of
stiff microgel particles is mostly due to the response of the soft, easily deformable microgel
particles; in contrast, at high packing, both soft and stiff microgels contribute to the packing
elasticity. This is due to the fundamentally different origin of elasticity at different microgel
packing: whereas at low packing the elasticity is controlled by soft repulsive interactions be-
tween the contact facets of the particles, at high packing the elasticity is governed by rubber-

like elasticity that reflects both soft and stiff contributions.
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Publications

3.6 Counter-effect of Brownian and elastic forces on the liquid-to-solid transi-
tion of microgel suspensions

F. Di Lorenzo and S. Seiffert, Soft Matter, 2015, 11, 5235-5245.

DOI: 10.1039/C5SMO0881F.
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Author contributions:

F. Di Lorenzo: Synthesis of microgels, dynamic light scattering, viscosity measurements, os-
motic compression, shear rheology measurements and data analysis, project development, prep-

aration of the manuscript.

S. Seiffert: Conception and supervision of the work, correction of the manuscript.

In this work, the transition of suspensions of pNIPAm microgels from liquid-like to solid-like
mechanics with increasing microgel packing fraction was investigated by shear rheology, with
a focus on the effect of the microgel softness and size on the occurrence of this transition. The
softness of the microgels was tuned by varying their crosslinking density, while their size was
simultaneously and independently varied from 200 nm, to 1 pm, to 50 um. The colloidal-scale
microgels were synthesized by precipitation polymerization, while the granular-scale microgels
were prepared by droplet-templated polymerization in microfluidic devices. This work indi-
cates that a contra-balance between Brownian and elastic forces controls the liquid-to-solid
transition of microgel suspensions. As a result, the microgel packing fraction at which this tran-
sition occurs depends on both the size and the softness of the microgel particles, such that small
and soft microgels undergo this transition at much larger packing fractions than stiff microgels
of the same size and than larger microgels with the same softness. This work suggests a sys-

tematic strategy to quantitatively predict this transition.
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Summary and Conclusions

4. Summary and Conclusions

In the first part of this thesis, the effect of network defects and of a spatially inhomogeneous
distribution of the crosslinking density on the physical properties of macroscopic polymer gels
was investigated. These studies indicate that the mobility of self-diffusing linear flexible poly-
mer chains in heterogeneous polymer networks exhibiting a wide distribution of network strand
lengths is independent of the network heterogeneity. This was observed both in the case of
diffusing tracer chains that are smaller than the average network strand length and can therefore
freely diffuse in the network, and in the case of tracer chains that are larger than the average
network strand length and must therefore reptate in a tube-like region defined by the crosslink-
ing junctions. These observations were explained with the hypothesis that the tracer chains dif-
fuse more slowly through densely crosslinked network domains and faster in loosely cross-
linked network domains; however, their spatially and temporally averaged diffusion coeffi-
cients were found to depend only on the average network strand length, and not on the distri-
bution of network strand lengths. These results indicate that when polymer gels prepared by

6-10

uncontrolled polymerization methods are used as filtering membranes,” " or for the encapsula-

tion and the release of drugs, the gel permeability is not significantly affected by nanostructural

heterogeneity.'! 16

Other promising applications of synthetic polymer gels are the mimic of soft biological
tissues such as muscles and tendons,?® or the use as superabsorber materials:> in both these
applications, the achievement of a good control of the gel elasticity is crucial. In this thesis, the
elasticity of swollen polymer gels was studied with respect to their more homogeneous or more
inhomogeneous distributions of crosslinking density. The elastic moduli of these gels was
measured both on a macroscopic length scale by shear rheology and on a microscopic length
scale by atomic force microscopy. These studies revealed that in gels with homogeneously dis-
tributed crosslinking density, the elastic modulus is independent of the length scale of observa-
tion. If, in contrast, the crosslinking density exhibits strong spatial concentration fluctuations,
the measured elastic modulus decreases when the experimental length scale becomes larger
than the length scale of structural inhomogeneities. These results were explained with the con-
cept of non-affine deformation of the different nanoscopic gel domains, with the densely cross-
linked domains embedded within an easily deformable, less crosslinked background that mostly

contributes to the gel elasticity. These findings suggest that when polymeric gels are used as
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superabsorbent materials or to mimic biological tissues, it should be considered that their me-
chanical properties vary with the size of the commonly present polymer network inhomogene-

ities, and with the length scale on which these properties are relevant for a given application.

The nanostructure of macroscopic polymer gels exhibiting inhomogeneous crosslinking
density was also modelled in this work by densely packed microgel suspensions containing a
major fraction of soft microgels mixed with a minor fraction of stiff microgels. These studies
demonstrate that in heterogeneous microgel packings with fixed particle packing geometry,
both soft and stiff microgels contribute to the overall elastic modulus, which linearly increases

with the density of crosslinking junctions, as appraised by the theory of rubber elasticity.

In the second part of this thesis, the transition of suspensions of microgel particles from
liquid-like to solid-like mechanics with increasing microgel packing fraction was investigated
by shear rheology, focusing on the effect of the particle softness and size on this transition.
These studies revealed that the occurrence of this transition depends on the ratio between the
thermal energy, kg7, and the elastic energy, €, of its constituent microgels, in agreement with
recent simulations.?** The experiments of this work showed that suspensions of pNIPAm mi-
crogels with sizes of = 1 um and of = 50 um undergo a jamming transition if they are packed
above the microgel packing fraction of { = 0.64, independently of the particle softness. This
occurs because in these suspensions the thermal energy of the microgels is much smaller than
their elastic energy (ksT/e < 1077). By contrast, it was found that suspensions of = 200 nm-sized
pNIPAm microgels undergo a glass-analogous liquid-to-solid transition, and that the microgel
packing fraction at which this transition occurs increases from { = 0.58 to { > 9 with increasing
microgel softness. These findings were explained by the larger ratio between the thermal and
the elastic energy of their constituent microgels (ks7/e = 107°—107%). This general picture sug-
gests a strategy to quantitatively predict the shear elasticity and the occurrence of the liquid-to-

solid transition of suspensions of particles of known size and softness.

In addition, the shear elasticity of heterogeneous microgel suspensions containing soft
and stiff microgels of the same size mixed in different particle number ratios was also investi-
gated. These studies indicate that in jammed packings of = 1 um-sized and = 50 um-sized mi-
crogels containing a major fraction of soft microgels mixed with a minor fraction of stiff mi-
crogels, it is mostly the soft and better deformable microgels that carry the burden of elastic
energy storage. In these heterogeneous microgel packings, the stiff microgels were found to
contribute to the elasticity only if these microgels are present in major amounts and are therefore

percolated. By contrast, in heterogeneous packings of soft and stiff =~ 200 nm-sized microgels
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approaching the colloidal glass transition, both types of microgels were found to contribute to

elasticity, even if the stiff microgels are present in a minor amount.

The elasticity of microgel suspensions was also probed in a range of packing fractions
at which the microgels are so densely packed that the particle packing geometry becomes fixed,
resulting in a crossover from particulate mechanics to continuum mechanics. These studies re-
vealed that in suspensions of stiff microgels this crossover occurs at a packing fraction of { =
1-1.6 and is independent of the size of the microgels. By contrast, in suspensions of soft mi-
crogels, the microgel packing fraction at which this crossover occurs was found to increase
strongly with decreasing microgel size from { = 1.4 to { >> 9. These observations indicate that
in dense packings of small and soft microgels, the contribution of Brownian motion to the dy-
namics is more relevant than in packings of stiff microgels, whose geometry is fixed at packing

fractions close to space-filling.
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5. Zusammenfassung und Fazit

Im ersten Teil dieser Arbeit wurde der Effekt von Netzwerkdefekten und von einer raumlich
inhomogenen Verteilung der Vernetzungsdichte auf die physikalischen Eigenschaften
makroskopischer Polymergele untersucht. Diese Studien zeigten, dass die Mobilitét von selbst-
diffundierenden linearen flexiblen Polymerketten in heterogenen Polymernetzwerken, die eine
breite Verteilung an Netzwerkmaschenweiten aufweisen, unabhéngig von dieser Heterogenitét
ist. Dies wurde im Fall von diffundierenden Polymerketten beobachtet, die kleiner als die
durchschnittliche Maschenweite des Netzwerkes sind, und die daher im Netzwerk vermutlich
frei diffundieren konnen. Aulerdem wurden dieselben Ergebnisse im Fall von diffundierenden
Polymerketten erzielt, die ausgedehnter als die durchschnittliche Maschenweite des
Netzwerkes sind, und deren Mobilitdt durch die Vernetzungpunkte eingeschrinkt ist. Solche
Polymerketten konnen aus diesem Grund nur innerhalb einer rohrférmigen Region des
Netzwerkes, die von den Vernetzungpunkten bestimmt wird, mit einer Reptilien-dhnlichen
Bewegung diffundieren [Englisch, ,reptate”]. Die Ergebnisse dieser Studien wurden mit der
Hypothese erklért, dass die Mobilitit der diffundierenden Polymerketten in eng vernetzen
Netzwerkdoménen niedriger ist als ihre Mobilitdt in lose vernetzten Netzwerkdoménen.
Allerdings héngt ihr lber Zeit und Raum gemittelter Diffusionskoeffizient nur von der
durchschnittlichen Maschenweite des Netzwerkes ab und nicht von der Verteilung der
Maschenweiten. Diese Ergebnisse zeigen, dass nanostrukturelle Heterogenenitit keinen
bedeutenden Effekten auf die Permeabilitit von heterogenen Polymergelen hat, die mit
unkontrollierten Polymerisationsmethoden hergestellt wurden und als Filtermembranen® '

oder fiir die Verkapselung und die Freisetzung von Medikamenten'!"'® benutzt werden.

Andere vielversprechende Anwendungsgebiete synthetischer Polymergele sind die
Nachahmung weicher biologischer Gewebe wie Muskeln und Sehnen?® und der Gebrauch als
Superabsorbermaterialen.’ In beiden dieser Anwendungen ist eine gute Kontrolle der Elastizitit
der Polymergele erforderlich. Aus diesem Grund wurde in dieser Arbeit die Elastizitdt
gequollener Polymergele mit Bezug auf die homogene oder inhomogene Verteilung ihrer
Vernetzungsdichte untersucht. Die FElastizititsmoduli dieser Gele wurden auf -einer
makroskopischen Léngenskala mittels Scherrheologie und auf einer mikroskopischen
Léngenskala mittels Rasterkraftmikroskopie gemessen. Diese Untersuchungen zeigten, dass
der Elastizititsmodul von Gelen, die eine groftenteils homogen verteilte Vernetzungsdichte

aufweisen, unabhingig von der experimentellen Langenskala ist. Im Gegensatz dazu nimmt der
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Elastizitdtsmodul von Gelen, die starke Fluktuationen in der Vernetzungsdichte aufweisen, zu,
wenn die experimentelle Lingenskala groBer als die Langenskala der strukturellen
Inhomogenititen wird. Diese Ergebnisse wurden durch das Konzept von nicht-affiner
Deformation der unterschiedlichen Netzwerkdomédnen erkldrt, wobei die eng vernetzten
Doménen in einem lose vernetzten, besser deformierbaren Untergrund eingebettet sind, der
groftenteils zum Elastizititsmodul des Gels beitrdgt. Diese Resultate deuten darauf hin, dass
bei der Verwendung von Polymergelen als Superabsorbermaterialen oder in der Nachahmung
biologischer Gewebe beriicksichtig werden sollte, dass die mechanischen Eigenschaften dieser
Gele mit der Léngenskala ihrer strukturellen Inhomogenitdt variieren, verglichen mit der
Léngenskala auf der die mechanischen Eigenschaften fiir eine bestimmte Anwendung relevant

sind.

Die Nanosktruktur von makroskopischen Polymergelen mit inhomogener
Vernetzungdichte wurde ebenfalls mit Hilfe von dichtgepackten heterogenen
Mikrogelsuspensionen imitiert, die zu einem hoheren Anteil aus weichen Mikrogelen und zu
einem niedrigeren Anteil aus steifen Mikrogelen bestanden. Die darauffolgenden
Untersuchungen zeigten, dass in gepackten heterogenen Mikrogelsuspensionen mit fixierter
Packungsgeometrie sowohl weiche als auch steife Mikrogele zur Gesamtelastizitét beitragen.
Der Elastizititsmodul dieser Mikrogelsuspensionen nimmt linear mit zunehmender
Vernetzungsdichte zu, in Ubereinstimmung mit der Theorie der Gummielastizitit fiir

makroskopische Polymergele.

Im zweiten Teil dieser Arbeit wurde der Ubergang einer Mikrogelsuspension von einer
Fliissigkeit zu einem Feststoff mit zunehmender Mikrogelkonzentration mittels Scherrheologie
untersucht. Im Fokus dieser Untersuchungen stand insbesondere der Effekt von der Weichheit
und von der GréBe der Mikrogele auf diesen Ubergang. Aus diesen Studien ergab sich, dass
das Auftreten dieses Ubergangs vom Verhiltnis der thermischen Energie, kg7, und der
elastischen Energie der Mikrogele, €, abhiingt, in Ubereinstimmung mit einer vor kurzem

verOffentlichten  Simulationsstudie.?%

Die Experimente dieser Arbeit zeigten, dass
Suspensionen von = 1 um und = 50 pm groBen pNIPAm Mikrogelpartikeln einen Ubergang
von einem fliissigen zu einem dichtgepackten [English, ,,jammed*] Zustand eingehen. Dieser
Ubergang findet in Suspensionen mit einer Mikrogelpackungsdichte von { = 0.64 statt und ist
unabhéngig von der Weichheit der Mikrogele. Diese Beobachtung wurde dadurch erklért, dass
die thermische Energie der Mikrogele viel kleiner als ihre elastische Energie ist (ks7/e < 1077).

Im Gegensatz dazu zeigen Suspensionen von 200 nm groBen Mikrogelen einen Ubergang von
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fliissig zu fest, der dem Glasiibergang dhnelt. AuBerdem nimmt die Mikrogelpackungsdichte,
bei der dieser Ubergang auftritt, mit zunehmender Mikrogelweichheit von { = 0.58 auf { > 9 zu.
Dieses Resultat wurde durch das grossere Verhéltnis von thermischer Energie und elastischer
Energie der Mikrogele begriindet (ks7/e = 107*—107°). Dieses generelle Bild deutet auf eine
Strategie hin, um die Scherelastizitit und das Auftreten des fliissig-fest-Ubergangs von

Suspensionen mit bekannter Partikelgroe und -weichheit quantitativ voherzusagen.

Weiterhin wurde die Elastizitét heterogener Mikrogelsuspensionen, die unterschiedliche
Mischungsanteile weicher und steifer Mikrogele enthielten, untersucht. Aus diesen
Experimenten ergab sich, dass in ,,jammed* Mikrogelsuspensionen von =~ 1 pum und =~ 50 pm
groBen Mikrogelpartikeln, die einen hoheren Anteil an weichen Mikrogelen und einen
niedrigeren Anteil an steifen Mikrogelen enthalten, fast ausschlieBlich die weichen und besser
deformierbaren Mikrogele fiir die Speicherung elastischer Energie verantwortlich sind. Die
steifen Mikrogele tragen zur Elastizitét solcher heterogener Mikrogelpackungen nur bei, wenn
diese Mikrogele in iliberwiegenden Anteilen vorkommen und daher perkoliert sind. Im
Gegensatz dazu tragen in heterogenen Packungen von weichen und steifen = 200 nm grof3en
Mikrogelpartikeln, die einen Glasiibergang zeigen, beide Arten von Mikrogelen zur Elastizitdt

bei, selbst wenn die steifen Mikrogele zu einem geringen Anteil vorliegen.

Die Elastizitit von Mikrogelsuspensionen wurde auch bei Mikrogelpackungsdichten
untersucht, bei denen die Mikrogelpartikel so dicht gepackt sind, dass die Packungsgeometrie
fixiert wird: Dadurch weisen diese Suspensionen einen Ubergang von der Mechanik eines
Partikelensembles zur Mechanik eines kontinuierlichen Materials auf. Aus diesen Studien ergab
sich, dass dieser Ubergang in gepackten Suspensionen steifer Mikrogele bei einer
Mikrogelpackungsdichte { = 1—1.6 auftritt, und dass diese Packungsdichte unabhéngig von der
GroBe der Mikrogele ist. Im Gegensatz dazu nimmt in Suspensionen weicher Mikrogele die
Packungsdichte dieses Ubergangs mit abnehmender MikrogelgroBe von { = 1.4 auf { >> 9 zu.
Diese Beobachtungen deuten darauf hin, dass in raumfiillenden Suspensionen von kleinen und
weichen Mikrogelpartikeln der Beitrag Brownscher Bewegung zur Dynamik relevanter ist als
in Packungen steifer Mikrogele, bei denen die Packungsgeometrie im raumfiillenden

Packungen fixiert ist.
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