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The systems described in this thesis allow for remarkable tunability of 
their phase behavior. Raising the temperature of a fluid-like suspension 
can cause particle aggregation and the formation of a gel, a macro- 
scopically elastic network. These networks often resemble the thin  
alleys and long streets of an ancient city like Rome, having formed 
organically over thousands of years to form a city-spanning network.

Our systems can also assume a crystalline organization, and organize 
into a periodic pattern with repeating subunits. Mimicking this natural 
behavior can lead to the Eixample distict in Barcelona, where the repea-
ting subunit has become one of the most recognizable parts of the city.

JASPER IMMINK | PHYSICAL CHEMISTRY | LUND UNIVERSITY

Fluids, Gels and Crystals
Phase behavior of binary thermoresponsive 
microgel mixtures



Fluids, Gels and Crystals





Fluids, Gels and Crystals
Phase behavior of binary thermoresponsive

microgel mixtures

Jasper N. Immink

Doctoral Dissertation
Thesis advisors

Prof. Peter Schurtenberger
Dr. Joakim Stenhammar

Faculty opponent
Dr. Erika Eiser

Reader in Soft Matter Physics
University of Cambridge, United Kingdom

To be presented, with the permission of the Faculty of Science of Lund University, for public criticism in
lecture hall B (hörsal B) at the Department of Chemistry on Friday, the 29th of March 2019 at 13:15.



D
O
K
U
M
EN

TD
A
TA

BL
A
D
en

lS
IS

61
41

21

Organization

LUND UNIVERSITY

Department of Chemistry
Lund, Sweden

Author(s)

Jasper N. Immink

Document name

DOCTORAL DISSERTATION
Date of disputation

2019-03-29
Sponsoring organization

Title and subtitle

Fluids, Gels and Crystals: Phase behavior of binary thermoresponsive microgel mixtures

Abstract

Thermoresponsive colloidal microgels expel solvent from their interior upon crossing a threshold temperature,
resulting in a significantly reduced size. The collapse of microgels can reversibly switch the interparticle interactions
from soft repulsive to attractive, and the accompanying size reduction allows for precise control over volume
fraction. Mixing two microgels that collapse at different threshold temperatures provides a system where size
ratio, volume fraction and specific interparticle interactions can all be controlled externally with temperature. In
this thesis, we investigate various transitions exhibited by these highly tunable systems, and analyze the resulting
structural properties. Taking advantage of the two-step collapse behavior, it is shown how different gel structures
can be formed depending on the temperature profile used: a fast heating profile yields a gel that has a random
distribution of the two particles, while a slower heating profile yields a sequentially gelated structure where one
particle type decorates a scaffold network of the other type. The sequential network possesses stronger mechanical
responses than its homo-gelated counterpart, and its final mechanical properties are determined by the properties
of the scaffold at the moment of secondary particle deposition. We furthermore propose a new model based on
particles with patchy interactions that is used to simulate such colloidal gels. In addition to the formation of binary
gels, we show how binary mixtures can be driven to self-assemble into binary colloidal crystals. Using a newly
designed sample cell that allows in-situ salinity manipulation, we observe a binary soft particle crystal-to-crystal
transition. Finally, a microgel synthesis method is proposed that allows for enhanced CLSM imaging compared to
traditional synthesis methods. We thus demonstrate and investigate a number of systems that all allow extensive
control over phase behavior and structure formation using externally controllable parameters.

Key words

colloidal phase behavior, microgel, binary mixture, colloidal gel, sequential gelation, patchy particle, binary crystal,
crystal-to-crystal transition

Classification system and/or index terms (if any)

Supplementary bibliographical information Language

English

ISSN and key title ISBN

978-91-7422-634-8 (print)
978-91-7422-635-5 (pdf )

Recipient’s notes Number of pages

166
Price

Security classification

I, the undersigned, being the copyright owner of the abstract of the above-mentioned dissertation, hereby grant to
all reference sources the permission to publish and disseminate the abstract of the above-mentioned dissertation.

Signature Date 2019-02-18



Fluids, Gels and Crystals
Phase behavior of binary thermoresponsive

microgel mixtures

Jasper N. Immink

Doctoral Dissertation
Thesis advisors

Prof. Peter Schurtenberger
Dr. Joakim Stenhammar

Faculty opponent
Dr. Erika Eiser

Reader in Soft Matter Physics
University of Cambridge, United Kingdom

To be presented, with the permission of the Faculty of Science of Lund University, for public criticism in
lecture hall B (hörsal B) at the Department of Chemistry on Friday, the 29th of March 2019 at 13:15.



Cover illustration front: Street map of Rome, depicted to resemble a colloidal gel scaffold.

Cover illustration back: Street map of Barcelona, depicted to resemble a fluid-crystal coex-
istence.

© Jasper N. Immink 2019

Faculty of Science, Department of Chemistry

isbn: 978-91-7422-634-8 (print)
isbn: 978-91-7422-635-5 (pdf )

Printed in Sweden by Media-Tryck, Lund University, Lund 2019



Contents

List of publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
Popular scientific summary . . . . . . . . . . . . . . . . . . . . . . . . . v
Populairwetenschappelijke samenvatting . . . . . . . . . . . . . . . . . . viii

1 Introduction 1

2 Theoretical Background 3
1 Colloids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2 Formation and structure of colloidal crystals . . . . . . . . . . . . . 12
3 Formation and structure of colloidal gels . . . . . . . . . . . . . . . 14

3 Methods 19
1 Confocal Laser Scanning Microscopy . . . . . . . . . . . . . . . . 19
2 Rheology and viscometry . . . . . . . . . . . . . . . . . . . . . . 20
3 Light scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4 Zeta potential . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
5 Microgel synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . 30
6 Molecular and Brownian dynamics . . . . . . . . . . . . . . . . . 31
7 Computational structural analysis . . . . . . . . . . . . . . . . . . 34

4 The tunability of binary colloidal gelation 41

5 Simulating soft particle gels using patchy particles 51

6 Binary soft colloidal crystals 57

7 Designing and optimizing microgel syntheses 69

Bibliography 75



Scientific publications 85
Author contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
Paper i: Reversible formation of thermoresponsive binary particle gels with

tunable structural and mechanical properties . . . . . . . . . . . . . 87
Paper ii: Describing soft particle gels using a patchy colloid model . . . . 99
Paper iii: Crystal-to-crystal transitions in binary mixtures of soft colloids . 111
Paper iv: A new route towards colloidal molecules with externally tunable

interaction sites . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

ii



List of publications
This thesis is based on the following publications, referred to by their Roman numerals:

i Reversible formation of thermoresponsive binary particle gels with tunable
structural and mechanical properties
J. N. Immink, J. J. E. Maris, J. J. Crassous, J. Stenhammar, P. Schurtenberger
ACS Nano, 2019, Accepted

ii Describing soft particle gels using a patchy colloid model

J. N. Immink, J. J. E. Maris, P. Schurtenberger, J. Stenhammar
Manuscript

iii Crystal-to-crystal transitions in binary mixtures of soft colloids

J. N. Immink, M. J. Bergman, J. J. E. Maris, P. Schurtenberger
Manuscript

iv A new route towards colloidal molecules with externally tunable interaction
sites
L. K. Månsson, J. N. Immink, A. M. Mihut, P. Schurtenberger, J. J. Crassous
Faraday Discuss., 2015, 181, 49

Paper I reproduced with permission from ACS Nano, in press. Unpublished work
copyright 2019 American Chemical Society.

Paper IV reproduced with permission from the Royal Society of Chemistry.

iii



Publications not included in this thesis:

Assembling responsive microgels at responsive lipid membranes

M. Wang, A. M. Mihut, E. Rieloff, A. Dabkowska, L. K. Månsson,
J. N. Immink, E. Sparr, J. J. Crassous
Proc. Natl. Acad. Sci. U S A, 2019, Accepted

A method of predicting the in vitro fibril formation propensity of Aβ40
mutants based on their inclusion body levels in E. coli
K. Sanagavarapu, E. Nüske, I. Nasir, G. Meisl, J. N. Immink, P. Sormanni, M.
Vendruscolo, T. P. J. Knowles, A. Malmendal, C. Cabaleiro-Lago, S. Linse
Sci. Rep., 2019, Accepted

On the role of softness in ionic microgel interactions

M. J. Bergman, Sofi Nöjd, P. S. Mohanty, N. Boon, J. N. Immink, J. J. E.
Maris, J. Stenhammar, and P. Schurtenberger
Manuscript

iv



Popular scientific summary
Particles that are a hundred- to ten thousand times smaller than the width of a hair
are commonly referred to as colloidal particles. Colloidal particles occur in a variety of
products, like foodstuffs (marmelade and dairy products), construction materials (ce-
ment) and stained glass. In water, these particles are strongly affected by the Brownian
force: an force that was discovered in 1827 by the botanist Robert Brown, when he
was using a microscope to look at pollen in water. He discovered that the pollen were
vibrating randomly throughout the sample, which turned out to be caused by thermal
energy. It became clear that, the smaller the particle, the stronger these vibrations, and
we know now that atoms experience this vibration very strongly. Currently, scientists
try to understand and describe the behavior of atoms, which is made difficult by the
minute size of atoms. Therefore, scientists often study colloids, that exhibit behavior
similar to atoms, but are much larger. This larger size allows us to image them with for
instance microscopy.

20 °C 40 °C
Figure I.1: Schematic drawing of a microgel at different temperatures.

In this thesis we study microgels, a type of colloid that consists of a polymer network.
If these networks are placed in water, they swell up into a soft network depicted in Fig-
ure I.1. They experience a Brownian force, which is strong enough to overcome gravity.
In other words, microgels distribute through the volume and will not deposit to the
bottom. Our type of microgels have the remarkable property of being swollen at room
temperature, but then collapse above 32 ◦C.This versatility allows us to use one colloid
type for mimicking and studying a wide array of atomic behavior.
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Figure I.2: Microscopy pictures of an identical microgel mixture, heated using two different methods, with schematic
representations for clarification. On the left, the mixture is heated rapidly and the red and green microgels
bind the first particle they encounter. On the right, a slow temperature increase gives enough time for the
green particles to form a green network, after which the red particles deposit on that network. The scale bars
represent 10 µm. For comparison, the width of a human hair is approximately 150 µm.

This work studies the collective behavior of microgels. At room temperatures, the mi-
crogels behave repulsively, and particles repel each other when at close distances. Col-
lapse causes a particle attraction, and two microgels at high temperatures form a strong
bond. At room temperature, the concentration of microgels decides their behavior, and
a low concentration allows microgels to freely move through the water. A higher con-
centration forces microgels to organize into a crystal, to give each particle the largest
amount of free space. Heating a microgel system causes them to collapse and form
bonds with neighboring particles. Given that the concentration is high enough, the
particles form long elastic strands and the system at large will start behaving elastically.

In this work, we study mixtures of two different microgels: one type that collapses at
32 ◦C and one that collapses at 45 ◦C. This collapsing behavior yields interesting net-
work behavior: if a mixture is heated to 40 ◦C, the first particle will form an elastic
network, while the second particle still behaves repulsively. Heating the system fur-
ther to 50 ◦C makes the second particle to deposit on the already present first particle
network, decorating the first strand. Raising the temperature quickly causes the first
particle to not have the time to form an network before the second particle collapses,
and all particles bind other particles randomly, a process we call homo-gelation. Mi-
croscopy pictures of these two types of gels can be found in Figure I.2. The decorated
gel networks are stronger than the networks obtained with homo-gelation, allowing us
to understand the rigidity of gel networks.
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Figure I.3: Microscopy pictures of the same microgel mixture at different salt concentrations. On the left, a lot of salt
is present and the green-red attractions are weak, causing the two types of particles to organize randomly.
On the right, only a little salt is present and the green-red attractions are strong, and the two particle types
organize to put red particles closest to green particles, and vice versa. The scale bars are 10 µm lang.

We also study binary crystals, which are able to transform into another crystal by adding
or removing salt. We use positively charged red particles and negatively charged green
particles. This causes an attraction between red and green particles, with red-red and
green-green combinations repelling. Salt weakens these charge-based forces, and the
addition of salt can form a crystal where red and green are distributed randomly, due
to there being no preference as to which neighbor a particle has. Removing salt causes
the red-green attraction, and particles organize themselves to have as many red-green
neighbors as possible.
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Populairwetenschappelijke samenvatting
Deeltjes die honderd- tot tienduizendmaal kleiner zijn dan de breedte van een haar
worden ookwel colloïden genoemd. Colloïden komen voor in velerlei producten, zo-
als etenswaren (jam en zuivelproducten), bouwmaterialen (cement) en glas-in-lood. In
water zijn deze deeltjes sterk onderhevig aan de Brownse kracht: een kracht die bota-
nicus Robert Brown in 1827 ontdekte toen hij met een microscoop stuifmeel in water
bekeek. Hij ontdekte dat de stuifmeelkorrels een willekeurig trilpatroon vertoonden,
wat veroorzaakt wordt door warmte-energie. Het bleek dat, hoe kleiner de deeltjes, hoe
sterker de trilbeweging, en we weten nu dat atomen deze beweging zeer sterk ervaren.
De studie van het gedrag van atomen wordt bemoeilijkt door hun minuscule formaat.
Daarom bestuderen wetenschappers vaak colloïden, omdat zij veel gedrag vertonen dat
atomen ook laten zien, maar een stuk groter zijn. Deze colloïdgrootte staat ons toe ze
te bekijken met behulp van bijvoorbeeld microscopie.

20 °C 40 °C
Figuur I.4: Schematisch plaatje van een microgel bij verschillende temperaturen.

In deze thesis bestuderen we microgelen, een type colloïden die bestaan uit een poly-
meernetwerk. Als deze netwerken zich in water bevinden strekken ze zich uit tot een
zacht, opgezwollen netwerk weergegeven in Figuur I.4. Daarnaast zijn ze onderhevig
aan de Brownse kracht, welke sterk genoeg is om de zwaartekracht te overwinnen. Met
andere woorden, de microgelen verdelen zich door het water en zullen niet naar de
bodem zakken. Onze type microgelen hebben als uitzonderlijke eigenschap dat ze op
kamertemperatuur opgezwollen zijn, maar ineenkrimpen boven 32 ◦C. Deze veelzijdig-
heid stelt ons in staat om met slechts een type colloïd een breed scala aan atoomgedrag
na te bootsen en te bestuderen.
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Figuur I.5: Microscoopfoto’s van hetzelfde microgelmengsel op twee verschillende manieren opgewarmd, met schemati-
sche tekeningen ter verduidelijking. Links is het mengsel snel opgewarmd en binden de groene en rode deeltjes
aan het eerste deeltje wat ze vinden, en rechts zorgt een langzame opwarming voor de formatie van een groen
netwerk, waarna de rode deeltjes zich vastzetten op het groene netwerk. De witte balken zijn 10 µm lang. Ter
referentie, de dikte van een mensenhaar is ongeveer 150 µm.

Dit werk bestudeert het collectieve gedrag van microgelen. Op lage temperatuur zijn
onze microgelen repulsief, wat betekent dat twee deeltjes elkaar afstoten. Ineenkrim-
ping veroorzaakt attractie, en twee microgelen op hoge temperatuur vormen een zeer
sterke binding. Op lage temperatuur bepaalt de concentratie het gedrag van deeltjes,
en een lage concentratie betekent dat microgelen zich vrijelijk kunnen bewegen door
het water. Een hogere concentratie dwingt de deeltjes zich te organizeren in een kris-
tal, om ieder deeltje de gootst mogelijke vrije ruimte te geven. Als een microgelsysteem
wordt verhit, krimpen de deeltjes ineen en vormen ze verbindingen met een nabij deel-
tje. Als er genoeg deeltjes zijn, vormen deze deeltjes lange elastische strengen en begint
het systeem zich als een gel te gedragen.

In dit werk bestuderen we mengsels van twee type microgelen: een die ineenkrimpt
op 32 ◦C en een op 45 ◦C. Dit krimpgedrag veroorzaakt interessant gelgedrag: als een
mengsel wordt verhit tot 40 ◦C, vormt het eerste deeltje een elastisch netwerk, maar is
het tweede deeltje nog steeds repulsief. Het systeem verder verhitten tot 50 ◦C zorgt er
dan voor dat de tweede deeltjes zich vastzetten op het al aanwezige eerste netwerk, wat
we een gedecoreerd netwerk noemen. Als de temperatuur snel wordt verhoogd, heeft
het eerste deeltje niet de tijd om een initieel netwerk te vormen en vormen deeltjes
bindingen met een willekeurig ander deeltje, wat we homogelatie noemen. Micro-
scopiefoto’s van de twee type gelen zijn weergegeven in Figuur I.5. De gedecoreerde
gelnetwerken zijn sterker dan de gelnetwerken die zich vormen via homogelatie, wat
ons in staat stelt om meer rigide gelnetwerken te ontwerpen.
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Figuur I.6: Microscoopfoto’s van hetzelde microgelmengsel bij verschillende zoutconcentraties. Links is er veel zout aan-
wezig en zijn de groen-roodattracties zwak, en organiseren de twee type deeltjes zich in op een willekeurige
wijze. Rechts is er weinig zout aanwezig en zijn de groen-roodattracties sterk, en organiseren de twee type
deeltjes zich om zo veel mogelijk groene deeltjes naast rode te hebben, en vice versa. De witte balken zijn 10
µm lang.

We bestuderen daarnaast ook tweeledige microgelkristallen. Deze kristallen kunnen in
een ander kristal transformeren door middel van het toevoegen of verwijderen van zout,
weergegeven in Figuur I.6. We laden rode deeltjes met een positieve lading, en groene
deeltjes met een negatieve. Dit zorgt voor een specifiek groen-rode aantrekkingskracht,
en de combinaties van rood-rood en groen-groen stoten elkaar af. Zout verzwakt de
kracht tussen positief en negatief. Door toevoeging van zout kunnen we een kristal
maken waar rood en groen willekeurig verdeeld zitten, omdat er geen voorkeur is voor
welk deeltje naburig in het kristal zit; verwijdering van zout veroorzaakt een kristalor-
dening waar groen en rood elkaar uitzoeken.

x



1 | Introduction

In 1948, E. J. W. Verwey and J. Th. G. Overbeek prefaced their now famous book [1]
with:
”The science of colloids appears to be entering upon a new stage, which is less empirical,
and where the experimental study of better defined objects will be guided rather by more
quantitative theories than by qualitative ”rules” or ”working hypotheses”.”

This was in reference to their new theory, combining several older theories [2, 3] into
one comprehensive exposition of colloidal stability. The fact that two Russian scient-
ists had come to exactly the same conclusion several years earlier, [4] but on the other
side of the front, gives extra credence to their point: across the world, several groups
were trying to apply theories to observations which had, thus far, only been explained
empirically.

In 1988, D. H. Everett tells us the following in his book ”Basic Principles of Colloid
Science”: [5]
”Recent progress [...] of preparing well characterized colloids have made it possible to per-
form quantitative and reproducible experiments, while the development of theories of in-
termolecular forces, electrolyte solutions, and polymers was essential before the concepts they
introduced could be brought together and applied in colloid science.”

Everett argues here that, now that the theoretical ground work was done, we could
start to understand and more importantly, reproduce, colloidal experiments. In con-
trast to in the 1930’s, when E. Hedges laments that colloids are often seen as ”fickle” and
”generally unmanagable”, [6] we could now prepare colloidal systems and analyze then
using the plethora of techniques now available: electron microscopy allowed imaging
on nanometer-scale resolution; [7, 8] confocal microscopy allowed three-dimensional
images of colloids in-situ; [9] and scattering and rheological techniques had also seen
steady improvement.
The reproducibility in colloidal system manufacture, and the numerous powerful tech-
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Introduction

niques that were available, allowed for research with the paradigm colloids as model sys-
tems. [10] While atomic and molecular systems consist of building blocks that are too
small to be easily analyzed, colloidal particles allow for much easier probing. Moreover,
colloidal interactions can sometimes be tuned, and such systems are often used to invest-
igate the effects of interactions on structure formation. [11, 12] These colloidal particles
are often a fantastic model system for better understanding phenomena such as gela-
tion and crystallization.

As such, scientists are always interested in finding and understanding colloidal particles
that are inherently tunable. In this work, we study one such system: colloidal particles
that are soft and swollen when at room temperature, but shrink and behavemore rigidly
upon raising temperature. We mix two particles that shrink at different temperatures,
and can thus tune several important parameters, such as interaction potential, size ra-
tio and volume fraction easily with temperature. Using these building blocks, we show
tunable crystallization where we can switch between one crystal phase and the other,
we show networks that show different structures depending on how quickly they are
formed, and we show simulations that mimic the formation of these systems qualitat-
ively and quantitatively.

2



2 | Theoretical Background

In the following chapter, a background for understanding the systems described in this
book is given. We will first describe colloidal systems and the importance of their
interactions, before discussing crystallization and gelation.

2.1 Colloids
The term ”colloid” is a term that defies easy definition. [13] The originial definition by
Thomas Graham in 1861 etymologically comes from ”glue-like”, and Graham defined
colloids as substances of complicated chemical nature, and he determined colloids to
have very high molecular weights and complex structures.[14]

Nowadays, IUPAC describes colloids as consisting of a dispersed phase distributed uni-
formly in a continuous phase. Examples of solid particles in fluidmedia are clays, paints
and muds; examples of liquid particles in gaseous media are fog and aerosol sprays; and
examples of liquid particles immersed in a liquid medium are mayonnaise and asphalt.
More complex systems that are covered by the IUPAC definition are composed of three
phases coexisting, or two phases consisting of interpenetrating, continuous networks
such as porous solids with interpenetrating gas.

For any colloidal dispersion, the dispersed phase size has a the size range of 1 nm to 1
µm. [15]This is small enough so that materials experience significant Brownianmotion,
and often, dispersions of colloidal particles do not sediment since the Brownian forces
are strong enough to overcome the gravitational forces.

Colloidal interaction
All bulk behavior that colloidal systems exhibit can be explained through the interac-
tions that colloids exert on each other. [5] Therefore, it is necessary to first summarize
the myriad of ways that two colloidal particles can interact, before we can discuss the
phase behavior of colloidal systems. We will first discuss two forms of repulsive inter-
actions before moving to attractive interactions.

3



Theoretical Background

Steric repulsion
Polymers can be grafted or adsorbed on a particle, one part anchored and another
part extending into the solvent. When two such layers overlap, excluded volume in-
teraction between chains reduce the number of chain conformations, leading to an
entropy-driven repulsive force between particles.[16] Several theories describe the in-
teraction between two approaching polymer brushes. These theories incorporate a large
number of variables such as polymer length, solvent quality and grafting density, lead-
ing to complex descriptions. [17] Apart from steric stabilization from grafted polymer
brushes, steric repulsion can also be achieved by other methods such as adsorption of
surfactants. [18]

Sterically stabilized hard particles are often approximated with the hard sphere model.
This model assumes that particles have zero interaction except for an infinite energy
penalty upon particle overlap. While the steric repulsion does depend on several para-
meters, the repulsion is often tuned to act on short distances, and such sterically stabil-
ized particles are frequenctly modeled successfully using the hard sphere model. [19, 20]

Coulombic repulsion
Colloids that possess an inherent charge with identical signs will typically experience
effects that cause them to repel. In almost any solvent, ions are present that interact
with the charges on the colloidal particle, forming a bound layer of oppositely charged
ions referred to as the Stern layer. A diffuse layer of co-ions and counter-ions will then
form around the Stern layer. A particle will drag this diffuse layer along with it as it
migrates through the solvent. These layers cause the repulsion - overlapping layers will
raise the osmotic pressure in the overlap region, causing solvent to flow into that re-
gion, pushing the particles apart. We note here that this is a simplified model assuming
mono- and divalent ions, and more complex interactions will arise if multiply-charged
ions are introduced. [15]

The ion layers surrounding a colloid screen the charges on the particle, and the con-
centration of ions determines the magnitude of this screening. Therefore, a low ion
concentration leads to a thick ion layer and a long interaction distance. [3] A higher
ion concentration means a more compact double layer, and thus a shorter interac-
tion length. The potential between two colloids can be modeled using a Yukawa-type
screened Coulomb interaction:

UE

kBT
= Z1Z2λB

exp(κ(R1 + R2))
(1+ κR1)(1+ κR2)

exp(−κr)
r

(2.1)

In this equation, UE
kBT is the potential caused by electrostatic interactions, normalized

by kBT; Zi is the effective charge on particle i in units of elementary charges; λB is the

4



Theoretical Background

-
-

-

--

-

-

-
-

+

+

+
+

+
+

+
+
+

+

+

+
+

+
+

+
+
+

-

-

-

-

+

+

+

-

-

-

-

-

0

c i
o
n
s

+

+

+

-

-

distance

-

diffuse layer
Stern layer

Figure 2.1: Schematic of electric diffuse layer around a charged colloid. The first layer of bound ions forms the Stern layer
and the enveloping shell of oppositely charged ions forms the diffuse layer.

Bjerrum length of the solvent; Ri is the radius of particle i and r is the interparticle
center-to-center distance. κ is the inverse Debye screening length:

κ−1 =

√
ϵ0ϵrkBT
e2c
∑

ciz2i
, (2.2)

in which e is the elementary charge, ci is the number of ions i with charge zi, ϵ0 is
the vacuum permittivity, and ϵr is the relative permittivity of the solvent. The Debye
length κ−1 is the characteristic decay length describing the range of the Coulombic
interactions. With screened Coulombic interactions are relatively long-ranged, we can
set the extent of the screened Coulomb repulsion by changing the salt concentration.
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Figure 2.2: Different repulsive potentials combined in one schematic. The dashed line represents steric repulsion, and the
dotted line represents electrostatic repulsion. The red line denotes the theoretical hard sphere potential.

In Fig. 2.2 the two repulsive potentials described above are schematically represented.
We have control over the interaction length of the steric repulsion by choice of poly-
mer and solvent, and over the interaction length of the Coulombic forces by control
of the salt concentration. Nonetheless, steric repulsions are often tuned to play a role
on small interparticle distances, [21] whereas the Coulombic repulsion can be tuned to
play a role over hundreds of nanometers.

Attractive interactions
In contrast to the relatively small amount of repulsive forces, a plethora of interac-
tions can cause two colloidal particles to exert an attractive force on each other. Well-
investigated forces such as electrostatic attraction, dispersion, capillary forces or deple-
tion forces are generally used to cause attractive interactions between colloids. In this
work we will only describe the forces relevant to our systems, which are electrostatic
attractions and van der Waals interactions.

Electrostatic attraction
Uponmixing oppositely charged particles, the double layers will attract instead of repel.
In this case, the previously described screened Coulomb potential (Eq. 2.1) holds, with
one of Z1 and Z2 being negative, thus ultimately causing a negative UE.

van der Waals interactions
When two particles approach, the atomic electron clouds in colloids will interact and
an attractive force arises due to fluctuations in these electron clouds.[2, 22] The van
der Waals interaction for two spherical particles with radii R1 and R2 can be described
by:[23]
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Figure 2.3: Schematic depiction of the DLVO interaction potential. The dotted lines are the constituent Coulombic and
van der Waals interactions and the solid line is the resulting interaction potential. The secondary minimum in
the resulting potential is stressed together with the repulsive energy barrier.

UvdW = −AH

d
R1R2

R1 + R2
(2.3)

where d is the surface-to-surface distance and AH is the Hamaker constant. The Hama-
ker constant depends on the material of the colloidal particles and on the suspending
medium. The above equation assumes that d ≪ Ri, and when this assumption is not
valid, UvdW ∝ d−6. This in effect causes van der Waals interactions to play a large role
on short distances, but to be negligible when particles are at larger distances.

Combining repulsive and attractive interactions
One of the earliest models that combines both a repulsive and an attractive interaction
potential is the Derjaguin-Landau-Verwey-Overbeek (DLVO) potential.[1, 4] This po-
tential combines the screened Coulomb interaction with the attractive van der Waals
interaction, and uses it to describe colloidal stability. It is schematically depicted in
Fig. 2.3. At d → 0, the van der Waals attraction diverges and attraction dominates.
Somewhat larger d can give rise to a repulsive barrier, withUE overtakingUvdW in these
regimes. Even larger d can yield once again attraction, indicated by a secondary min-
imum.

The height of the primary barrier defines colloidal stability. Should the barrier be
much larger than kBT, particles will always retain a certain interparticle distance. In
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Figure 2.4: Phase diagram of pure hard spheres. The thermodynamic ground states of fluid, crystal and fluid-crystal
coexistence are found above the line and metastable glass phase is found under the line.

the case of a deep secondary minimum, particles will reside here, a process known as
flocculation. A weak or nonexistant secondary minimum results in an electrostatically
stabilized dispersion with no preferred interparticle distance. If the repulsive barrier
can be overcome, irreversible aggregation occurs in one of two ways: should the barrier
height be negligible, all collisions will lead to aggregation; should the barrier height be
significant, only a fraction of collisions will lead to aggregation. The former is referred
to as diffusion-limited aggregation, referring to an aggregation speed which is limited
by the particles’ ability to collide, i.e. the diffusion speed. The latter is referred to as
reaction-limited aggregation, where the aggregation speed is limited by the particles’
ability to overcome the energy barrier. [5, 24, 25]

Colloidal phase behavior
In 1986, Pusey and van Megen published work where several dispersions of sterically
stabilized polymethylmetacrylate (PMMA) particles were prepared at different concen-
trations. [26] The PMMA particles were assumed to behave as hard spheres and were
left to equilibrate for several weeks. The low concentration samples then showed fluid
behavior, whereas the higher concentration samples had reorganized to a periodic crys-
tal, with the highest concentration samples remaining disordered but arrested.

It was shown that colloidal hard sphere suspensions exhibit three phases with increas-
ing volume fraction: [27] a fluid phase at low concentrations, where Brownian motion
dominates; a crystalline phase at higher concentrations, where particles optimize free
volume per particle, whereby a periodic structure emerges, sometimes coexisting with
a fluid phase. Finally, further density increase leads to a glassy arrested state, where
particles are stuck in their local order. The glass state is not technically a phase, since it
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Figure 2.5: Schematic state diagram of short-range attractive colloidal systems. Green areas denote single stable phases,
white denotes a fluid-crystal coexistence regime where transient clusters and networks exist, red area denotes
a phase separation region.

is not the thermodynamic ground state. [28] A glass phase will always experience the
push towards relaxation into a crystalline state; however, this process can occur over
extremely long time scales, scaling with volume fraction, and some relaxation times are
theoretically longer than the time scale of the universe. [29, 30] Glass dynamics and
behavior is an entire field on itself, but discussing this lies beyond the scope of this
work. However, for the interested reader, some interesting references can be found
here. [31–33]

Phases are generally depicted in a phase diagram, such as those found in Figs. 2.4 and
2.5. Generally, one takes variables such as concentration or particle attraction and
plots the thermodynamically stable phases for those parameters. Hard sphere phase
behavior only depends on the total volume fraction of the system, which leads to a
one-dimensional hard sphere phase diagram, seen in Fig. 2.4. Hard spheres experience
fluid and crystal phases at melting and freezing lines of 0.494 and 0.545 respectively.
[34]

When investigating attractive particles, we have to draw the phase diagram using two
dimensions, usually volume fraction and particle attraction strength. Note that phases
can also depend on different parameters, such as polydispersity, the range of the at-
traction or strength of an accompanying repulsion. On the y-axis one can depict the
attraction strength, alternatively the temperature, since attraction can be given in units
of kBT and increasing T decreases the absolute attraction strength. In Fig. 2.5, we find
a simplified state diagram of short-range attractive particles. [35–37] The state diagram
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HN O HN O

Figure 2.6: Chemical structures of the monomers NIPAm and NIPMAm, to the left and to the right respectively.

shows three regions - a green single phase region, a white coexistence region, and a
red metastable region. In the green region, the system exhibits a single phase, either
fluid or crystalline; in the white region, the fluid and crystal phases coexist, where weak
attractions cause particles to form transient clusters or transient networks. The dotted
line in the white region is known as the percolation line, i.e. the position where the
clusters become volume-spanning, or percolating. At high temperatures, the bond time
becomes increasingly short and the term ”network” becomes less and less applicable.
[38]

In the red region, a metastable regime is depicted, and particles will phase separate into
dense and dilute phases. These phases are a colloidal liquid - a colloid-rich, mobile
phase that coexists with a colloid-poor phase where colloids as monomers exist, known
as a colloidal gas. This process assumes that particles do not arrest during phase separ-
ation, which will be discussed in more detail in section 3 of this chapter.

Microgels and microgel phase behavior
Poly-N-Isopropylamide (pNIPAm, monomerNIPAm) is a polymer that has interesting
thermoresponsive behavior when dispersed in water. The monomers (seen in Fig. 2.6)
consist of subunits that interact differently with water. Amine and carbonyl groups are
polar, whereas the isopropyl and alkyl groups are apolar. The amine groups form hy-
drogen bonds with the surrounding water, which are increasingly disrupted at higher
temperatures. The interplay between hydrogen bond strength and hydrophobic ef-
fects causes the thermoresponsive behavior: at elevated temperatures, the hydrogen
bonds are sufficiently disrupted such that the solvent quality will decrease, and linear
pNIPAm polymers will experience a coil-to-globule transition.[39] The polymer col-
lapses at a volume phase transition temperature of TVPT = 32 ◦C. Similar polymers,
such as poly-N-Isopropylmethacrylamide (pNIPMAm, monomer NIPMAm), exhibit
very similar thermoresponsive behavior but at slightly elevated temperatures of 45 ◦C.
[40]
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Figure 2.7: Swelling curve of a microgel sample as a function of temperature.

When a radical reacts with monomers of NIPAm or NIPMAm, the carbon-carbon
double bond will form a covalent bond while the radical transfers to the carbons. This
causes a chain reaction; the radical will find a new monomer to react with, ultimately
forming long chains. When this reaction is performed in the presence of a chem-
ical cross-linker, i.e. a chemical agent with two carbon-carbon double bonds (or other
polymerizable groups), a cross-linked network can form: polymers linked to other poly-
mers. If this reaction is performed in the right conditions, one can obtainmonodisperse
microgels: spherical polymer networks that have radii in the nanometer- or micrometer
size range.[41, 42]

A microgel behaves as a swollen polymer network at low temperatures, but expel water
at elevated temperatures (Fig. 2.7). By expelling water, the microgel decreases in size.
[43] Microgels retain the volume phase transition temperature of their polymer. [40]

Microgels interact in a myriad of ways. For example, extended polymers cause steric
interactions and residual charges from the initiator cause Coulombic repulsion. A de-
tailed model for microgels would incorporate steric repulsion, [44] Coulombic repul-
sion originating from a charge density across the particle, [45] and density-dependent
van der Waals attractions. [46] In an effort to simplify and explain the interaction
behavior between two microgels, several models have been applied to these particles:
hard spheres, [47] hard sphere with a narrow attractive well, [48], and soft repulsive
spheres.[49, 50]

A soft sphere model called a Hertzian interaction can be used to calculate the force of
an elastic sphere under compression. [51] The expression is as follows:
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Figure 2.8: Plot of a Hertzian potential with ϵH = 492kBT, as described by Eq. 2.4.

UH(r) =

{
ϵH

(
1− r

σ

) 5
2 if r ≤ σ

0 if r > σ
(2.4)

where σ is the particle diameter, r the center-to-center distance and ϵH a prefactor
determining the strength of the interaction. We plot the potential with ϵH = 492kBT
in Fig. 2.8. In the case of neutral microgels with 5 cross-linker density, this parameter
was fitted to be 492kBT, which has been shown to reproduce the behavior of microgels
in liquid phase at temperatures below TVPT. [50]

2.2 Formation and structure of colloidal crystals
In this section, crystallization will be discussed for various colloidal systems. An in-
depth literature review ofmicrogel- and binary crystallization can be found inChapter 6.
Monodisperse hard sphere colloids can pack into face-centered cubic (FCC), hexagonal
close packing (HCP) and random hexagonal close packing (rHCP) structures. [26, 52]
These structures allow for the highest packing fractions and by organizing into these
structures, the systems achieve the optimum free space per particle. The FCC andHCP
stacking are depicted in Fig. 2.9, and rHCP is a random mix between the two.

In the case of attractive particles, aggregation can prevent crystallization by the irrevers-
ible formation of amorphous structures. This can be prevented either by adding a steric
or Coulombic repulsive component, [53] or by setting the attraction to be too weak for
irreversible aggregation. This can be achieved with depletion interactions, and a careful
consideration of the added depletant. [27]

12



Theoretical Background

HCPFCC

Figure 2.9: Stacking options for FCC and HCP crystals. The red circles represent the bottom layer of spheres, the green
circles are the second layer, and the purple denotes the third layer. The difference between FCC and HCP is
how the third layer will deposit on the second layer - should this be on the same location as the red particles,
two layers down, then it is HCP, otherwise it is FCC. A random distribution of either through a lattice is rHCP.

External fields can also affect the crystallization behavior. An electric or magnetic field
can be used to drive the particles into a specific ordering [54, 55], and it has been shown
that a gravitational field can affect the relaxation time from a glass into a crystal [36].
One inhibiting factor for crystal formation is the introduction of polydispersity. Gen-
erally, it is accepted that for a hard sphere system, the polydispersity should not exceed
6, otherwise unpredictable structural reformations will occur that sometimes lead to
separation of the crystals into two crystal phases with different sizes, or even a preven-
tion of crystallinity altogether. [56]

It should be noted that defects are relatively common in micrometer-sized colloidal sys-
tems, especially when compared to similar systems containing particles with a smaller
size range. External fields are a possibility to anneal defects, but thermal annealing is
often an easier method. [57]

Crystal formation kinetics
Crystallization is generally a nucleation-growth type process; a nucleus is formed in (or
added to) an arrested phase or in a supersaturated fluid, other particles reorient around
this nucleus to slowly grow into larger crystals. [58]

One can separate the concept of crystallization into two: homogeneous and heterogen-
eous nucleation. [59] Homogeneous nucleation is the process when nucleation occurs
throughout the sample, without an energy barrier for nucleus formation. Heterogen-
eous nucleation, on the other hand, is when one or more nuclei are formed (at a wall or
externally added) which then grow throughout the sample. An in-situ probing of this
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process in hard sphere systems has been performed by Gasser et al. [60], visualizing
and characterizing nucleation and growth.

Melting
Melting of crystals can be described as the inverse process of crystallization, but dif-
fers in several ways. Melting behavior does not occur through the same nucleation
and growth mechanism as crystallization does, but tends to start along defect grain
boundaries or point defects. [61] Since the activation barrier of melting is negligible
andmelting occurs throughout the sample, the process of homogeneous crystal melting
resembles a spinodal decomposition process, much like homogeneous crystallization.
[57]

Crystal-to-crystal transitions
Crystal-to-crystal transitions are generally phase transitions involving a density change.
The experimental solid-solid transitions are difficult to study; sometimes because particles
do not allow tunability that could induce these transitions, but also sometimes due to
the transitions occurring too fast. [62] Electric [54, 55] or magnetic [63] fields can in-
duce Martensitic (non-diffusive) transitions for colloidal suspensions, which can also
be achieved with temperature-sensitive DNA-directed interactions. [64]

2.3 Formation and structure of colloidal gels
As shown in Fig. 2.5, colloidal particles that show strongly attractive behavior can favor
kinetic structures over thermal equilibrium structures, and local structures dominate
over the longer-range thermodynamic structures. Given strong enough attractions and
neither too high or too low volume fractions, elastic networks can form. [65–68]

As noted in Section 1.2, a system of attractive particles exhibits behavior that drives to-
wards cluster formation. In the case that the attractions are strong enough and volume
fractions are low enough, the system will phase separate into colloid-rich and a colloid-
poor phases. Should the particles for whatever reason arrest after liquid-gas separation,
the liquid phase can form a more permanent, arrested gel network. [69]

In order to better understand the phase separation behavior, a more detailed phase dia-
gram can be found in Fig. 2.10A. If the sample resides in the white area, the system
forms transient clusters. The barrier between white and orange is the glass transition
line - with increasing density, an arrest is observed. The glass transition line is depend-
ent on the attraction strength. Increasing attractions at specific densities can produce
cage-driven glassy behavior, a transition to fluidic behavior, and transition into a bond-
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Figure 2.10: Phase diagrams of short-range attractive colloidal particles, more detailed than Fig. 2.5. A) The white and
green systems denote thermodynamic ground states. In the orange region, the system has crossed the glass
transition line and becomes arrested. In the red region, the system phase separates into a colloid-rich and
a colloid-poor phase. When only having crossed the binodal, an energy barrier is needed to be overcome
before phase transition; if the spinodal is crossed, no energy barrier is present. The purple region is the overlap
between the arrest region and the phase separation area. It is not yet clear where the border between the
red and purple areas lies. B) an example of a spinodal decomposition and arrest pathway.

driven glassy behavior, otherwise known as the re-entrant glass transition. [70] In the
red regime, forces in the system drive towards phase separation into a colloid-poor and
a colloid-rich regime (Section 1.2). This regime can be further defined by two lines: the
binodal and the spinodal. The binodal line denotes the point from where the phase
separation is energetically favored, but an energy barrier needs to be overcome. The
spinodal depicts the location where this energy barrier vanishes and nucleation does
not require any activation energy. This means that when the spinodal decomposition
line is crossed, a sample will phase separate into two phases without nucleation points,
and nucleation occurs throughout the sample homogeneously, a diffusion-limited pro-
cess [27]. The purple region is a region where the phase separation regime overlaps with
the glass region. [37]

In Fig. 2.10B, we see an example of what would happen if a sample would be quenched
in the spinodal regime. A sample starting at point A in the phase diagram is quenched
to point B by increasing the attraction or lowering the temperature. The system will
spontaneously phase separate via spinodal decomposition, and the systemwill form two
phases, splitting up along the two arrows. The part low in density, the colloid-poor gas
phase, is denoted by the arrow to the left, while the colloid-rich phase will densify until
the point that density crosses the glass transition line and a dynamic arrest occurs. The
spinodal decomposition is then interrupted and the colloid-rich phase is arrested in
its place. [71] Given that the colloid-rich phase at that moment was percolating, we
have obtained an elastic colloidal gel via spinodal decomposition and arrest. [72–75]
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Figure 2.11: Schematic of scattering functions of gels as they age. The slope at high q is often used to determine the
fractal dimension [78]. The maximum of the scattering peak shift to higher q as the gel ages. Adapted from
[79].

The attraction strength can be achieved by suddenly introducing a depletion interac-
tion [76] or allowing an already present attraction to suddenly dominate. [72] Raising
the temperature for pNIPAm microgels across its collapse temperature has the effect
of suddenly turning the particles from repulsive to attractive due to increased van der
Waals interactions, given that the charges are sufficiently screened. [77]

A method of quantifying the structure of a gel is by calculating fractal dimension. This
property is based on percolation theory and assumes a fractal structure, which is an
assumption that only holds for fractal cluster aggregation mechanisms and at inter-
mediate length scales. However, it is useful to quantify a degree of ”openness” of the
gel. One obtains it by taking Rg ∝ s1/df , where Rg is the radius of gyration of a fractal
cluster with size s, and df being the fractal dimension ranging from 0 (a zero-dimension
point) to 3 (a filled cube). It was shown that the fractal dimension for a structure that
forms from a central point via aggregation without energy barrier (Fig. 2.3, diffusion-
limited aggregation) has a fractal dimension of 1.75.[66, 80]. Reaction-limited aggreg-
ation or incorporation or allowing cluster-cluster aggregation results in higher fractal
dimensions.[67, 78]
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As the gel develops, we can quantify the gel age by obtaining the structure factor, seen
in Fig. 2.11. During formation, the strands obtain a certain mesh size ξ, a measure of
the inter-strand distance, otherwise called correlation length. This mesh size grows as a
function of time, due to coarsening of the network into thicker strands. The structure
factor scales S(q) ∝ (q2 + ξ−2)−1 for a spinodal decomposition-like gelation process,
and is used to quantify the gel. [79, 81]
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3.1 Confocal Laser Scanning Microscopy
Confocal microscopy is an imaging technique used to improve optical resolution of
images compared to traditional optical microscopy. The difference between traditional
microscopy and confocal microscopy is the use of a laser beam that focuses onto the
sample at specific locations. These small, well-defined sample volumes are subsequently
imaged. The set-up is graphically represented in Fig. 3.1. Furthermore, scanning the
focused laser beam through the sample allows for a three-dimensional reconstruction
of the sample, by scanning in x- y- and z-directions. This is depicted in Fig. 3.2. This
configuration provides much better resolution in comparison to wide-field microscopy,
where the sample is homogeneously illuminated and the final two-dimensional image
will consist of a superposition of light from the focal plane as well as from adjacent
planes. Much of the light is blocked at the pinhole, increasing the resolution at the
cost of signal intensity.

Figure 3.1: Concept of confocal microscopy. The dichroic mirrors, pinholes and objectives focus the excitation laser beam
onto the sample. The mission from the sample is then focused onto the detector. The pinholes can focus the
lasers into different focal volumes, thereby allowing scanning though the sample.
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Figure 3.2: 2D images of pNIPAm particle crystals as described in Paper III. Imaging at different heights makes it possible
to reconstruct a 3D volume.

The laser beam focus needs to be scanned over the sample in order to obtain inform-
ation used to construct the image. One option is to move the sample relative to the
illumination spot, but more often the illumination spot is moved using multiple scan-
ning mirrors. Moving the mirrors allows for faster and more precise scanning of focus
volumes.
Imaging is either performed using bright-field mode (transmission) or in fluorescence
mode. The fluorescence mode naturally enables imaging of fluorescent molecules, al-
lowing specific localization and generally a higher resolution. Fluorescent molecules
can be introduced in specific regions of the sample as covalent or non-covalent labels,
in order to study the localization of objects to which they are bound. [82, 83]

3.2 Rheology and viscometry
Rheology is the study of the flow behavior and material deformation subjected to an
externally applied mechanical force.

Steady rheology
Consider a fluid that is contained between two parallel plates. If one plate moves with a
constant velocity in one direction horizontally to the other plate, as in Fig. 3.3, the fluid
will experience a force at both plates. Assuming zero slip at the solid-liquid interface,
the velocity of the movement of a fluid element relative to the lower plate increases
linearly from zero to the velocity of the upper plate over the distance between the two
plates. Denoting v the velocity of the upper plate, Δx its lateral displacement, A its
surface area, h the distance between the plates and F the force needed to maintain
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Figure 3.3: A liquid between two plates that are being sheared. The plate surface is A, the height from the lower plate is
h, the lateral displacement of the upper plate is Δx and its velocity is v.

motion, we can define the following parameters:

γ = Δx/h, (3.1)
γ̇ = v/h, (3.2)
τ = F/A, (3.3)
η = τ/γ̇. (3.4)

Here, γ is the shear strain, or the deformation of a volume element, γ̇ is the shear rate,
or the speed of a volume element, τ is the shear stress, or the force per surface area, and
η is the viscosity of the sample.

The deformed sample can react in two ways to the external forces. One method is to
store deformation energy as elastic energy, which will drive the system to reform to its
original state after the external force is removed. The other method is to dissipate the
energy, leading to the sample remaining deformed after removal of the external force.
A system that is perfectly elastic is referred to as a Hookean material, whereas a sample
that dissipates all its energy (viscous) is referred to as a Newtonian fluid. For Newto-
nian liquids, the viscosity η is independent of shear rate γ̇, and γ̇ ∝ τ . For Hookean
materials, it holds that τ = Gγ, where G is called the shear modulus.

Most real samples have both elastic and viscous characters, and are referred to as vis-
coelastic. These samples will appear to reform into the original state after small de-
formations, but a stronger deformation will lead the system to adapt by flowing. For
colloidal suspensions, we can define the Péclet number Pe to quantify the response of
the suspension to applied rate γ̇: [84]

Pe = γ̇
R2

D
= γ̇

6πηR3

kBT
, (3.5)

with R being the colloidal radius. The Péclet number is the ratio of advective transport
rate, or the rate of motion caused by perturbation, over diffusive transport rate. For
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Figure 3.4: A) Shear rate γ̇-shear stress τ for Newtonian and non-Newtonian fluids. B) Viscosity η - shear rate γ̇ curves
for Newtonian and non-Newtonian fluids.

Pe ≪ 1, the sample will not be perturbed by the applied shear, while for Pe ≫ 1, the
sample experiences large shear rates γ̇ and is expected to flow. Sheared dispersions with
Péclet numbers Pe ≈ 1 exhibit viscoelastic behavior.

Colloidal behavior under shear is a complex interplay between particle-solvent in-
teractions and interparticle forces. Due to these particle-related forces, but also due
to particle rotation, a colloidal dispersion generally exhibits shear thinning behavior.
Shear-thinning behavior is an example of non-Newtonian behavior: while for New-
tonian fluids, γ̇ ∝ τ and η is independent of γ̇; non-Newtonian fluids deviate from
this behavior. The shear stress τ of a shear thickening fluid increases non-linearly with
shear rate γ̇ as in Fig.3.4, and the viscosity η increases as a function of shear rate γ̇. An
example of such a fluid is corn starch dispersions, which exhibit stiffening if exposed
to a force. [85] Shear thinning fluids show the opposite behavior as a function of shear
rate γ̇, and soften upon exposure to force.

A formula for a dilute colloidal hard sphere sample, first stated by Einstein [86] and
expanded by Batchelor [87] gives:

η − ηs
ηs

= 2.5ϕ+ 6.2ϕ2 + k3ϕ3 + ... (3.6)

where ηs is the viscosity of the puremedium andϕ is the volume fraction of the particles.
This equation can be used to relate the viscosity of a hard sphere dispersion to the
volume fraction of a colloidal suspension.

Oscillatory rheology
Another method of probing the rheological behavior is through oscillatory rheology.
The upper plate in Fig. 3.3 can be moved according to an oscillating pattern following
a sine curve, which is defined by two parameters: its maximum amplitude Δx (and
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thus shear strain γ) and the oscillation frequency f (and thus shear rate γ̇). The force
exerted by the sample on the lower stationary plate is measured, and is defined as the
shear stress τ . If the sample is purely elastic, i.e. a Hookean material, the response to
the deformation is a sinusoidal wave with identical f. The phase difference δ between
the deformation and response sine curves is in this case 0◦. For a perfectly viscous
sample, i.e. a Newtonian fluid, the phase difference is 90◦. A viscoelastic sample will
have 0◦ < δ < 90◦.
The complex shear modulus G∗ is defined as:

G∗ =
τ(t)
γ(t)

(3.7)

where τ(t) and γ(t) depend on the amplitude of the sine wave of the deformation at
time t. G∗ is expressed as a vector with angle δ in a two-dimensional diagram, with
different projections on the two axes. The projection on the x-axis is called the elastic
modulus G′ and represents the elastic portion of the viscoelastic behavior. The projec-
tion on the y-axis, the loss modulusG′′, represents the viscous portion of the viscoelastic
behavior.

One way to interpret these values is to imagine the energy that is put in the system
through deformation, which can be absorbed in several ways. The elastic modulus G′

is the portion of the energy that is elastically stored in the sample and will drive reform-
ation to its original structure, whereas the loss modulus G′′ is the portion of the energy
that is transformed into heat through viscous dissipation.

Finally, tan(δ) = G′′/G′. This is a value that ranges from zero (δ = 0◦, ideally elastic
and G′′ = 0) to infinity (δ = 90◦, ideally viscous and G′ = 0).

Typical colloidal gel tests
The three different types of rheology experiments used in this thesis are depicted in
Fig. 3.5 together with typical responses of colloidal gels.

Frequency sweep
By doing a frequency sweep, G′ and G′′ are obtained as a function of f for a given de-
formation strength γ. This effectively probes the systems’ response to different γ̇.
The gel responds to these frequency sweeps as follows. At low frequencies, the response
is mainly caused by the solid-like response of the colloidal network, usually reflected in
G′ > G′′. At high frequencies the viscous response of the suspending solvent is mainly
responsible for the response, and this is usually reflected in G′′ > G′. At a certain fre-
quency fc, the G′′ modulus overtakes the G′ modulus, and in this shear rate regime, the
elastic and loss moduli both reflect contributions of the elastic network and the viscous
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Figure 3.5: Patterns for three typical rheology tests: a frequency sweep, a strain sweep and a time sweep. Below each
pattern, one can find the typical response of a colloidal gel.

fluid. [88, 89]

It needs to be noted that the frequency range that is depicted in Fig. 3.5 is very large, and
is impossible to probe with conventional rheometers. However, it has been shown that
colloidal gels show similar structure and behavior for different volume fractions ϕ or
colloidal attraction strengths. This allows us to rescale the frequency behavior of gels at
different ϕ orUwith a certain scaling factor, to map the frequency behavior on low and
high frequencies that are normally impossible to probe with normal rheometers.[90]

One thing to note for these systems is that the G′′ shows a minimum at a certain fre-
quency. This minimum is coupled to a long-time structural relaxation within the gel
phase (known as α-relaxation), a relaxation process also observed in glassy systems.[91]

Strain sweeps
In the linear viscoelastic regime, the system is not significantly deformed such that
bonds break or the system cannot reform to its original state in time. The strain sweep
measuresG′ andG′′ for a given frequency fwhile increasing the stress γ until the mater-
ial breaks and exhibits flow. This tells us in which regime the linear viscoelastic regime
resides, and how much stress the network can handle before yielding.

At low strains, both G′ and G′′ moduli are independent of the applied strain, which
is caused by the fact that the applied deformation can be recovered within the time of
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one deformation cycle. For larger deformations,G′ andG′′ increase before a significant
drop in both moduli. This signifies a breakdown in linear viscoelastic behavior, and
colloidal gels will behave fluidlike. [92] This breakdown follows a general pattern. The
drop inG′ above yield stress scales withG′(γ0) ∝ γ−ν′

0 , whereasG′′(γ0) ∝ γ−ν′′

0 , with
ν ′′ ≈ ν ′/2.[93] Upon approaching the yield strain, one observes an increase in G′ and
G′′ moduli. TheG′ increase is attributed to the stiffness of strained backbone segments;
upon applying strain, the segments are allowed to rearrange and straighten, resulting in
strain hardening.[94] The G′′ increase is also observed in other glassy materials. These
peaks surrounding the yield stress are dependent on the volume fraction of the material;
the higher the volume fraction, the smaller the strain hardening effects are. [95–97]

Time sweeps
A time sweep obtains G′ and G′′ for a given frequency f and deformation strength γ
over a certain period of time. This tells us something about the evolution, or aging, of
a gel network. Aging behavior follows an exponential increase as a function of time.
Different systems have shown to have different aging behavior, of which a universal
description remains elusive, [89] but some general trends have been described. [98]

3.3 Light scattering
The size and shape determination of colloidal particles can be performed using light
scattering techniques, subdivided into static and dynamic light scattering.

Static light scattering
Classical electromagnetic theory states that radiation can be represented as a propagat-
ing wave motion with fluctuating electric and magnetic fields. These wave motions
interact with matter as the electric field affect the electron distribution in a molecule.
One of the outcomes from this interaction is elastic scattering of the light. [5]

Rayleigh theory is a simplified theory that assumes particles to be point scatterers with
no intra-particle interference. We can expand this by approximating a colloidal particle
as many point scatterers, and assuming that the internal electric field is undisturbed as
compared to the external field, and that no reflection occurs on the particle surface.
Under these assumptions, we can calculate the scattered intensity I for a system of
particles with the number density ND as a function of scattering vector q:

I(q,ND) =
I0
R2

f(q)NDVs(Δρ)2V2
pP(q)S(q,ND) (3.8)

where f(q) is a geometrical factor accounting for the polarization of incident and collec-
ted light and Vp and Vs are particle and scattering volumes, respectively. The P(q) and

25



Methods

θ

Incident light
k0

ks
q

Sample

Detector

Figure 3.6: A schematic set-up of a light scattering measurement.

the S(q, c) are the form and structure factors, representing the intra- and interparticle
interference. The scattering vector q is given by

q =
4πns
λ

sin
(
θ

2

)
. (3.9)

Here, λ is the wavelength of the incident light, θ is the scattering angle and ns is the
refractive index of the medium. The scattering length density difference Δρ reflects the
scattering contrast of the sample by:

Δρ =
3πn2s
λ2

(np/ns)2 − 1
(np/ns)2 + 2

(3.10)

with ns the refractive index of the medium. In the above, all parameters except P(q)
and S(q, c) can be calculated.

In static light scattering, one measures the scattering intensity I for a range of different
scattering vectors q. This is performed using a set-up as in Fig. 3.6, where collimated
light is shone onto a sample after which the scattered intensity is recorded as a function
of q.

Information about particle size and shape are obtained via the form factor P(q), ob-
tained at dilute conditions where particles are assumed to behave ideally. The theoret-
ical form factor for a spherical particles is given by:

P(q) =
{

3
(qR)3

(sin(qR)− qRcos(qR))
}2

(3.11)
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Figure 3.7: Calculated form factor for an ideally monodisperse system (blue) and one with 10% polydispersity (red).

We plot this in Fig. 3.7 with the blue line. Polydispersity has a smearing effect and a
10 polydispersity leads to the red curve. Comparison between experimental P(q) and
theory can thus give us valuable information on particle radius and polydispersity.

Dynamic light scattering
In contrast to static light scattering, dynamic light scattering measures the intensity
fluctuations of the scattered radiation and requires highly coherent incident radiation.
These fluctuations are caused by particles diffusing within the scattering volume, affect-
ing interference conditions. Since large particles move slowly, the intensity fluctuations
will occur on a long time scale. Smaller particles diffuse much quicker and thus the
intensity fluctuations occur much faster. This phenomenon is depicted in Fig. 3.8.
To quantify these fluctuations, a correlation function is calculated with the previously
observed intensity:

g2(τl) =
⟨I(t)I(t+ τl)⟩

⟨I(t)⟩2
(3.12)

In this function, I(t) is the intensity at time t, τl is a lag time, and angular brackets
indicate time averaging. g2 defines the correlation between intensity at time t and
time t + τl, and thus holds information on the average fluctuation speed. In case
of monodisperse, spherical particles, the correlation function is a simple exponential
function:

g(τl) = e−τl/τc (3.13)

The parameter τc is related to the diffusion coefficient D by:

τc =
1

Dq2
(3.14)
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Figure 3.8: A large particle sample causes intensity fluctuations on a long time scale, and smaller particles cause faster
fluctuations.

Through the Stokes-Einstein equation:

D =
kBT

6πηRH
, (3.15)

one can obtain the hydrodynamic radius RH, defined as the radius of a hypothetical
equivalent hard sphere particle diffusing with the same diffusion coefficient.

3.4 Zeta potential
As depicted in Fig. 2.1, ions in solvents will organize in diffuse layers around charged
particles. Electrophoretic mobility measurements are a method of quantifying this, in
terms of the ζ potential.
The layer of ions surrounding a particle is dragged along with the particle as it diffuses
through the medium. The slipping plane is defined as the location where the velocity
of the solvent is zero, respective to the particle, and the ζ potential is defined as the
potential at the slipping plane. [15] Experimentally, it is difficult to assess the potential
closer to the particle surface due to the bound ions, which is why the ζ potential is
used as a definition of surface charge potential. The ζ potential can be obtained from
electrophoretic mobility measurements, where the steady state velocity of particles is
measured as a function of the electric field that is imposed across the particles. The
velocity is caused by the force imparted by the electric field against the viscous forces
of the solution:

v =
F

6πηRζ
(3.16)
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Figure 3.9: Schematic of an electric double layer around a charged colloid and the potentials corresponding to different
positions in the double layer.

in which F is the external force cause by the electric field, η is the viscosity of the solvent,
and Rζ is the radius of the particle. Using small electric fields, it is safe to assume that
F ≈ qE with q the charge. The electrophoretic mobility u is defined as:

u =
v
E

(3.17)

which is directly obtainable from experiment. The ζ potential is calculated from:

ζ = a
ηu
ϵrϵ0

, (3.18)

with ϵrϵ0 being the dielectric constant of the solvent. a is a prefactor that varies between
1 and 1.5, depending on which approximation is used. When probing small particles
with R′ζ/κ

−1 ≪ 1, where κ−1 is the Debye length and R′ζ is the distance from the
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particle center to the slipping plane. In this approximation, a ≡ 1 given by the Hückel
equation [3]. If R′ζ/κ

−1 ≫ 1, a ≡ 1.5, given by the Smoluchovski equation [99]. In
the case that neither of these two options apply, 1 < a < 1.5. [15]

We obtain the electrophoretic mobility u by exposing a sample containing charged
particles to an electric field. The particles will migrate to the electrodes and the ve-
locity is determined with laser Doppler velocimetry; based on the principle that the
wavelength of light scattered by a moving particle is shifted with respect to the incom-
ing beam due to the motion of the particle.

3.5 Microgel synthesis
In the following sections, syntheses are described as can be found in literature. [100, 101]
Information on varying synthesis can be found in Chapter 7.

Chemicals
The chemicals used are depicted in Fig. 3.10. Aluminium oxide, used to remove poly-
merization inhibitor from styrene; N,N’-Methylenebis(acrylamide) (BIS), a chemical
cross-linker that has two polymerizable sites; potassium pyrophosphate (KPS), a neg-
atively charged radical initiator; fluorescein o-methacrylate, a polymerizable green dye;
methacrylate rhodamine B, a polymerizable red dye; N-isopropylacrylamide (NIPAm),
amonomer for polymerization; N-isopropylmethacrylamide, anothermonomer; pyrrho-
methene 546, a hydrophobic green dye; pyrrhomethene 605, a hydrophobic red dye;
styrene, a monomer; sodium dodecoyl sulfate (SDS), a negatively charged surfactant.

Pure microgel synthesis
10 mg of polymerizable dye was dissolved in 430mL ofMillipore quality water, together
with 10 g of NIPAm and 0.676 g BIS (5 mol ), under strong stirring. The reaction vat
was outfitted with a reflux cooler and inert atmosphere was created by a constant flow
of nitrogen gas. After the chemicals were dissolved, the temperature of the solution was
brought to 80 ◦C. 100 mg of KPS was dissolved in 10 mL of Millipore quality water
and degassed. The KPS solution was dropwise added to the solution and the reaction
mixture was left for three hours at 80 ◦C, after which the temperature was decreased
to room temperature. The reaction mixture, while still warm, was filtered through
warm (∼50 ◦C) glass wool to remove aggregates. The product was sedimented through
centrifugation, the supernatant was taken off, and was redispersed in Millipore quality
water. The sedimentation and redispersion process was repeated in total five times.
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Figure 3.10: Different chemicals that are used in this work. a) BIS; b) KPS; c) fluorescein o-methacrylate; d) methacrylate
rhodamine B; e) NIPAm; f) NIPMAm; g) pyrrhomethene 546; h) pyrrhomethene 605; i) styrene; j) SDS.

3.6 Molecular and Brownian dynamics
Molecular dynamics simulations compute the physical movement of a classical many-
body system: systems that consist of many separate components who all behave in-
dependently and through non-quantum effects. Colloidal systems are perfect to be
simulated through these methods since quantum effects are negligible for these sys-
tems. The outcomes of these simulations are dependent on the interaction potentials
and the pathway to reach the final conformation. [102]

Molecular dynamics simulations are generally built up out of five steps. Initially one
reads in the input parameters: initial configuration, interparticle interaction, and sys-
tem parameters such as pressure and temperature. Then an initialization follows: initial
position and velocities of the particles are either generated or read in. This usually con-
tains an equilibration step where particle overlap is removed such that interparticle
forces do not become unphysical. Then a step comes where the actual simulation is
performed: the force on each particle is calculated. After this, the new coordinates and
velocities are calculated by numerically integrating Newton’s equations of motion. The
last two steps are looped for a number of timesteps until a desired simulation time is
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reached. The interaction potential U(r) is related to the force via

F = −dU(r)
dr

(3.19)

where r is the interparticle distance. The total force between two particles is obtained
from the input interaction potential, and since pairwise additive interactions are as-
sumed, the forces of particles are vectorially summed to obtain a resulting force F.
A molecular dynamics simulation does not incorporate the effect of a surrounding
solvent on the particles, which is however a key ingredient in Brownian dynamics sim-
ulations. Here, the equation of motion of each particle is described by the overdamped
Langevin equation:

dri
dt

= −
Fi({rj})D

kBT
+

√
2DR(t), (3.20)

where ri is the position of particle i, Fi({rj}) is the force on particle i arising from all
other particles, D is the single particle diffusivity and R(t) is a unit-variance random
noise, δ-correlated in space and time. The Langevin equation for molecular dynam-
ics incorporates an acceleration term, which is neglected for Brownian dynamics, due
to the negligible effect of inertia on the microscopic length scale. R(t) emulates the
random thermal motion of the colloidal particle due to collisions with solvent mo-
lecules, and ensures a constant temperature of the simulated system. In this work we
use the open-source LAMMPS molecular dynamics package [103] with a modification
to enable overdamped Langevin dynamics.

Model
In this thesis, we model the behavior of microgels using a temperature-dependent in-
teraction potential. The interaction between two particles is modeled using an overlay
of a soft Hertzian repulsion and a van der Waals attraction. Both potentials are particle
density-dependent, to reflect the collapse behavior of the particles. For the soft repuls-
ive potential we use a Hertzian repulsion (Eq. 2.4), which has been shown to mimic
microgels effectively. [50] Repeating Eq. 2.4:

UH(r;T) =

ϵH(T)
(
1− r

σ(T)

) 5
2 if r ≤ σ

0 if r > σ
, (3.21)

where ϵH(T) is temperature dependent since it is coupled to the elasticity of the particle;
this reflects the fact that upon collapse, the network densifies and resembles more and
more a hard sphere. We can model the T-dependence of ϵH with Lifshitz elasticity
theory: [104]

ϵH(T) =
2E(T)
15K

1
1− ν(T)2

σ(T)3. (3.22)
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The strength of the Hertzian repulsion ϵH can hereby be coupled to the Young’s mod-
ulus E(T) of the polymer material. Young’s modulus is a property of a material that
quantifies its stiffness, and E(T) for a microgel has been measured by Fernandes et al.
[105]. We have used a hyperbolic tangent function to fit their data:

E(T) = C1tanh
(
T− Tc

C3

)
+ C2, (3.23)

where C1 = 2.6 · 105 Pa, C2 = 3.3 · 105 Pa, Tc = 310 K and C3 = 3 K for pNIPAm
particles. For pNIPMAm, we used the same constants except Tc = 323 K, reflecting
the higher TVPT of these particles. Another value in Eq. 3.22 is the Poisson ratio ν,
a value of the compressibility of the material. This value reflects the fact that if one
for instance compresses a ball vertically, it will expand horizontally; the higher ν, the
more expansion the sphere will exhibit. ν is described by the same hyperbolic tangent
as in Eq. (3.23) but with C1 = 0.125, C2 = 0.375, Tc = 310 K and C3 = 3 K,
yielding ν(20 ◦C) = 0.25 and ν(50 ◦C) = 0.5. [106] The empirical scaling factor K
in Eq. (3.22) was adjusted so to yield the value 496 kBT at 20 ◦C as obtained by Paloli
et al. for highly similar microgel particles. [107] Finally, the particle diameter σ(T)
can be coupled to the hydrodynamic radii of microgels as determined by dynamic light
scattering.

The van der Waals contribution UvdW to the potential is modeled using a short-range,
rounded square well potential. It is described by:

UvdW(r;T) =
ϵvdW
2

tanh

(
r− 1.1σ

k

)
+

ϵvdW
2

; (3.24)

and the strength of the attraction is calculated as:

ϵvdW(T) = ϵmax

(
σ(20 ◦C)− σ(T)

σ(20 ◦C)− σ(50 ◦C)

)6

, (3.25)

The σ6 dependence of the attraction strength ϵvdW comes from the fact that the van
der Waals interactions depend on ρ2, where ρ is the monomer density of the particles.
The maximum attraction ϵmax was set to 12 kBT in accordance with measurements on
comparable particles. [108, 109]
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Figure 3.11: Schematic illustration of the pair correlation function for a hard sphere system. In a sample, one picks a central
particle (blue) and obtains all the center-to-center distances with respect to the surrounding particles. The
relative probability of finding a particle at distance r is then plotted against r. The colored circles correspond
to the colored lines in the pair correlation function.

3.7 Computational structural analysis
In the following sections, we will discuss several methods to analyze simulated and
experimentally obtained structures. These methods are used to quantify structures
and structural properties of colloidal dispersions and allow quantitative comparison
between different dispersions.

Pair correlation function
The pair correlation function g(r) is a description of the density of a system around a
given central particle. [110] g(r) gives us information on how colloids locally organize,
which in turn informs about their interaction and overall bulk behavior. [15]The struc-
ture factor, as discussed in Section 3, is the Fourier transform of the pair correlation
function.

For a system of particles, g(r) is obtained by calculating the center-to-center distance
from a given central particle to all other particles in the system. Averaging over all
particles provides a measure of the relative probability of finding particles at a given
distance r, as depicted in Fig. 3.11. Mathematically, this becomes:

g(r) =
1

4πr2Nρ
⟨
∑
i

∑
j̸=i

δ(r− rij)⟩ (3.26)

where ρ is number density, rij is the distance between particles i and j, δ(x) is a Dirac
delta function that equals 1 only if x = 1, and is 0 otherwise. 4πr2ρ is the average num-
ber of particles at a distance r from the central particle in an isotropic system of density
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ρ. Angular brackets indicate averaging over all particles i. For hard sphere systems, dis-
tances until one particle diameter yields a zero probability of finding a particle, since
then particles would overlap. Upon reaching one particle diameter, a peak is usually
observed that reflects particle contact. Soft sphere systems can show their first peak be-
low r = σ, due to interpenetration of particles. At larger r other peaks can be observed
due to local packing defects. The volume fraction of the system has a large effect on
the g(r): low density systems exhibit low peak heights and fewer larger-distance peaks.
In the other extreme, crystals have very well-defined peaks that are clear until large r.
[60]

Bond order analysis
Bond order analysis is a tool to discern particles that belong to different phases. In an
image of a crystal-crystal coexistence, certain particles belong to the first crystal phase,
and others to the second; one can differentiate between the two types by analyzing the
angles between central particles and surrounding particles. Crystalline surroundings
have an organized and symmetric neighborhood, specific for each crystal phase, which
makes bond order parameters act as a fingerprint for each crystal phase. Furthermore,
we can use bond order parameters to discern between ordered crystals and amorphous
systems such as fluids or glasses. [54, 111]

Bond order parameters are based on spherical harmonics. One calculates the complex
vector qlm of particle i as:

qlm(i) =
1

Nb(i)

Nb(i)∑
j=1

Ylm(rij) (3.27)

where Nb is the number of nearest neighbors of particle i, l is a parameter that corres-
ponds to the l-fold symmetry around particle i andm is an integer that runs from−l to
+l. The functions Ylm(rij) are the spherical harmonics of the vector from particle i to
particle j. This can be used to calculate the local bond order parameters, or Steinhardt
order parameters ql:

ql(i) =

√√√√ 4π
2l+ 1

l∑
m=−l

|qlm(i)|2 (3.28)

ql is particularly sensitive to a crystal that has the l-fold symmetry in its unit cell. For
this reason, l = 4 and l = 6 is often chosen for colloidal systems. One more parameter
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that gives extra information is wl, given by:

wl(i) =

∑
m1+m2+m3=0

(
l l l
m1 m2 m3

)
qlm1(i)qlm2(i)qlm3(i)(∑l

m=−l |qlm(i)|2
)3/2 (3.29)

In this, the integers m1, m2 and m3 run from −l to l with the constraint that m1 +
m2 + m3 = 0. The term in brackets is the Wigner 3-j symbol.

Gel scaffold analysis
In this section, a program is described that is used to quantitatively compare structures
of gel networks. Input can either be three-dimensional simulation results or three-
dimensional confocal images. Both experimental and simulated results are transformed
into .tiff stack files before analysis, making this program well-suited for comparison
between the two. The program is a skeletonization-based program that uses Minkowski
image cleaning procedures adapted into MATLAB by Legland et al. [112], skeletoniza-
tion scripts using an algorithm developed by Lee et al. [113] and adapted for MATLAB
by Kollmannsberger [114].
The analysis scripts can be separated into four sections: skeletonization preparation
scripts, skeletonization itself, post-processing, and post-analysis. A representation can
be found in Fig. 3.12.

Pre-skeletonization
Simulation to .tiff stack
A 3D coordinate diagram, as obtained from simulation, is divided into voxels with spe-
cified x-, y- and z-dimensions. These dimensions are typically coupled to a confocal-
resolution voxel. Then, a stack of .tiff images is created where particles are projected
onto the voxels, given the particle coordinates, the particle radii, and a point spread
function that can be set to mimic the point spread function from confocal microscopy.

Gaussian filtering
For CLSM images, Gaussian filtering is necessary in order to remove noise and irreg-
ularities in the features. If these are left in before conversion, small branches from the
backbone skeleton are obtained [115] that add unwanted complexity to the skeleton. As
default, a Gaussian kernel of 150 nm is used, approximately similar to the xy-dimension
point spread function of the confocal.

Binarization
Z-slices for either the confocal or the simulation .tiff stacks are converted into binary
images slice per slice. This was done individually in order to correct for the scatter-
ing while going deeper into the sample, resulting in lower fluorescence intensities for
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Figure 3.12: General flow chart for a skeletonization analysis. A coordinate list from simulation or a confocal image stack
is supplied, which is prepared and binarized; these images are cleaned and skeletonized; this skeleton is then
further cleaned to remove small branches, unnecessary loops and end-point branches. This skeleton can then
be used to quantify features of the gel.

deeper slices. The minimum and maximum intensity per slice were obtained to calcu-
late an optimum threshold value. This value can be manually set as a fraction of the
maximum intensity minus the minimum intensity. However, as default, the algorithm
uses Otsu’s method [116] which calculates the optimum threshold value by minimiza-
tion of the intra-class variance.

Morphological closing
Morphological closing is an operation that performs image dilation before image erosion.
The process of image dilation is the enlarging of each structure voxel by a certain struc-
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original dilated morphologically
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Figure 3.13: 2D example of the morphological closing and cleaning process. Morphological closing involves image dilation
and subsequent erosion, which has the effect of forming bonds between two structures and edges in each
others’ vicinity, and closing isolated holes and irregularities in structures. Cleaning deletes isolated structures
smaller than a threshold.

turing element, by default a small sphere of radius 100 nm on image stacks with dimen-
sions of 15 µm. Erosion is the opposite process of this. This has the effect of closing
holes inside the gel strands, generally caused by imperfect binarization and random
noise. A too large structuring element has the effect of creating links where there pre-
viously were none, which makes caution with these elements necessary.

Cleaning
The cleaning process involves the final steps before skeletonization. Connected struc-
tures, or large amounts of pixels in direct connection, in the binary volume were iden-
tified on their size and removed if under a threshold. By default, a connectivity of 26 is
used in this determination, corresponding to 26 surrounding voxels for any given voxel
in a 3D grid. One can also use a connectivity of 18, not counting diagonally bordering
voxels. For any percolating system with enough volume imaged, only one structure is
obtained whereas small noise is removed. This process and the previous is depicted in
2D in Fig. 3.13.

Skeletonization
This step obtains the scaffold for the further post-processing and analysis of the gel
structure. It was written by Kollmansberger [114] and calculates the 3D medial axis
skeleton by homotopic thinning algorithm. In essence, it removes pixels from thick
strands from the outside inward until a single pixel-thick skeleton is left.

Post-processing
Skeleton to graph
The skeleton, a 3D binary array, is now converted into a weighted adjacency matrix, or
a graph. This is a series of nodes and edges, as formulated in graph theory. A cluster
of voxels with more than two neighbors is defined as a node, and any connected voxels
with only two neighbors are defined as an edge. A certain lower edge length is taken
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into account or is merged with larger connecting edges. The node-to-node distance is
connected to real voxel sizes and calculated using 3D Pythagoras for each voxel-voxel
pair.

Graph cleaning
As is shown in Fig. 3.12, a large amount of noisy small branches exist in the skeleton.
Cleaning of these minor branches was performed while preserving the edges and nodes
that exist in the shortest paths from one box face node to an opposing box face node.
For example, one face node (defined as a point where the skeleton intersects with the
box face) at the x = 0 face can, if following the skeleton path, reach the x = L face
via N different paths; where N is the amount of face nodes on the x = L face. Any of
these nodes and edges that these paths cross, are preserved.

With this in mind, disconnected nodes, i.e. end point nodes not in the vicinity of a
face, are removed together with the edge it was connected to. Furthermore, nodes that
are connected to only two other nodes are removed, and the corresponding edges are
connected to each other. These two processes are repeated until no more progress is
made. Finally, small loops are removed from the skeleton, by removing all loops smaller
than a certain threshold, assuming they do not constitute the shortest face-to-face path.

Analysis
Tortuosity
Tortuosity, or directness, is defined as the path length from one face node to a face node
opposite of the box, divided by the Euclidian distance between those nodes. [117] This
is calculated using Dijkstra’s algorithm [118], which calculates the distance along a path
given weighted edges and nodes, and this is performed for all possible combinations.
Dividing by the Euclidian distance of each point and averaging for each face node to
face node possibility, we obtain the tortuosity of the gel. Note that the resolution for
confocal in x and y is significantly higher than the z resolution, which can have a strong
effect on the calculated tortuosity.

Node-to-node distance
The node-to-node distance gives a probability distribution of finding a branch node to
branch node link with a certain distance, as obtained from the graph. This tells us what
the probability is that we find longer or shorter strands in these types of gels.
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4 | The tunability of binary colloidal
gelation

In this chapter we show that for electrostatically screened binary systems of pNIPAm
and pNIPMAm, the heating protocol is essential for determining the structure and
mechanics of the resulting gel. For two identical samples, different structures are ob-
tained depending on whether the temperature is raised slowly or quickly. Moreover,
the method of heating also controls the rheological properties of the final gel, and we
show that we can control these properties by temperature changes.

Background on binary gels
Binary gel research show DNA-coated colloids that can be used to form gels with
unique structures. [119, 120] Hard-sphere colloids are grafted with complementary,
single-stranded DNA, and are quenched with temperature in different fashions. These
quenches induce selective aggregation between two species grafted with complementary
DNA strands, sleading to selective gelation where particles seek out particle type. Melt-
ing can be induced by raising the temperature after which the DNA strands melt and
aggregation is lost. Subsequent research [71] dives deeper into the kinetics and studies
in more detail the partial concentrations necessary for single-type and binary-type per-
colation. The concept of sequential gelation has also been shown in thermoresponsive
systems, with some investigation into varying stoichiometry. [121]

Results
A binary mixture of pNIPAm and pNIPMAm microgels allows for great versatility
in terms of gel structure and mechanics. Due to the fact that the two particles are
destabilized at different temperatures, we can perform a two-step gelation. By raising
the temperature above 32 ◦C, we form a pNIPAm network while pNIPMAm is still re-
pulsive and remains dispersed. Upon heating above 45 ◦C, we collapse the pNIPMAm
particles as well, which will turn attractive.
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Figure 4.1: A comparison of a slow quench bigel and a fast quench bigel where the red pNIPMAm has approximately
twice the radius of the green pNIPAm. The only difference between the two samples is the heating profile. All
scale bars are 7.5 µm.

As pNIPMAm destabilizes in the presence of a pNIPAm gel, it deposits upon the
pNIPAmnetwork as amonolayer. With a quick temperature quench, however, pNIPAm
does not have the time to form a complete network before the second particle type is
destabilized. This causes a much more mixed network, while the slow temperature
ramp causes a thick inner pNIPAm strand. An example of the two different types of
quenches can be found in Fig. 4.1. Here we prepare binary mixtures of two negatively
charged particles at strongly screened conditions (10−1M KCl). The green pNIPAm
particles have particle radii more than twice smaller than the particle radii of the red
pNIPMAm (98 nm versus 240 nm at 50 ◦C). The volume fraction of each particle type
at 50 ◦C is equal at ϕ = 0.025. Note the thick green backbone for the slow quench
compared to the interrupted green backbone for the fast quench.

Apart from the local structure, the backbone of the gel changes as well. To show this
we use different system of particles, with highly similar radii at both 20 ◦C (246 nm
for pNIPAm versus 251 nm for pNIPMAm) and 50 ◦C (154 nm pNIPAm to 146 nm
pNIPMAm), and equal partial volume fractions of ϕ = 0.025. The colors are inver-
ted for these systems, with red being pNIPAm and green pNIPMAm. We compared a
slow quench gel (Fig. 4.2A) and a fast quench gel (Fig. 4.2C) to single particle gels of
ϕ = 0.025 (Fig. 4.2B) (i.e. the volume fraction of the scaffold gels), and to ϕ = 0.05
(Fig. 4.2D). The backbone structure of the slow quench resembles the single gel with
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Figure 4.2: A comparison of slow quench and fast quench bigels with single particle gels of two different volume frac-
tions. Note that the colors are inverted compared to Fig. 4.1. A) A slow quench bigel with ϕ(pNIPAm) =
ϕ(pNIPMAm) = 0.025. B) A single particle gel with the same volume fraction as the bigel scaffold (ϕ = 0.025).
C) A fast quench bigel with ϕ(pNIPAm) = ϕ(pNIPMAm) = 0.025. D) A single particle gel with the same
volume fraction as total bigel volume fraction (ϕ = 0.05). All scale bars are 5 µm.

ϕ = 0.025, whereas the fast quench structure resembles the single gel with ϕ = 0.05.
This confirms that the fast quench gels form with all particles aggregating at the same
time, resembling a single particle gel of similar total volume fraction. Moreover, it
shows that pNIPAm gels act as a scaffold for the slow quench gel and the bigel con-
forms to the structure of the initially formed gel.

It is not a trivial observation that the pNIPMAm particles form a monolayer around
the pNIPAm scaffold gel. [122] We could also have seen clusters of pNIPMAm, some-
thing we find in neither slow quench binary gel shown in Figs. 4.1 or 4.2. We there-
fore performed Brownian dynamics simulations in order to understand the monolayer
formation behavior.

In these simulations, we model particles similar in size to the particles shown in Fig.4.2
using themodel as described in Section 6. We simulate binary systems ofϕ(pNIPAm) =
ϕ(pNIPMAm) = 0.025. The first simulation is a system that is instantaneously
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Figure 4.3: A) Final state of the instantaneous quench, accompanied with the temperature profile and the pair correlation
functions. The structure and pair correlation functions show no discernible difference between particles. B)
Final state of the two-step quench, accompanied with the temperature profile and the pair correlation func-
tions. The red pNIPAm particles have formed a gel and the green pNIPMAm have aggregated as clusters on
the pNIPAm strands. Neither A) nor B) show a monolayer deposition as is clear in Fig. 4.1.

quenched from 20 ◦C to 50 ◦C. This in effect switches all particles from repulsive
to attractive at the same time. This causes an effectively homogeneous gelation, shown
in Fig. 4.3A. The single gel behavior is reflected in the pair correlation functions with
all functions overlapping completely. Instead of simulating a two-step quench includ-
ing a waiting time at intermediate temperatures first creates a single particle gel with
dispersed pNIPMAm particles after the initial quench. The pNIPMAm particles are
then also destabilized in a second instantaneous quench. The final structure shows
pNIPMAm clusters aggregated on the pNIPAm gel strand. This is reflected in the
pair correlation functions: pNIPAm-pNIPAm and pNIPMAm-pNIPMAm aggrega-
tion is preferred over pNIPAm-pNIPMAm aggregation. This result is thus in full dis-
agreement with our experimental observations for the slow quench, where a monolayer
formation was found, and no pNIPMAm clusters could be detected.
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Figure 4.4: Snapshots of the temperature ramp simulation accompanied with the temperature profile. Swollen particles
are depicted as larger and semi-transparent particles.

A third simulation with a slower temperature ramp was performed, which mimics the
experimental situation more closely and takes into account the slow deswelling and
collapse of both particle species (Fig. 4.4). After a step where the pNIPAm particles are
collapsed and gelate, the pNIPMAm particle are slowly collapsed over the course of the
gradual temperature ramp. At temperatures where pNIPMAm is partially collapsed, i.e.
approx. 45 ◦C, the pNIPAm-pNIPMAm attraction is stronger than the pNIPMAm-
pNIPMAm attraction. This causes a preferential adsorption of pNIPMAm particles
onto the scaffold strand rather than to form pNIPMAm clusters. This is explained
by the fact that a partially swollen and a fully collapsed particle experience a stronger
van der Waals attraction than two partially swollen particles. Further heating to 50 ◦C
causes the adsorbed pNIPMAm to get kinetically trapped on the gel strand.

We further investigate the differences between gels by performing oscillatory rheology
to follow the system as it responds to temperature changes or as it evolves with time.
First, we observe that single pNIPMAm gels consistently exhibit stronger G′ and G′′

responses than their pNIPAm counterparts in identical conditions. We connect this ef-
fect with the chemical differences between pNIPAm and pNIPMAm, since the particles
are highly similar in size and cross-link density. It has been shown that part of the at-
traction for pNIPAm microgels is caused by the hydrophobic subunits of the polymer;
[123, 124] when collapsed, these subunits experience an unfavorable interaction with
the solvent. These subunits will therefore cause attractive interparticle forces. Since
pNIPMAm contains one extra hydrophobic methyl group per monomer, we assume
that this interaction is stronger between pNIPMAm polymers than pNIPAm polymers.
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Figure 4.5: Comparisons between bigels. A) A comparison between three compositionally identical samples: a sample
raised immediately to 50 ◦C (Fast quench), a sample raised to 37 ◦C, remain for one hour, and then a further
raise to 50 ◦C (slow quench), and a sample that was raised to 37 ◦C and remained there for the entire
measurement. Note that the slow quench gel moduli overtake the fast quench gel. B) Six compositionally
identical bigels that were left at intermediate temperatures for different times. ta = 0 when the temperature
is heated across 45 ◦C. C) Final elastic and loss moduli of the six compositionally identical gels in B).

With this in mind, we now compare the rheological properties of a slow quench and
a fast quench bigel, which can be found in Fig. 4.5. We define three different time
units: t, the time from the initial temperature increase across TVPT of pNIPAm; tr,
the time spent between the two TVPT values; and ta, the time spent above the TVPT of
pNIPMAm. Therefore, t ≡ ta+ tr. In Fig. 4.5A, we compare a slow quench bigel (tr =
1 hour) with a fast quench bigel (tr = 45 seconds, limited due to the rheometer). Strik-
ingly, we see a difference between the two compositionally identical bigels. The bigel
that was allowed to rest for one hour at intermediate temperatures overtakes the elastic
and loss moduli of the fast quench gel. To understand this effect, we performed tests
for various tr (Fig. 4.5B) and we observe that the elastic moduli of the bigel increase as
a function of tr; the longer the scaffold gel is allowed to age, the stronger the elastic and
loss moduli of the ultimate bigel are. The final elastic and loss moduli (Fig. 4.5C) after
ta = 8 hours show the trend as a function of tr.

For comparison beyond the magnitude of the response at a fixed frequency, we compare
frequency- and strain-dependent properties of a fast quench bigel (tr = 45 seconds) and
a slow quench bigel (tr = 1 hour) with pure pNIPAm and pNIPMAm gels of scaffold
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Figure 4.6: A) Frequency response of pure pNIPAm and pNIPMAm gels at ϕ = 0.025. B) Strain-dependent response of
pure pNIPAm and pNIPMAm gels at ϕ = 0.025. C) Frequency response of slow- and fast quench bigels.
D) Strain-dependent response of slow- and fast quench bigels. Note that all bigel responses resemble the
responses of pNIPAm.

volume fractions ϕ = 0.025. This is depicted in Fig. 4.6. We can quickly spot that
the frequency- and strain-dependent bigel responses resemble the responses from the
pNIPAm gel. More specifically, the pNIPAm gel (Fig. 4.6A) shows a frequency re-
sponse with a crossover typical of an intermediate-strength gel, also seen for both bigel
types (Fig. 4.6C). The pure pNIPMAm shows more solid-like behavior, reflecting its
stronger attractions. The yield strain of the pNIPAm gel (Fig. 4.6B) is found at the
same strains as the bigel yield strain (Fig. 4.6D). Again, the pNIPMAm gel (Fig. 4.6B)
shows different behavior, indicating a more brittle gel. Therefore we can say that the
deposition of pNIPMAm particles on a pNIPAm gel results in a composite gel that
conforms to the pNIPAm scaffold gel at the moment of deposition, but with enhanced
mechanical responses.

A single particle pNIPAm gel shows curious behavior when exposed to temperatures
higher than 50 ◦C, with the gel macroscopically contracting over time. A picture is
found in Fig. 4.7 that shows photographs of pure macroscopic pNIPAm suspensions,
pure pNIPMAm suspensions, and binary mixtures, before and after they are left in
a water bath of 60 ◦C for 8 hours. The pNIPAm gel contracts macroscopically over
time, an effect that is attributed to the scaffold elements of the gel contracting. [125]
For the pNIPMAm gels and the bigels, the contraction is much less obvious, which
we attribute to the stabilization that pNIPMAm provides as it gelates with or upon
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Figure 4.7: Vials of pNIPAm microgel suspensions (ϕ = 0.05), pNIPMAm microgel suspensions (ϕ = 0.05), and slow-
and fast quench bigels (ϕ(pNIPAm) = ϕ(pNIPMAm) = 0.025), before and after exposure to a water bath of
60 ◦C. The pNIPAm gels contract significantly, the pNIPMAm gel contracts only slightly, and the bigels contract
much less than the pNIPAm gel.

pNIPMAm. This is related to phenomena observed in rheology at high temperatures:
pNIPAm gels at 60 ◦C show failure behavior, where a sudden and drastic decrease in
G′ and G′′ is observed after some time. This is not observed for pNIPMAm, and it is
neither observed for slow nor for fast quench bigels. The failure behavior is likely due to
the macroscopic gel contraction causing a subsequent failure and sedimentation, while
pNIPMAm stabilizes the pNIPAm gel, preventing the contraction and failure from
occurring.
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Figure 4.8: Oppositely charged particles in screened conditions before and after collapse. Using stoichiometries close to
unity, we see the formation of an alternating electrostatically-driven gel. However, if we use an excess of small
particles, we decorate the surface of the large particles and create flower-like particles. If we use an excess of
large particles, we obtain two- or three-fold decorated clusters.

Electrostatic gelation
All particles described in this chapter have been negatively charged and show their
behavior only in systems of high salinity. If one mixes particles of electrostatically op-
posite charges in low salt conditions of 10−4MKCl, the stoichiometry decides whether
the systems form clusters or a re-entrant solidification. The following describes binary
systems of negatively charged pNIPAmmicrogels, red, RH = 245 nm; mixed with pos-
itively charged pNIPMAmmicrogels, green, RH = 512 nm. We describe three samples
with different stoichiometries but equal volume fractions at 20 ◦C: one system with an
excess of pNIPAm particles, one with an excess of pNIPMAm particles, and one with a
2:1 pNIPAm-to-pNIPMAm stoichiometry. We depict CLSM images of these systems
in Fig. 4.8. At low temperatures of 20 ◦C, all systems show solid-like behavior: either
disordered, glassy behavior, or crystalline behavior of the majority component, with the
minority particles acting as defects. Increasing the temperature of the 2:1 stoichiometry
system to 50 ◦C yields an alternating green-red volume-spanning gel structure. Heating
a system with an excess of either particle type causes the formation of stable colloidal
clusters. These consist of a central particle of the minority species, covered by adsorbed
majority species particles. Changing the size ratio controls the valency of the colloidal
aggregates.
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Rheological measurements as seen in Fig. 4.9 confirm the observations of these trans-
itions. We observe solid-like behavior for each system at 20 ◦C, which all systems lose
upon heating. The 2:1 stoichiometry system exhibits a re-entrant solidification that
corresponds with gel formation, whereas the two excess systems form freely diffusing
stable clusters and do not regain solid-like behavior.
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5 | Simulating soft particle gels us-
ing patchy particles

Colloidal gelation is a topic that has defied capture using easy models. In this chapter,
we describe a model that is both relatively simple while still capturing several key prop-
erties of experimental colloidal gels. We furthermore describe a new approach to ana-
lyzing colloidal gels using skeletonization.

One of the most basic models for simulating colloidal gels is the isotropic attraction
model. This model has been used in the previous chapter, and while we were able to
mimic the temperature profile effects on the final structure correctly, this model neg-
lects key aspects of our microgel systems. Microgels are soft polymer networks, and
when polymer brushes approach, entanglement of polymer strands occurs.[126] This
causes microgels to experience a force that, once aggregated, localizes them on a point
of the surface of another particle. When these types of particles are modeled with iso-
tropic attractive potentials, this localization is neglected, and lateral migration occurs,
affecting the final structure of the system, ultimately yielding much less branched struc-
tures than what is observed in experiments.

We solve this problem by simulating patchy particles, which possess one or multiple
attractive patches distributed over its surface. While patchy models with low valencies
have been exceptionally successful in modeling chemical gels like polymer gels,[127–
130] they have not yet seen much interest for modeling colloidal gels that form through
spinodal decomposition and subsequent arrest.[131]
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Figure 5.1: A) A graphical representation of an icosahedral patchy particle. B) The interaction potential between two
particles in the two cases that patches are fully facing each other (blue) and fully facing away from each other
(red).

We simulate particles with up to twelve patches (np = 12) per particle. A graphical
representation of a twelve-patch particle is depicted in Fig. 5.1A: a soft repulsive particle
is decorated with twelve attractive patches, arranged in an icosahedral configuration.
The interaction between two particles depends on the relative orientation when two
particles approach: when patches face away from each other, the interaction is repuls-
ive (red in Fig. 5.1B), and when patches face each other, the interaction is attractive
(blue in Fig. 5.1B).

We use an interaction potential composed of a repulsive Hertzian potential overlaid
with attractive patches. The Hertzian potential described in Eq. 2.4 was used with
ϵ = 5000kBT, and the attractions are square-well like attractions with an attraction
strength of 40 kBT, similar to that used for the isotropic attraction in Chapter 4. These
attractions are centered around vertices of regular polyhedra, and we simulate particles
with tetrahedral (np = 4), octahedral (np = 6), cubic (np = 8) and icosahedral
(np = 12) symmetries. The patch centers are placed somewhat inside the onset of
the Hertzian repulsion (r = 0.4875σ) in order to prevent two particles binding with
multiple patches. For comparison, we also simulate fully isotropically attractive sys-
tems, interacting isotropically through the potential shown by the blue line in Fig. 5.1B.

We simulate 104 particles at a volume fraction of ϕ = 0.05 using Brownian dynam-
ics during a simulation time equivalent to 10 minutes in real units. We furthermore
image experimental systems from microgels with CLSM, using identical particles and
conditions as for the sample depicted in Fig. 4.2D, with 10 minutes of rest time after
quench. Both the simulated structures and experimental images are analyzed using the
skeletonization scripts described in Section 7. We depict skeletons of an experimental
system in Fig. 5.2A, of isotropic simulations in Fig. 5.2B, and of the four patchy models
in Fig. 5.2C-F.
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A

B E F

C D

Figure 5.2: Different skeletons obtained from experiment and simulation. A) Skeleton from experimental results. B) Skel-
eton from BD simulations of the isotropic particle model. Black sections are disconnected from the main cluster.
C-F) Skeletons obtained from icosahedral, cubic, octahedral and tetrahedral model simulations, respectively.

In Fig. 5.2, the red skeleton sections are the largest cluster in the system, whereas black
skeleton sections are disconnected from the largest cluster. It is clear from Figs. 5.2A-B
that the isotropic model is not appropriate for reproducing the experimental structures,
due to the isotropic model yielding thick strands and low branching as compared to ex-
perimental systems. From visual inspection, the patchy models as seen in Figs. 5.2C-F
seem to capture the experimentally behavior much better when it comes to reproducing
these structures. It is also apparent that a lower patch valency leads to sparser skelet-
ons. We attribute this to the fact that in this model not all collisions lead to bonds,
since the chance of two patches meeting during particle collision increases with np.
This effectively causes reaction-limited cluster aggregation, which has characteristically
thicker strands than diffusion-limited cluster aggregation.[80] Later in this chapter we
will discuss a model that enhances the chance of binding upon collision.

We analyze the final structures of the simulations by calculating the structure factor
and by applying a node-to-node length analysis, shown in Fig. 5.3. The structure factor
of all gels exhibit a low-to-mid-q peak as is to be expected for gel structures. The
isotropic simulation shows somewhat higher mid-q-values, which is attributed to the
thicker strands for these models. Another interesting point is the splitting of the high-
q peaks for the tetrahedral and octahedral simulations, which we attribute to the local
order: one tetrahedral particle binding two other particles forces a well-defined inter-
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Figure 5.3: A) Structure factors for the isotropic systems and the four patchy model simulations. B) Link length probability
distribution P(Λ) for the four patchy model systems. The blue line corresponds to the experimental value,
with the shaded area its standard deviation.

particle distance, resulting in a secondary peak. This type of peak is also observed for
octahedral systems, at higher q than the tetrahedral secondary peak. This is expected,
since the bond angle would be smaller for octahedral particles as compared to tetra-
hedral particles. The cubic and icosahedral models also possess a preferred distance,
but this is not seen due to the overlap with the single-particle peak. Furthermore, the
probability of finding two particles at these distances is lower due to the higher valency.

In Fig. 5.3B, we find link length probability distributions P(Λ), obtained by analyz-
ing the gel skeleton backbone as a network of nodes and connecting links with strand
lengthΛ. The probability of a strand to be of lengthΛ is given by P(Λ), and the density
of branch nodes is given by ρN. From the different P(Λ) for different models we can
say that the isotropic simulation possesses a high-Λ tail that is more pronounced than
using patchy particle models. This corresponds to the lower branching for the isotropic
model, and an excess of longer links between nodes. The values for ρN corroborates this
finding; lower-valency models have lower ρN than their higher-valency counterparts.

We furthermore analyzed the development of the structure as a function of time. In
Fig. 5.4A, the average number of nearest neighbors of all particles ⟨Z⟩ is plotted as a
function of time. We observe a significant difference between isotropic and patchy
models, with a much lower ⟨Z⟩ for patchy models compared to isotropic models. We
attribute this to the fact that the isotropic model does not localize adsorbed particles
to a patch, leading to lateral reorganization across the surface, opening space for new
particles to aggregate. Furthermore, we observe that the patchy systems develop their
⟨Z⟩ slower than the isotropic counterpart, due to not all collisions leading to aggrega-
tion.

54



Simulating soft particle gels using patchy particles

10
0

10
2

time (s)

0

1

2

3

4

5

6

7

Z

Isotropic
Icosahedron
Cube
Octahedron
Tetrahedron

100 200 300 400 500 600

time (s)

2

2.5

3

3.5

4
Icosahedron
Cube
Octahedron
Tetrahedron
Experimental

100 200 300

time 

2

2.5

3

3.5

Figure 5.4: A) The average number of nearest neighbors ⟨Z⟩ as a function of time for the isotropic model and the four
patchy particle models. B) Tortuosity ⟨ξ⟩ as a function of time. The blue dotted line is the experimental ⟨ξ⟩
with the shaded area its standard deviation.

We also obtain the average tortuosity ⟨ξ⟩ as a function of time for the simulated gel
structures, as described in Section 7. This provides a measure of the ”directness” of the
gel strands. For a single strand, it is defined as the distance along the gel strand from the
beginning to the end point of the strand, divided by the Euclidean distance between
those two points; ⟨ξ⟩ thus varies between 1 and ∞. We plot the values of ⟨ξ⟩ for the
simulations in Fig. 5.4B. The experimental values are shown by the blue dashed line,
with the shaded area its standard deviation. The plateau values are lower for high-patch
models, and the isotropic model data is not shown due to its non-percolating structure
yielding ⟨ξ⟩ = ∞.

The tortuosity ⟨ξ⟩ for all patchy particle gels starts out at high values, and equilib-
rates to a plateau value. Interestingly, the experimental value of ⟨ξ⟩ is very close to the
icosahedral model simulations. This is an indication that the overall structure is best
captured with the highest-valency model.

We can conclude that the patchy particle model is a significant improvement upon the
isotropic model in terms of the observed gel structures. However, several observations
indicate reaction-limited behavior due to the existence of a non-attractive surface, caus-
ing non-aggregating collisions. This behavior is not present in colloidal gel formation
for microgels, where aggregation is diffusion-limited. We compensate for this limit-
ation of the patchy model by simulating particles with an icosahedral patchy attrac-
tion combined with an isotropic attractive well, strong enough to promote isotropic,
diffusion-limited aggregation, before leading to particle rearrangements that optimizes
patch-patch attractions. We define UI as the isotropic attraction strength, and UP as
the patchy attraction strength, constraining UI+UP = 40kBT. We show the resulting
⟨Z⟩ and the skeleton structures in Fig. 5.5.
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Figure 5.5: ⟨Z⟩ for five models, three of which have a combined isotropic-patchy interaction. The corresponding skeleton
pictures are added to the right.

Fig. 5.5 shows that a transition occurs when going from UI/UP = 1 to UI/UP = 3.
At low isotropic attractions UI/UP ≤ 1, we obtain a ⟨Z⟩ that resembles the system
obtained for the fully patchy system (UP = 40kBT). However, this changes for higher
isotropic attractions, and systems with UI/UP ≥ 3 yield structures with much higher
⟨Z⟩. Furthermore, the skeletons fromUI/UP ≤ 1 resemble the purely patchy skeleton,
while systems with UI/UP ≥ 3 are much sparser, reminiscent of the purely isotropic
model.

We note two more interesting observations in the ⟨Z⟩ plot. First, adding an isotropic
attraction to the patchy attraction has the effect that ⟨Z⟩ increases faster than its purely
icosahedral counterpart, indicating that the reaction-limited aggregation can thus be
reduced. Furthermore, at high UI/UP, we observe that ⟨Z⟩ overtakes the purely iso-
tropic case. We attribute this to the fact that these models have a strong isotropic
character, while also benefiting from rearrangements that drive the particles to optim-
ize their packing even more than in the purely isotropic case.
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6 | Binary soft colloidal crystals

In this chapter we show that soft colloidal particles can crystallize in different phases
by varying several parameters. Many parameters influence the crystallization behavior
of these binary systems, with size ratio, [132] volume fraction, [133] stoichiometry, [134]
charge [135] and softness [136] all playing a role. Therefore, we first briefly summarize
the existing literature on binary particle mixture crystallization and on microgel crys-
tallization before we continue with the results. There, we explore the phase behavior of
one particular sample and propose several methods to scan the phase space of one or
more parameters in a quick fashion without preparing multiple samples.

Binary colloidal crystals
In 1993, Bartlett et al. analyzed dispersions of binary charge-stabilized hard spheres
[134]. These dispersions crystallized into various different crystal structures, depending
on the stoichiometry and the total volume fraction. The work was based on two pi-
oneering publications by Sanders et al. [137] and Yoshimura et al. [138]. The work of
Bartlett et al. sparked interest in the field of binary hard sphere crystallization andmany
researchers either improved the existing phase diagram that had been published already
[139], or varied the systems by using particles with different size ratios. [134, 140–143]
A wide array of phase diagrams was drawn up investigating the role of volume frac-
tion ratio, size ratio and total volume fraction. These studies show that for hard-sphere
systems, the crystals that are to be expected are either crystals of AB, AB2 or AB13-
stoichiometries.

Some of the work by Schofield et al. [143] compared experimental work with theoret-
ical data from other groups (such as from Eldridge et al. [144]), which allowed them
to compare hard sphere theory with experimental data in a large study. In some cases,
correspondence was observed, but in other cases no correspondence was found. In gen-
eral, the problem could be traced to polydispersity and charges leading to deviations
from ideal hard sphere behavior. Furthermore, it was shown that PMMA and poly-
styrene can swell in certain solvents, having the effect of making these spheres softer.
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For non-hard sphere systems, we again find a more complex phase diagram contain-
ing extra parameters. For oppositely charged hard sphere systems, Bartlett et al. [145]
showed that different crystals can be obtained by using different salt concentrations,
and the group of van Blaaderen have produced several other crystal structures [146, 147]
(NaCl, CsCl, LS6 and interstitial fcc) and compared to theoretical simulations based
on screened Coulomb potentials.

Theoretical predictions and simulations have helped understand the expected crystal
phases as well. Studies have investigated the effect of varying size ratio and stoichiomet-
ries in hundreds of different combinations of hard spheres, yielding packing fractions
for the given systems. [132, 148] Apart from pure hard-sphere systems, hard oppositely-
charged systems [149] and anisotropic particles [150] have been investigated. Recent
work by Travesset [135] simulates the phase diagram of binary particles interacting with
Lennard-Jones potentials including an opposite charge. The phase diagram also con-
tains comparison with experimental systems and shows a very rich phase diagram with
at least ten different ground state crystal phases.

Microgel crystallization
Using microgels for studying crystallization offers several advantages over using hard
particles. The thermoresponsiveness of microgels allows for easy manipulation of the
volume fraction and causes reversible, temperature-inducedmelting and freezing. [100]
Furthermore, manipulating particle size affects the lattice spacing. This lattice spacing
has the effect that Bragg refraction shifts to different wavelengths. [151] Another benefit
is the fact that due to the particle softness, microgels allow for temporary overlap, and
allow for faster reorganizations than its hard sphere counterparts. This causes a signific-
ant enhancement of the crystallization speed. [152] Furthermore, microgel crystals are
also very forgiving with regards to polydispersity; and very large microgels can fit in the
lattice of much smaller microgels. [136] Finally, microgels can crystallize in different
fashions according to circumstances. Strongly charged microgels can show FCC- and
BCT crystal phase coexistence [153] and a crystal-to-crystal transition is also found for
microgels. [54]
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Figure 6.1: Sample cell design that allows for CLSM imaging and continuous dialysis against salt solutions, and sample
stability for several weeks.

Results
We have constructed a sample holder that allows for storing a sample while continu-
ously dialyzing against a solution of a certain salt concentration, and for CLSM ima-
ging. The sample holder is schematically depicted in Fig. 6.1, and is designed for scan-
ning the phase behavior of one sample as a function of electrostatic interaction strength.
Samples were prepared as follows.

A glass slide of 25 mm x 75 mm x 1 mm was perforated twice, creating two holes with
a diameter of 3 mm. These were located at one third and two third of the length of the
slide, centered at the width of the slide. A dialysis membrane of 20 mm x 40 mm was
cleaned and placed on the glass lengthwise such that it covered both holes. Two thin
glass slides, 8 mm x 45 mm x 0.1 mm, were glued parallel to the dialysis membrane,
covering the long edges of the dialysis membrane. The glue used was UV curing glue.
A CLSM cover slide, 20 mm x 75 mm x 0.1 mm, was glued lengthwise over the two
glass slides such that it made a capillary with the membrane at the bottom. The slide
was flipped and two glass rings (3 mm height, 1 mm width, 20 mm diameter) were
glued around the holes. The capillary was filled with Millipore-quality water, and care-
fully removed by pressured air not to dry out the membrane. A microgel suspension
was injected in the capillary, and immediately closed using UV glue. After curing, the
sample holder was immersed in salt solution of preferred salinity. CLSM preparation
involved filling the reservoirs with preferred solution and closing using a hydrophobic
cover.

We used particles of a core-multishell type, with a dyed hard core and an undyed
pNIPAm or pNIPMAm cross-linked network shell. The undyed shells allow optimal
separation of the dyed cores, enhancing CLSM particle discernibility. Details of the
synthesis can be found in the next chapter. We obtained number densities by prepar-
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ing a fully crystalline sample and using CLSM to image a volume. We determined the
number of particles per volume and extrapolated for the stock solution. We created
samples with number densities of ρpN = ρpM = 4 · 1018 m−3 at 10−3M KCl. The
sample was inserted in a dialysis capillary as in Fig. 6.1, and was dialyzed against various
salinities. Information on the used particles can be found in Table 6.1.

We performed a salt ramp from 5 · 10−3M KCl to 5 · 10−4M KCl. At the highest salt
concentrations from 5 ·10−3MKCl to 2 ·10−3MKCl, the sample crystallized and pN
and pM appeared randomly distributed throughout the lattice. At 1.25 · 10−3MKCl,
we observed a different crystal phase, with particles clearly organized with a pN-pM
alternating pattern. Images of these two crystals are depicted in Fig. 6.2.

We determine the two crystal phases by comparing radial distribution functions (RDF’s)
with theoretical predictions. We obtain RDF’s from the CLSM images using IDL-
based analysis based on algorithms from Crocker and Grier. [154] We consider three
partial RDF’s: one considering pN-pN pairs, one considering pM-pM pairs, and one
considering pairs of unequal type. These RDF’s are compared to theoretical RDF’s of
several probable crystals, as predicted for binary systems. [135]The experimental RDF’s
are depicted in Fig. 6.2, with theoretical crystals depicted for comparison. The x-axis
was rescaled to units of σH(pN) and the y-axis was rescaled with an arbitrary factor for
visibility.

For the crystal observed in 2.0 · 10−3M KCl, we find that the three partial RDF’s
fully overlap, all showing strong correspondence with the theoretical FCC crystal. The
full overlap indicates a random distribution of red and green particles throughout the
FCC lattice. It should be noted that the first peak of the RDF occurs at approximately
1 σH(pN), meaning that the lattice spacing of this FCC crystal is approximately equal
to the hydrodynamic radius of the smaller particle in the lattice. This is undoubtedly
due to an interplay of multiple factors, of which particle compressibility is one. It has
been shown that soft particles can fit in lattices of much smaller particles [136] and it
would be interesting to see if a larger size ratio still shows a lattice spacing equal to the
smallest particle diameter.

For the crystal observed in 1.25·10−3MKCl, we find three different RDF’s. A compar-
ison with several theoretical RDF’s of predicted crystal phases for soft particles [135, 155]

Table 6.1: Particles used in experiments, with their polymer, dye type, colors, charges and relevant hydrodynamic diameters
according to dynamic light scattering.

Polymer Abbreviation Dye Color Charge σH( ◦C) [nm] σH(core) [nm]
pNIPAm pN PM Green Negative  
pNIPMAm pM PM Red Positive  
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Figure 6.2: CLSM images of the same sample at different salinities, combined with their radial distribution functions. A)
FCC crystal imaged at 2 · 10−3M KCl, and its corresponding RDF. A rescaled RDF for FCC crystals is added in
the same plot. B) AuCu crystal obtained at 1.25 · 10−3M KCl. Three RDF’s are depicted that correspond to the
green-green RDF, the red-red RDF and the unequal color RDF. The corresponding rescaled theoretical RDF’s of
AuCu crystals are depicted in the same plot. All scale bars correspond to 5 µm.

shows that only the AuCu crystal phase fits well with the peaks we observe. Interest-
ingly, the size ratio of these predictions for soft particles predict AuCu crystallinity to
be one of the thermodynamic ground states for size ratios between approximately 0.75
and 0.85. Given our size ratio of 0.83, this corresponds perfectly with our experimental
observations. The unit cells of FCC and AuCu, depicted in Fig. 6.3A and B respect-
ively, are remarkably similar; given identical particle radii for green and red particles,
the lattice spacing and symmetry would be identical.

One way of analyzing different crystal phases is by calculating bond order parameters
for each particle, and comparing with theoretically predicted values. This technique is
often used to determine which crystal phase a particle belongs to, or whether it belongs
to any crystal at all. We therefore determine the feasibility of bond order analysis for
discerning between our two crystal phases. An explanation of the calculations of bond
order analysis is given in Section 7, with the bond order parameter ql quantifying the
local l-fold symmetry of other particles around a central particle.

Since the unit cells of FCC and AuCu are nearly identical expect for particle type or-
ganization, we depend on incorporating this in the calculation. We therefore calculate
three parameters for each particle: ql considering all nearest neighbors; ql considering
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Figure 6.3: A) Single particle FCC unit cell. B) AuCu crystal unit cell.

all nearest neighbors of equal type; and ql considering all nearest neighbors of unequal
type. The theoretical values are given in Table 6.2.

We then determine ql for the coordinates of FCC and AuCu crystals. Due to high
noise, it was impossible to use the parameter for determination of the crystalline phase
in this fashion. We attribute this to the high similarity between cells, and the random
distribution of red and green particles in the FCC lattice. We try to reduce the noise
by obtaining the average bond order parameter, determining the average q̄l of particles
with their nearest neighbors, which reduces the noise. [111] The q̄l incorporates the
local symmetries of the surrounding particles, by averaging qlm of the central particle
with surrounding particles before transformation into ql.

Using this method, we were able to reduce the noise and determine crystallinity effi-
ciently, and we show this in Fig. 6.4. Here we create a Voronoi tessellation from the co-
ordinates of the centers of particles, and color each cell according to the corresponding
particles’ q̄l. If q̄4(equal)> 0.45 or q̄8(equal)> 0.45, we determine AuCu crystallinity
denoted by a blue cell; if q̄6(all) > 0.35, but q̄4(equal) < 0.45 and q̄8(equal) < 0.45
we determine FCC crystallinity denoted by a red cell; and if q̄6(all)< 0.35, the cell was
left white denoting an amorphous local surrounding. In Fig. 6.4A, we depict a slice
of a 3D CLSM stack of images, and in Fig. 6.4B, the corresponding colored Voronoi
tessellation. The mostly red cells confirm FCC crystallinity. The AuCu crystal depic-
ted in Fig. 6.4C is transformed in a mostly blue Voronoi tessellation in Fig. 6.4D. It is

Table 6.2: Theoretical 3D local bond order parameters for FCC and AuCu crystals. The ql values for AuCu are split up in
three, where ”all” considers all particles in a local environment, ”equal” only considers particles of equal type
to the central particle, and ”unequal considers only particles of unequal type to the central particle.

Crystal q4 q6 q8
FCC . . .
AuCu (all) . . .
AuCu (equal) . . .
AuCu (unequal) . . .
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Figure 6.4: A) Slice of a 3D CLSM stack at 2.0 · 10−3M KCl. B) Corresponding colored Voronoi diagram according to q̄l-
values. C) Slice of a 3D CLSM stack at 1.25 ·10−3M KCl. D) Corresponding colored Voronoi diagram according
to q̄l-values.

important to note that this is a 3D stack, and that thick black lines in cells denote cell
boundaries in the z-direction.

One interesting point is that the AuCu cells in the FCC lattice are generally isolated,
whereas FCC cells in the AuCu lattice are often bordered by more of their own kind.
We attribute this to the random distribution in the FCC lattice and the organized dis-
tribution in the AuCu lattice. In the AuCu crystal, a defect that replaces one particle
with one of the other type results in effectively randomizing the local surrounding of
several particles. In an FCC lattice, on the other hand, several particles need to cooper-
ate to organize correctly around a single particle.

Having determined the crystallinity of the two crystal phases, we continue to analyze
the rest of the phases observed in the salt ramp, of which several are analyzed more
thoroughly in Fig. 6.5. For salinities between 5.0 · 10−3M KCl and 2.0 · 10−3M KCl,
we observe random FCC crystallinity; for 1.5 · 10−3M KCl, we observe a fluid re-
gime; at 1.25 · 10−3M KCl, we observe AuCu crystallinity, and for salinities between
1.0 · 10−3M KCl and 5.0 · 10−4M KCl, we observe an electrostatically aggregated
system. We analyze the arrested states with RDF, MSD and nearest-neighbor types,
which can be found in Fig. 6.5. In Fig. 6.5A-D, we depict the high-salt FCC behavior,
in Fig. 6.5E-H, we depict the medium-salt AuCu behavior, and in Fig. 6.5I-L we depict
the low-salt arrested behavior.
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Figure 6.5: Comparison of binary mixtures between different salinities. From left to right, three CLSM images, three g(r)
plots, three MSD plots and three nearest neighbor plots. A-D) high salinity at 2.0 · 10−3. E-H) medium salinity
at 1.25 · 10−3, and I-L) low salinity 1.0 · 10−3

The RDF’s of the system change significantly upon removing salt. Fig. 6.5B shows
once again complete overlap between all three RDF’s. However, upon removing salt,
the equal particle-type peaks shift to higher r and shrink in peak height, corresponding
the the increasingly dominating electrostatic repulsions. Furthermore, the unequal-
type peak shifts to lower r. Interestingly, at the lowest salt concentration depicted,
1.0 · 10−3M KCl, this peak occurs at 0.8 σH(pN). This corresponds to a significant
interpenetration between particles, keeping in mind that σH(pN) is the smaller of the
two σH. This implies strong compressibility, which would correspond with the fact
that we find single crystallinity in these binary systems with significant size ratios of
0.83.

The mean square displacements indicate full arrest at high and at low salt concentra-
tions. We observe a somewhat higher mobility for the AuCu-crystalline sample, which
we attribute to an observed fluid-crystal coexistence. Increasing electrostatic attraction
strength has the effect of promoting green-red interparticle attraction and interpenet-
ration, which opens up free volume, explaining the melting behavior at 1.5 · 10−3M
KCl. At these salinities, the attraction is not yet strong enough to overcome entropic
forces to drive crystallization. A decrease in salt concentration increases this attraction,
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drives crystallization, but entropic effects are still strong enough to retain a fluid-crystal
coexistence. A further decrease in salinity fully overcomes these entropic forces, and
aggregation with no mobility is observed.

We define Zeq as the fraction of nearest neighbors of equal type over the total number of
nearest neighbors, and Zueq as the fraction of nearest neighbors of unequal type over the
total number of nearest neighbors. The probability of each is depicted in, Fig. 6.5D,
H and L. As expected for a random distribution of particles, P(Zeq) is very close to
P(Zueq) for the high salt case. Decreasing salinity to AuCu crystallinity causes a high
probability of P(Zueq) = 2·P(Zeq), which is to be expected for AuCu, where in perfect
lattices a particle possesses 4 equal-type particles and 8 unequal-type particles. Upon
further salt removal, this behavior is partially lost due to the amorphous nature of the
aggregates.

It is important to note that raising the salinity to 5.0 · 10−3M KCl of an aggregated
sample causes redispersion and crystallization into an FCC lattice, with a random distri-
bution of particle types. Since the return to FCC involves a stage where fluid samples
are preferred, mixing occurs while raising salinity and a random distribution is ob-
served, with no history effects observed.
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Figure 6.6: CLSM images from two binary crystalline systems. A) AlB2 crystal of like-charged particles. B) NaCl crystal of
opposite-charged particles. Scale bars are 10 µm.

While exploring the phase spaces of several binary microgel mixtures, we were able
to manufacture two other microgel crystals phases. CLSM images of the these two
samples are depicted in Fig. 6.6, and the particles used for each system are described in
Table 6.3. Fig. 6.6A depicts an AlB2 crystal obtained with like-charged particles, and
Fig. 6.6B depicts an NaCl crystal obtained from electrostatically opposite particles.

AlB2 crystal
The crystal depicted in Fig. 6.6 was obtained using two positively charged microgels
pNAB2 and pMAB2, of which details can be found in Table 6.3. The particles were
mixed at stoichiometries of 1 pNAB2 : 2 pMAB2 with volume fractions of 0.50 and 0.22
respectively at 20 ◦C in deionized conditions.

We performed the same analysis as described above with calculating the RDF and com-
parison with theoretical RDF’s, and we concluded that the crystal structure was AlB2.
This crystal phase had been predicted for binary soft systems with size ratios of between
0.35 and 0.55, [155] which is very close to our size ratio of 0.60.

We note here that the pMAB2 particles used in this crystallizationwere amine-functionalized,
prepared using a synthesis as described in [156]. Amine-functionalized microgels show

Table 6.3: Particles used for binary crystallization experiments. pNAB2 and pMAB2 are used to obtain the AlB2 crystal depic-
ted in Fig. 6.6A, while pNAB and pMAB are used to obtain the NaCl crystal depicted in Fig. 6.6B.

Name Polymer Dye Color Charge σH( ◦C) [nm]
pNAB2 pNIPAm Fluorescein Green Positive 
pMAB2 pNIPMAm Rhodamine Red Positive 
pNAB pNIPAm Fluorescein Green Negative 
pMAB pNIPMAm Rhodamine Red Positive 
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Figure 6.7: Evaporation capillary set-up. On the left, the lay-out of the set-up up is depicted, and on the right a microscopy
image of an evaporation capillary filled with dilute pMAB at 10−4M KCl. The image was taken after a waiting
period of 48 hours.

similar phase behavior as non-functionalized microgels but have a positive charge at
neutral pH. Upon addition of glutaric dialdehyde to these particles, the amine groups
covalently bind microgels together. [157] These systems therefore make it possible to
lock soft binary crystals into a rigid position.

Capillary evaporation set-up
We prepared an evaporation set-up that allowed studying the phase behavior as a func-
tion of volume fraction, graphically depicted in Fig. 6.7A.The set-up was adapted from
a geometry described previously in the literature. [158] A 1 mL cup was connected to a
glass capillary of 50 mm x 5 mm x 0.1 mm. The reservoir was filled with a colloidal sus-
pension, and capillary forces pull this suspension into the capillary. The solvent started
evaporating from the open end of the capillary. This established a density gradient,
moving from glassy organizations near the open edge via crystals to fluid systems near
the reservoir. An example density gradient using a dilute, deionized pMAB suspension is
imaged using an optical microscope with a 10x/0.30 objective, as depicted at Fig. 6.7B.
The color pattern is irridescence, caused by Bragg reflections from the periodic lattice
spacing.

We filled another evaporation capillary with a dilute mixture of pNAB and pMAB, de-
tails can be found in Table 6.3. The particles were mixed in stoichiometries of 1:1 at
10−4M KCl. After 24 hours of drying, the capillary was imaged and crystals were
found in the capillary. An example of these crystals is depicted in Fig. 6.6B, and was
determined to be an NaCl crystal using RDF analysis.
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7 | Designing and optimizingmicro-
gel syntheses

The work in Paper IV is an investigation of interactions of microgels with oil droplets.
This study relies on the preparation of well-defined microgel systems, which is the au-
thor’s main contribution to this work. In this chapter we will discuss various methods
to tune microgel synthesis, and describe a recipe for synthesizing core-multishell mi-
crogel particles.

Microgel synthesis design
A typical microgel synthesis is described in Section 5. This method is based on a radical
polymerization reaction, and researchers have performed systematic studies investigat-
ing the effect of varying several parameters in this synthesis. [43, 159–161] Parameters in-
vestigated are the cross-linker and monomer concentrations, reaction temperature, and
the addition of charged comonomers. One goal is to achieve good control over particle
size and softness, and designing appropriate recipes has intruiged many scientists. [162]
We can control the size of particles using several methods. For instance, the addition of
SDS (or CTAB) for KPS-initiated (or V50-initiated) particles reduces particle size up to
85. [163] On the other hand, raising temperature, decreasing cross-linker density or
increasing monomer concentration can increase size for highly similar syntheses. [161]
Adding a charged comonomer also increases the size, due to intra-particle electrostatic
repulsions. [164] Particle softness is mainly controlled by cross-linker density. [165]

69



Designing and optimizing microgel syntheses

Figure 7.1: Graphical representation of a core-shell synthesis set-up.

Core-shell synthesis method
In the following we will describe an example core-multishell synthesis based on work
from Dulle et al. [166], Appel et al., [121] and Rauh et al. [167] These particles possess
a thick, undyed shell with a strongly dyed core, which allows for enhanced discerning
between particles in CLSM. We show some results in Fig. 7.2. Furthermore, particles
interact similarly to traditional microgels. [166] The synthesis set-up is depicted in
Fig. 7.1.

250 mL Millipore quality H2O (MQ-H2O) was purged with nitrogen in a three-neck
flask for 30 minutes at room temperature. Meanwhile, styrene was run over an alu-
minium oxide column, in order to remove polymerization inhibitor. 3 g NIPAm, 27
g styrene, 200 mg SDS and 22 mg pyrrhomethene 546 (green) was added to the flask
and purged under vigorous stirring for 45 minutes while shielding from ambient light.
The sample was heated to 75 ◦C for 15 minutes, continuing purging. 50 mg KPS was
dissolved in 2 mL MQ-H2O and purged. This solution was quickly injected to the
flask and the reaction was left to react for 24 hours, after which the mixture was filtered
through glass wool and the resulting cores were purified with dialysis.

400 mL MQ-H2O was added to a new three-neck flask and purged with nitrogen for
30 minutes. 2.0 g NIPAm, 136.8 mg BIS and 3.5 g 15.5 wt cores were added to the
flask and purged at 75 ◦C for 45 minutes. 74 mg KPS was dissolved in 2 mLMQ-H2O

70



Designing and optimizing microgel syntheses

Figure 7.2: Two raw CLSM images of microgel colloidal crystals of roughly equal size at 20 ◦C. On the left, pure microgels
of RH = 323 nm, and on the right core-multishell microgels of RH = 336 nm.

and purged, while 68.4 mg BIS was dissolved in 20 mL MQ-H2O and purged. The
KPS was added dropwise to the reaction mixture over the course of two minutes. After
a period of 5 minutes, the BIS was added using a syringe pump over the course of 30
minutes. The mixture was left to react for 4 hours, was filtered through glass wool and
cleaned using centrifugation, removal of supernatant and redispersion in MQ-H2O.

Further pNIPAm shells were grown by dispersing all product in a three neck flask and
repeating the previous paragraph, reducing all reactants with 20. The final shell was
synthesized using 136.8 * 0.8NS mg BIS, where NS is the number of shells. No extra
BIS should be added after KPS initiation.

The above syntheses can be varied to obtain differently dyed particles, be consist-
ing of pNIPMAm polymer, or to be positively charged. To obtain red particles, we
substituted pyrrhomethene 546 for an equal mass of pyrromethene 605. Obtaining
pNIPMAm particles requires substituting NIPAm monomer with an equal mass of
NIPMAm monomer, and subtracting 11 weight from previous BIS additions. Pos-
itively charged particles were produced by substituting V50 for KPS as initiator and
adding 50 mg CTAB instead of 200 mg SDS during core synthesis. The cores were
dialyzed against a 10 mM CTAB solution to avoid aggregation.

In order to grow the thickest possible shell, we varied several parameters to optimize
the synthesis. The most important parameter was found to be the concentration of
monomer during shell growth. A too high concentration led to secondary nucleation
and undyed particles, while a too low concentration leads to thin shells. We found a
monomer concentration of 0.04 M to give good results with up to four shells. Other
parameters follow the trends as found in pure microgel synthesis, with decreasing cross-
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linking concentration leading to increased particle size, and higher surfactant concen-
tration leading to smaller particle size. One final remark is that pNIPMAm both forms
larger particles and fewer secondary nuclei, generally leading to higher quality particles.
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Conclusions and perspectives

In this work, we have described several examples of advanced phase behavior of single-
particle and binary microgel suspensions. The key ingredient behind all of these results
is the remarkable tunability and inherent softness of microgels that allows easy ma-
nipulation through externally controllable parameters, such as temperature and salt
concentration.

This has for example allowed us to manufacture colloidal gels with tailored micro-
structures and mechanical properties, by using binary microgel mixtures where the
two particle species have different collapse temperatures. The aggregation behavior of
these mixtures is then defined by three regimes: a low T-regime where both microgels
are swollen; an intermediate T-regime where pNIPAm is collapsed but pNIPMAm is
still swollen; and a high T-regime where both are collapsed. By controlling the heating
speed we either allow pNIPAm to form networks before pNIPMAm is destabilized, or
prohibit it to do so with all particles collapsing at once. Fast heating thus causes ran-
dom particle type distribution in a gel, whereas slow heating yields a decorated gel. The
final mechanical properties of a core-shell network are decided by the scaffold gel at the
moment of secondary particle deposition, with core-shell bigels consistently showing
strongermechanical properties than their homo-gelated counterpart. Further investiga-
tions where the size ratio, stoichiometry or volume fraction are varied will undoubtedly
provide valuable information on single- and binary gelation, while providing an extra
layer of tunability of colloidal gel design. Furthermore, microgels have been described
with a TVPT different from that of pNIPAm or pNIPMAm, [40] and sequential gela-
tion can easily be expanded to a multi-step sequential gelation.

Any attempt to apply the unique gelation behavior of microgel mixtures in designing
responsive and tunable gels with improvedmaterials properties will require an improved
quantitative understanding of the relationship between gel structure andmicrogel prop-
erties. While our initial simulations using standard isotropic potentials have provided
us with qualitative insight, it lacked a quantitative agreement between simulated and
experimental structures. For that reason, we use a patchy particle model that is used to
effectively simulate gelation of microgels via spinodal decomposition and subsequent
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arrest. Simulations yield structures that resemble experimental gel structures signific-
antly better than isotropic models are able to. A method for quantitative structural
comparison between experiment and simulation is described, which confirms the abil-
ity of this model to mimic experimental structures. The patchy particle model can
be further refined by overlaying isotropic and patchy attraction. An expansion of our
patchy particle model towards binary systems would enable a combination with the
thermoresponsive model described in Chapter 4, thus opening a possibility for quant-
itatively reproducing the core-shell structures observed in experiment. Combining such
simulations with structural analysis would provide quantitative information on struc-
tural differences between homo-gelation and sequential gelation, or between sequential
gelations with varying waiting time at intermediate T.

Microgels do not only offer tunability through their thermoresponsive behavior, but
can also be synthesized to hold inherent charges. The added screened Coulomb inter-
actions can then be carefully tuned with another external variable, the ionic strength
of the solvent. We show that controlling salinity in situ can induce a crystal-to-crystal
transition. A binary mixture forms FCC lattices with a random distribution of particle
types at high salinity, and removal of salt causes electrostatic attraction to drive self-
assembly into AuCu crystals. The feasibility of this salt-dependent crystal-to-crystal
transition in soft binary mixtures makes temperature variation a logical next step. The
temperature-dependent size ratio makes binary microgel mixtures a candidate for sys-
tems with multiple crystal-to-crystal transitions. Furthermore, microgels functional-
ized with cross-linkable groups allow for inter-particle covalent bonding after binary
crystal formation. A cross-linking agent could be administered using the previously
described dialysis chamber, thus locking the crystal lattice structure. Combined with
the fact that microgel crystals can be manipulated with salt and allow for tunable lat-
tice spacing with temperature, [168] this opens up pathways for producing covalently
bound colloidal crystals with an expanded tunability in lattice spacing. Finally, the
incorporation of other comonomers [157, 169] or nanoparticles with specific properties
[170, 171] into the microgel matrix can allow for a near-endless modification of tun-
ability. This limitless variability combined with their inherent tunability allows binary
microgel mixtures to be an ideal precursor for the design and study of a wide variety of
structures and organizations.
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