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Abstract 
 

At high packing fractions, colloidal suspensions are yield stress materials that are 

characterized by a solid behavior at rest and an ability to flow under a sufficient applied 

stress. While the formation of an organized crystalline phase may occur under certain 

conditions of concentration, preparation and monodipersity, most systems usually form 

disorganized glasses. The solid regime of hard colloids is theoretically limited by their close 

packing fraction (74% in the case of spheres), but the experimentally accessible limit is 

often the random close packing (64% for spheres) and therefore the solid regime only 

exist in a small range of packing fraction. The ability of soft colloids to deform and 

accommodate contacts (deswelling, faceting, interpenetration) extends the range of 

concentration at which they form a solid phase, but also complicate the evolution of the 

dynamic properties in this regime. As such, the systematic study of these properties 

requires the use of well-characterized model systems. In this work, we report on a careful 

examination of the rheological properties of the two main experimental model soft 

colloids, namely star polymers and microgel particles. In particular, we focus here on a 

very dense star polymer with nearly 900 short arms (5.8 kg.mol-1 per arm). We perform a 

series of rheological tests both in the linear and nonlinear regime. The differences 

between the two systems may be attributed to the main microstructural difference, the 

presence of dangling chains in star polymers, which are absent in microgels. We also find 

striking similarities, not only between the two investigated systems, but also in the data 

of the available literature on soft colloids, which suggests a possible universal behavior. 

In particular, we find that a change in the evolution of dynamic properties inside the solid 

regime seems ubiquitous, and we call it jamming. Several arguments point towards a 

transition to a regime where elasticity becomes dominated by contacts when the packing 

fraction reaches values very close to 1. If proven correct, this may provide a useful link 

between the microstructural properties (chemical composition, softness) of soft colloids 

and their macroscopic rheological properties (elasticity, yielding, and behavior under 

flow). The objective of this work is therefore to provide and disseminate reliable data to 

help create solid bases for the design of novel soft materials with increased performances. 
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Chapter 1 – Introduction 
 

Soft matter is a part of materials science that takes interest in the study of 

materials whose mechanical response is large compared to the applied stimulus. It is in 

direct opposition with solid mechanics, which deals with hard materials such as metals, 

ceramics or molecular crystals. In the field of soft matter, materials typically have elastic 

moduli smaller than 1MPa, thus including soft solids and liquids but excluding for example 

polymer glasses. It is by essence a multidisciplinary field at the border between fluid 

mechanics, chemistry and polymer physics. Experimental soft matter systems are aplenty, 

from model ones used to understand fundamental behavior to existing products on the 

market, with common examples being polymer melts and solutions, biological systems 

such as cells, bacteria, or viruses, food products such as ice cream and yogurt, and of 

course colloidal suspensions in the form of viscoelastic liquids, gels and glasses, which are 

at the center of this work. 

Colloids are a type of fragmented solids similar to granular materials (powders, 

sand, grain …) but with the crucial property of being constituted of sub-micrometric 

particles. The typical size of colloids varies between 1 nanometer and 10 micrometers, 

therefore they are affected by molecular forces such as Van der Waals interactions, 

electrostatic interaction and more importantly thermal fluctuations also called Brownian 

motion. This gives them extremely interesting properties in terms of organization (liquid 

crystals, gels…) and responsiveness (temperature, ionic force, electric field…). Moreover, 

there small size renders their collective behavior dictated by statistical physics, and 

individual particles will try to explore all possible states to find their energy minimum. This 

is not unlike atoms and molecules, except that their bigger size shifts the associated 

timescales to experimentally accessible values. Originally, colloids have been viewed as 

large-scale replicas of atoms and molecules, and were considered a formidable substitute 

for the study of molecular and atomistic assemblies such as crystals and glasses1. Because 

of their ability to explore space randomly due to Brownian motion, entropy is a defining 

quantity at the heart of colloidal physics. At this scale, entropy is responsible for several 

phenomena, such as depletion, osmotic pressure, free volume interactions and 
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crystallization. In a nutshell, entropy ultimately governs the energy landscape, and as 

such, the position and motion of the whole system of particles. 

There are a number of challenges in the field of colloids and an important one is 

to directly relate the molecular characteristics to the material properties. Many 

experimental techniques can be used to assess the microstructure, such as the scattering 

of light, X-rays or neutrons, optical and electronic microscopy or different spectroscopy 

techniques. Here we will mostly discuss the rheology of different soft colloidal systems. 

Rheology is the study of the flowing of materials. It can be applied to a wide range of 

flows, from geological movement of the earth crust and sea ice, to microscopic flows 

inside the cells. Rheology finds a crucial importance in industry as a way to design and 

control the properties of soft materials such as viscous liquids, pastes and gels. It has 

numerous application in the petrochemical industry, in the extraction of oil, but also in 

the handling and processing of the refined materials, like plastics and rubbers. The 

cosmetic and cleaning products industries also use rheology as a tool to increase their 

products’ quality and efficiency, as well as for comfort of use and customer satisfaction. 

In a lot of cases, rheology is also used in quality control to ensure that a product has been 

properly made and that it meets its expected quality standards. For these purposes, a 

wide range of experiments can be designed, each probing a different aspect of the 

material response to deformation or flow. Because of the industrial importance of 

rheological properties, companies have been created long ago in order to provide reliable 

instruments to measure them. In this work, we will focus mostly on shear rheology, which 

is the study of flow in a force field parallel to the materials edges, in the absence of 

compression or elongation. Very well controlled geometries have become the norm in 

shear rheology, with the two main ones being the bob-and-cup or Couette cell and the 

other one the parallel plate geometry. A variant of the parallel plate geometry consists in 

replacing one or both of the plates by a cone with a very small yet finite angle at the tip. 

This ensures an equal repartition of shear inside the sample, as will be described further 

in Chapter 2 – Materials and Methods.  

With the use of rheology, we intend here to unveil some of the mystery left around 

the flow and structural behaviors of model soft colloidal systems2–9. The goal here is not 

to design new materials or tune new properties, but rather to understand the physical 
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mechanisms behind the behavior we observe, and link microscopic structure and 

chemistry to macroscopic properties of the materials. There has been an increasing 

number of applications for yield stress fluids, but there is still progress to be made in the 

direction of selecting and designing materials with the right microstructure leading to 

improved properties10–12. The quantitative description of yield stress fluids is therefore 

needed. As such, we used here well-known model systems of the field, namely star 

polymers and microgels3.  

Microgels are soft colloids made of a spherical, micron-size crosslinked polymer 

network. In simple words, they are similar to tiny pieces of macroscopic gels which are 

then suspended in a medium and behave as soft colloids. In our case, the microgels we 

used are partially charged, which gives them the ability to swell enormously in the 

presence of water. More information on the swelling mechanism will be given in Chapter 

2 – Materials and Methods. At the particle scale, the mechanical properties are defined 

mostly by the crosslink density, which is in this case almost homogeneous across the 

particle size and therefore the dangling ends have a negligible size compared to the 

particle size. At high concentration, microgels have been showed to form facets to 

accommodate neighbors, proving their deformability. They also contain a large amount 

of solvent due to osmotic pressure. These precise microgels have been studied 

methodically at low and intermediate concentration before13 and have partly initiated and 

severely guided most of the work presented here.  

Star polymers consist of a number of linear polymer chains all linked together to a 

common center. Apart from the chemistry of the individual arms, the two main 

parameters of importance for the star architecture are the branching functionality (the 

number of chains in a particle) and the arm length (the number of monomers in each 

individual arm chain). It has been shown in theory, computer simulations and 

experiments14,15 that both these factors largely influence the mechanical response of star 

polymers, however a quantitative understanding is still missing. Star polymers belong to 

the group of soft colloids since they are able to swell by absorbing solvent (in good 

solvency conditions) and deform or interdigitate when they are confined. At the particle 

level, this means that both their size and shape depend on the external conditions of 

temperature, pressure and number density. Stars polymers have the enormous advantage 
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to be well-characterized systems in which chemists can systematically vary both the 

branching functionality and the arm length almost independently16,17. The use of complex 

synthesis procedures also allows for a very good control of the polydispersity, which 

makes them ideal model systems in the world of soft colloids. The star polymers are 

notably different from the microgels used here in that they possess long dangling ends 

able to interdigitate and can be prepared in the melt state, without any solvent. Indeed, 

contrary to microgels, they form homogeneous, mechanically coherent solids in the melt.  

Figure 1 shows a cartoon representation of the qualitative phenomena at play 

when the concentration of colloids is increased. Starting from the dilute, liquid 

suspension, hard and soft colloidal suspensions first exhibit viscoelastic properties such 

as shear-thinning when the number density (experimentally, this means the particle 

concentration) is increased. Upon further increase of the concentration beyond a 

characteristic threshold, the material solidifies. In some cases, a colloidal crystal can be 

formed first, which usually turns into a solid phase called a colloidal glass. As is the case 

for molecular glasses, this phase consists of a dense, disorganized suspension of particles 

which has solid-like properties over long periods of time. Near the liquid-solid transition, 

the liquid or solid behavior strongly depends on the timescale of observation, thus 

rendering the exact definition of the transition unclear. Rheological signatures of this 

regime are for example the divergence of the zero-shear viscosity and the apparition of a 

plateau in the elastic shear modulus of the material, which becomes larger than the 

viscous modulus. As we dig further into the solid phase, for example by increasing the 

concentration, the particles get closer and form a stronger solid (increase of the elastic 

modulus), while the timescale related to flow is pushed to longer timescales to the point 

that it rapidly shifts out of the experimentally accessible range. At this point, the 

hindrance of particle reorganization by crowding effects makes the diffusion extremely 

slow, because the collective motion of several tens of particles is required. This type of 

density-driven slowdown of the diffusion is called “caging”, which refers to the effective 

cage that neighboring particles form around one test particle. This has the effect of 

countering Brownian motion on large length scales, and therefore the particles usually get 

stuck in a metastable state. Although a thermodynamically favorable state should in 

principle exist which has the absolute minimum of energy, the inability of the particles to 
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explore all states blocks the system into a local energy minimum, which it can only escape  

after extremely long times. This type of system is sometimes referred to as kinetically 

trapped or arrested and is commonly seen in a lot of different situations. 

 

Figure 1. Top: Cartoon representation of the different phases in colloidal suspensions. Left: 
Liquid; center: crystal; right: glass. Middle: Typical interaction potential between particles 
in the different phases described above. Bottom: Rheological signature of each of the 
phases described above. Left: Shear-thinning liquid; center: viscoselastic solid; right: solid 
with very long relaxation time. 

For hard spherical particles with a seemingly infinite interaction potential on 

contact, the maximum packing of particles is geometric and corresponds to the so-called 

hexagonal close packing of spheres, which is 
𝜋

3√2
 or about 0.7418. This means that there 

exist a theoretical maximum for the number of spherical hard colloids there can be in a 

given volume, and that even at this limit, only about 74% of the total volume can be 

occupied by the particles, the rest being either the suspending fluid or air. In the dry state, 

hard sphere systems usually form porous, hard and fragile materials that have poor 

rheological value due to their inability to flow. Although the theoretical limit is the 

hexagonal close packing, it is extremely difficult to obtain such high densities in practice, 

since this would require that all particles fall exactly in the right place. As explained above, 

real life experimental systems become solids at high packing fraction and therefore the 

relative motion of particles is effectively arrested. For this reason, the commonly obtain 

highest packing fraction is closer to the random close packing value of about 0.6419, where 
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particles are disorganized. The beauty of large numbers and statistical physics makes it 

that, even though the particles form metastable states and are completely disorganized, 

the average over all the system gives an extremely robust value for the densest random 

packing. However, this also means that there can be local heterogeneities of the density 

throughout the sample, which can have a huge influence on flow and mechanical 

properties in general.  

Since hard spheres only have short-range interactions on contact, the solid phase 

only appears in a limited range of concentration. The phase diagram of monodisperse 

hard spheres have been studied in depth20, and is represented on Figure 2. From packing 

fraction of about 0.494, there is a coexistence of a colloidal crystal with a glass. The 

crystalline phase then expands up to a packing fraction of 0.545 when the whole system 

becomes crystalline. Above packing fractions of 0.58, the crystalline phase progressively 

gives way to a disorganized glass phase up to the maximum random packing of 0.64. It is 

important to note that polydispersity and shape both have a big influence on the phase 

diagram of hard particles. Although these axes will not be explored in this work, which is 

limited to spherical particles, we can cite as examples the considerably bigger fluid regime 

of polydisperse spheres, and their ability to reach much higher packing fractions20; and 

the ability of anisotropic particles like hard rods to form liquid crystals21, which are 

organized states of matter with lower entropy than their disorganized counterpart. It is 

important to note that the maximum random packing of M&Ms is 0.68 due to their 

ellipsoidal shape22. 

 

Figure 2. The phase diagram of hard spheres20. The left picture represents ten samples at 
different packing fraction of colloidal hard spheres left to equilibrate over 4 days. The right-
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hand side diagram shows the multiple phases of hard sphere suspensions as a function of 

packing fraction  and polydispersity index s. 

This geometrical restriction on the maximum packing is gradually alleviated as the 

interaction potential of the particles is soften. Effectively, this means that the elastic 

modulus of the particles are progressively lowered down to values that make deformation 

at the particle level possible. Point contacts no longer define the maximum packing and 

the formation of facets23, as can be seen in foams for instance24, becomes a possible 

mechanism through which the packing fraction can be increased, this time up to values 

approaching unity. In fact, in the case of star polymers, which are considered extremely 

soft systems due to their polymeric nature3, the existence of a coherent solid phase in the 

melt proves that the shape adjustment is such that the entire accessible volume can be 

filled with the polymer.  

There are several mechanisms through which soft colloids can increase their 

packing fraction well above what is permitted to hard colloids. One that we have already 

mentioned is the change of shape. Spheres are the most symmetrical and have the lowest 

surface-to-volume ratio of all geometrical shapes, meaning that a lot of systems will 

spontaneously form spheres if they are left free to decide. Examples include polymer coils, 

spherical micelles, or in this case star polymers. Spheres are also the worst packing 

(convex) geometric shapes, and therefore the modification of the spherical shape of a 

colloid towards any other convex one will result in a more efficient packing25.  

Another possible mechanism to increase the number density of soft colloids is the 

reduction of the size of the particles, or deswelling. Since a lot of soft colloids can swell in 

good solvency conditions, which is the case here for microgels and stars to different 

degrees, their size in dilute, unconstrained conditions are usually much bigger than at 

higher concentrations. For stars and microgels in particular, the chemical potential of the 

solvent must be equal inside and outside of the particle, which tends to homogenize the 

concentration throughout the sample. Since the solute concentration is higher inside the 

particle than outside, where it is null, there is a strong osmotic pressure difference 

between the inside and the outside of the particle, with the particle boundaries effectively 

acting as a semi-permeable membrane in this case. Molecules of solute (here, 

monomers), are kept inside the particle by covalent bonds while solvent molecules are 
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free to move through. Therefore this osmotic pressure tends to pull the solvent molecules 

inside the particles to decrease the local concentration of solute, effectively swelling the 

particle size. This effect is compensated by the stretching of the polymer chains, which 

acts as springs against the total dissolution of the colloid, therefore reaching an 

equilibrium at a swollen yet finite size. The position of the equilibrium therefore depends 

on the local concentration of solute and the energy required to stretch a polymer chains, 

which both can be tuned by carefully designing the particle architecture. In the case of 

the microgels studied here, this effect is driven further towards the swelling of the particle 

by the presence of counter-ions near the charged polymers composing the microgels. In 

this case, additionally to the osmotic pressure due to the presence of the polymer, there 

is an additional osmotic term coming from the homogenization of the ion concentration 

that causes a larger swelling. 

Finally, star polymers also exhibit another way to accommodate a higher number 

density by interdigitating. Indeed, by construction, they possess long dangling ends (with 

size comparable to the particle size), which may allow for the effective sharing of the same 

volume by two or more neighboring stars. This effect has been studied in the past and 

computer simulations have shown that low functionality stars may even share the same 

center of mass26, similarly to linear polymer coils. However, the increase of functionality 

rapidly prevents this from happening, leaving a smaller volume accessible for 

interpenetration. Ultimately, this provides a striking similarity with grafted nanoparticles, 

which usually consists of a hard core grafted with polymeric chains. Such particles cannot 

share the same center of mass because of the hard interaction of the cores, but are 

considered soft because of the possible interpenetration of the polymeric arms. For stars 

however, the unavailable volume at the center depends mainly on the branching 

functionality15,27, whereas grafted nanoparticle inter-particle distance is ultimately limited 

by their core size.  

All of the above-mentioned arguments have a severe influence on the rheological 

properties of soft colloids, especially when the concentration is increased to values where 

the contacts between particles become important. In this regime, our microgels and star 

polymers of interest form a disorganized solid phase. However, there have been evidence 

of an additional transition inside the glass regime of microgels13, characterized by a 
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different rheological behavior. The primary goal of this work is to understand this 

transition that we call jamming, and to assess its existence in other soft systems, namely 

here star polymers. This problematic is summed up in Figure 3, with a particular emphasis 

on the role of softness on the phase diagram and especially on the jamming transition. 

 

Figure 3. Comparison of the simplified phase diagram of soft and hard spherical colloids. 
The typical softness increases from bottom (hard sphere) to top (polymer coil). The two 
main intermediate systems – microgels and stars – are also represented. The jamming 
regime of star polymers remains unclear. F=fluid; C=crystal; G=glass; J=jamming. 

After a second chapter (Chapter 2 – Materials and Methods) in which all the 

samples and the experimental protocols will be described, Chapter 3 – Colloidal jamming 

in multiarm star polymer melts28, will focus on the study of extremely high branching 

functionality star polymers in the melt. This chapter described in depth the differences 

between star polymers and regular linear polymers and concludes on the presence of a 

solid regime even at infinitely long timescales that replaces terminal flow and that we 

attribute to the colloidal jamming of the stars. Comparison with an abundant literature 

on the matter shows that there might be a universal behavior of stars and grafted particles 

that we present under the form of a state diagram differentiating between the polymeric-

dominated regime, a hybrid transitional regime and a colloidal-dominated regime. 
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Then Chapter 3 – Jamming of concentrated solutions of microgels and star 

polymers, will focus on the evolution of the jammed state in star polymers with 

concentration and its rheological signatures. This chapter will heavily rely on a systematic 

comparison with the better studied microgels to draw parallels between the two systems. 

It also concludes on the differences that can be seen in the rheological behavior of these 

two model systems and gives an interpretation regarding the mechanisms leading to 

these differences. Finally, an attempt at scaling the shear elasticity in a variety of jammed 

soft systems points towards a potential universality in soft colloids. 

Chapter 4 – Stress relaxation and internal stresses, will deal mostly with the very 

rich rheological response of star polymer melts and suspensions during and after steady 

flows. Once again, we draw parallels with the behavior of microgels, also pointing out 

some quantitative differences that make high functionality stars a unique system amongst 

soft colloids. In particular, residual stresses after flow are meticulously described and 

measured, and their link to ageing, creep and stress relaxation is investigated. 

Chapter 5 – Structural changes in an ageing star polymer glass and Chapter 6 – The 

second virial coefficient of grafted nanoparticles in dilute regime, report on other projects 

related to the study and characterization of soft colloids. Chapter 5 mostly describes an 

experimental technique consisting of a dynamic light scattering (DLS) experiment in a 

sheared cell. This provides an efficient tool to investigate the structure of a star polymer 

glass after shear, which exhibits unusual time-dependent properties. Chapter 6 reports 

on a comparison of different grafted nanoparticles in the dilute regime and the influence 

of the particle architectures on their interaction potentials. To do that, we use static and 

dynamic light scattering to measure the second virial coefficient, indicative of the 

interactions between particles, and compare our findings to a simple theoretical model 

for grafted nanoparticles.  
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Chapter 2 – Materials and Methods 

 

2.1 – Materials 

 

Polymers 

Details of the synthesis of the high functionality (f>150) star polymers were 

published by Gauthier et al.1. Carbosilane dendrimers were used to provide a chemical 

core for the stars. Short polybutadiene chains (Mn=1.2kg.mol-1) containing around 50% of 

1,2-polybutadiene were grafted onto the cores to form star-like hybrids. The dangling 

double bonds of the polybutadiene short chains were then used as coupling sites for the 

grafting of longer chains of 1,4-polybutadiene, yielding a star-like structure with a large 

number of arms. In this study, the RS128-PBD5 star was used. The stars used in this study 

have a number-average branching functionality fn=875 arms and a number-average molar 

mass Mn=5.8kg.mol-1 per arm or a number-average branching functionality of fn=929 arms 

number-average molar mass Mn=4.0kg.mol-1 per arm. Lower functionality star polymers 

(f<150) were synthesized2–4 by direct addition of the long polybutadiene chains onto the 

dendritic carbosilane cores of different generations to yield 32, 64 or 128 theoretical arms. 

The star molar mass and the molar mass of the arms were measured independently by 

light scattering and vapor pressure osmometry respectively2, yielding an accurate 

measure of the functionality (the coupling reaction is not complete). The details of all the 

polymers used in this work are given in Table 2-1. Note that a linear polybutadiene was 

studied as well for reference (see chapter 3). All polybutadienes have the same 

microstructure (>90% 1,4-addition based on NMR)5.  

Squalene was used as a good solvent for polybutadiene 1,4-addition. It was 

appropriate for rheological measurements because of its low toxicity and very high boiling 

point (Tb=275°C) at atmospheric pressure. Cyclohexane, an athermal co-solvent, was 

added to ensure a homogeneous dissolution. A small amount (<2mg) of 2,6-di-tert-butyl-

p-cresol (>99% purity from Fluka) was added to prevent oxidization of the sample without 

any noticeable influence on the experiments. After one day of mixing under constant 
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gentle stirring (homogeneity could be asserted by eye), the samples were exposed to 

ambient conditions of temperature and pressure until most of the cyclohexane was 

evaporated. The samples were then placed in vacuum until their mass remained constant 

over time, ensuring that the cyclohexane was completely evaporated. Due to the small 

amount of original star sample available, all investigated solutions were prepared by 

successive dilution of the previous one, starting from the melt.  

 

Table 2-1. Molecular characteristics of star and linear polymers 

Code Structure f 
Ma 

(kg.mol-1) 

Ðarm 

(Mw/Mn) 

Tg 

(°C) 

Mstar  

(kg.mol-1) 

PDIstar 

(Mw,star/Mn,star) 

Rh 

(nm) 

Linear 155K Linear 1 155 - -96 155 - - 
6407 Star 62 6.3 - -92 403 - 10.9 

12807 Star 12

4 

6.8 - -92 870 - 14.2 

RS128PBD3

0 

Star 39

1 

24.4 1.06 - 8600 1.14 40 

RS128PBD5 Star 87

5 

5.8 1.13 -93 5300 1.08 23 

RS64PBD5 Star 92

9 

4.0 1.1 -93 3800 1.03 21 

f: number-average functionality (number of arms); Ma: number-average molar mass of 
one star arm; Ðarm: Dispersity of the star arms; Tg: glass transition temperature (DSC); 
Mstar: molar mass of the entire particle; PDIstar: Polydispersity index of the entire star; Rh: 
hydrodynamic radius in athermal solvent (cyclohexane, DLS).  

Microgels 

Microgels are spherical crosslinked polymer networks synthesized by emulsion 

polymerization6. Those employed in this work were made of a random co-polymer 

containing on average 64 wt% of ethyl acrylate, 35 wt% of methacrylic acid and 1 wt% of 

dicyclopentenyl-oxyethyl methacrylate acting as a bifunctional crosslinker. The synthesis 

was carried out at low pH to avoid the deprotonation of the methacrylic acid moieties. 

The starved conditions of the reaction ensured a good homogeneity of the crosslinker 

throughout the particle7, thus limiting the size of the dangling chains. The virtual absence 

of dangling chains is a key feature of these microgels, which has a significant importance 

on their rheological behaviour8. At pH>5, the deprotonation of the methacrylic acid 

moieties introduces negative charges attached to the polymer network. These charges 

attract the positive free counterions (in most cases sodium ions Na+) in solution due to 

electrostatic interactions, which in turn displaces the osmotic balance inside and outside 

of the microgel particles. The presence of a big number of counterions inside the particles 
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attracts water molecules due to the effective osmotic pressure difference, causing a 

significant swelling of the particles (up to 1000 times the initial volume)9and consequently 

a huge increase of the volume fraction. This property allows the microgel particles to form 

solid phases at about 1 wt%. 

The microgels we used in this work have a swollen hydrodynamic radius in the 

completely swollen (pH=7), dilute regime of 300 nm. We estimate the overlap 

concentration from the liquid-to-solid transition in water: c*=0.9 wt%. The osmotic 

equilibrium responsible for the swelling of the microgels is changed when the 

concentration is varied, and therefore we expect the microgels to deswell significantly 

with increasing concentration10,11. At contact, the osmotic equilibrium is broken (not 

enough water) and the size of the particles is mostly governed by the available volume 

(faceting)6,9. 

Grafted nanoparticles 

Grafted nanoparticles composed of a silica core and polystyrene (PS) chains12–14 

were used in chapter 6. Their structural and chemical characteristics are given in Table 2-

2. The use of surface-initiated ATRP as the synthesis method allows for the dense grafting 

of long polymer chains on the surface. 

Table 2-2.Molecular characteristic of the Si-PS grafted nanoparticles 

Code DP 
Ma  
(kg.mol-1) 

Mw  
(106 kg.mol-1) 

f 
 

R0  
(nm) 

  
(nm-2) 

Rh 
(nm) 

R  
(nm) 

DP130 135 14 1.3 24900 57 0.61 97 80 

DP440 441 46 2.1 24900 57 0.61 123 125 

DP790 788 82 2.7 21200 57 0.52 170 155 

DP980 981 102 3.0 20000 57 0.49 224 171 

DP2690 2692 280 6.3 19200 57 0.47 436 343 

DP480 480 50 1.8 13100 59 0.3 140 180 

DP1170 1170 122 1.6 3500 59 0.08 145 142 

DP1300 1300 135 4.3 23200 59 0.53 190 171 

DP2480 2480 258 5.5 17100 59 0.39 430 227 

DP: degree of polymerization (number of monomers per chain); Ma: weight-average molar 
mass of one grafted chain (arm); Mw: weight-average molar mass of the particle; f: 

equivalent functionality (number of grafted chains); R0: silica core radius; : grafting 
density; Rh: hydrodynamic radius of the particle (DLS); RSLS: radius of the particle (SLS). 
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Other grafted nanoparticles with a silica core and polymethyl methacrylate 

(PMMA) chains were also used in chapter 6. They were synthesized using surface-initiated 

ATRP (grafting from) to achieve a high grafting density. Details of synthesis have been 

published by Ohno et al.15. Their molecular characteristics are listed in Table 2-3. The 

samples were diluted in the good solvent toluene and a mixture of slightly worse solvents 

o-dimethoxy benzene (Veratrole) and dimethyl formamide (DMF). 

Table 2-3. Molecular characteristic of the Si-PMMA grafted nanoparticles 

Code DP Ma 

(kg.mol-1) 

Mw 

(106 kg.mol-1) 

f R0 

(nm) 

 

(nm-2) 

Rh 

(nm) 

RSLS 

(nm) 

PMMA 41-ver/DMF 410 41 2.8 34500 65 0.65 133 133 

PMMA 41-toluene 410 41 2.8 34500 65 0.65 123 119 

PMMA 402-ver/DMF 4020 402 15.25 34500 65 0.65 420 396 

PMMA 41-toluene 4020 402 15.25 34500 65 0.65 470 382 

DP: degree of polymerization (number of monomers per chain); Ma: weight-average molar 
mass of one grafted chain; Mw: weight-average molar mass of the particle; f: equivalent 

functionality (number of grafted chains); R0: silica core radius; : grafting density; Rh: 
hydrodynamic radius of the particle (DLS); RSLS: radius of the particle (SLS) 

 

2.2 – Instruments 

Melt rheology 

Linear viscoelastic spectra were obtained on a strain-controlled shear rheometer 

(ARES from TA, USA) equipped with 8 mm diameter stainless steel parallel plates and a 

convection oven for temperature control. Nitrogen gas was used to regulate the 

temperature inside the oven between -100°C and +40°C. At each temperature thermal 

equilibration was ensured by means of dynamic time sweep measurements in the linear 

regime.  

Solution rheology 

Rheological experiments with the star and microgel solutions were performed on 

a Physica MCR 501 rotational shear rheometer from Anton Paar (Austria). Although the 

instrument is ultimately stress-controlled, the feedback loop was fast enough to use it in 
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strain-controlled mode on the time scale of the experiments. A standard 60mm metallic 

bottom plate was used as the lower measuring tool, which was connected to a Peltier unit 

for temperature control. The temperature was not varied in the experiments and kept to 

a constant value of 23°C. Four different metallic cones were used as the upper measuring 

tool depending on the concentration of the samples. For very high concentrations (cstar>80 

wt%; cmicrogel>10 wt%), an 8mm diameter cone with an angle of 1° was used. For 

intermediate concentrations, (50 wt%<cstar<80 wt%; 5 wt%<cmicrogel<10 wt%), a 12.5mm 

diameter cone with an angle of 1° was used. For low concentrations (15% wt < cstar 

<50%wt; 1 wt%< cmicrogel<5 w%), a 25mm diameter cone with an angle of 2° was used. For 

dilute concentrations (cstar<15% wt), a 50mm diameter cone with an angle of 1° was used.  

Light scattering 

Light scattering was performed for the characterization of dilute samples of stars, 

microgels and grafted particles. We used a commercial ALV-5000 (Germany) instrument 

equipped with a goniometer. The angle between the incident and the scattered light was 

varied between 30° and 150°. An Nd-YAG LASER with a wavelength of 532 nm (green) and 

a power of 120mW was used as the light source. Filters can be added on the optical path 

to lower the incident power for strongly scattering samples. The VV polarization geometry 

was used (both incident and scattered beam were polarized vertically with respect to the 

scattering plane). The temperature of the bath containing the sample was fixed at 20°C 

for all experiments.  

 

2.3 – Protocols 

Sample loading 

The choice of the tool is essential because a compromise must be reached 

between the amount of available sample, the torque detection level and the ability to 

load the sample in the gap. Indeed, the selected tool must be large enough to ensure a 

good detection of the signal. However, when dealing with highly elastic pastes with a long 

relaxation time, as it is the case for these samples at high concentrations, the loading of 

the sample is difficult due to the inability of the material to easily squeeze in between the 
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two parts of the tool, creating significant normal forces. By default, the maximum normal 

force is capped by the Physica 501 rheometer at 15N, well below the maximum normal 

force level of 50N after which the instrument may suffer permanent damage. Since the 

relaxation of these normal forces can be extremely long (hours or days), we accelerated 

the relaxation process by applying large amplitude oscillations (>100%) as the upper tool 

was lowered. This method was proven to be very efficient to reduce the loading times 

from potential hours to about 15 minutes. In particular for microgels, the loading time is 

a critical parameter since water evaporates rather fast compared to the time frame of the 

experiment, despite the necessary precautions taken. When approaching the gap 

position, the amplitude of the oscillations was usually reduced (20%) to ensure the best 

possible loading of the sample. 

Time-temperature superposition 

For melts of star polymers, time-temperature superposition (TTS) was used to 

effectively cover a frequency range typically inaccessible to this type of rheometer, 

allowing measurements of the linear rheological properties of the polymers over about 

14 decades of frequency. At each temperature, a dynamic frequency sweep (DFS) test was 

performed from 100 rad/s to 0.1 rad/s at a constant strain of 5%. For the lower 

temperature measurements, this strain was lowered to 1%. For each sample, it was 

ensured that all the strains used were within the linear regime (measurements at different 

strain amplitudes gave the same results). It was also ensured that each data set could be 

superimposed over at least one decade of frequency by adjusting the temperature 

difference between sets.  The master curves are presented at the same distance from Tg, 

with a reference temperature Tref=Tg+73K.  

Shift factors were calculated both using the ARES Orchestrator software and 

manually. The horizontal shift factors were obtained by shifting the phase angle data to 

obtain a master curve, while the vertical shift factors were taken from the density change 

of 1,4 polybutadiene16. Very good agreement was found with the shift factor calculation 

based on the software (see chapter 3). The data were eventually horizontally shifted by a 

constant to account for the slightly different glass temperatures (Tg) of the different 

polymers. All the data shown below are represented at the same distance from Tg, such 

that the phase angle data close to the glass region superimpose. This shift is almost 
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negligible due to the small difference in Tg among the polymers (Table 2-1). The good 

quality of the master curves is confirmed by the sensitive van Gurp –Palmen plot17 (see 

Chapter 3, Figure A3-2). Based on these results one may safely conclude that both 

polymeric and colloidal modes are governed by the monomeric friction, which is a 

consequence of the fact that the fraction of the real chemical core (which has different 

friction) in these stars is very small. 

Rejuvenation protocol 

Since the high-concentration solutions of stars and microgels have such long 

relaxation times, a rejuvenation protocol was used prior to any rheological test to ensure 

that the samples were put in the same reproducible state each time. We will show in 

chapters 4 and 5 that the choice of this protocol has a significant impact on the 

subsequent measurements, but the aim of this step is to provide a reproducible starting 

point. Several studies have addressed the steady shear rejuvenation protocols involving 

the shearing of the sample at a constant (high) shear rate to ensure the liquefaction of 

the sample and the erasing of any prior history6,18. We find that such protocols can be 

tricky, often resulting in the expulsion of part of the sample outside of the gap of the 

instrument. Moreover, such high shearing is not necessary to effectively erase any prior 

shear history. We opted for a much more gentle oscillatory rejuvenation in the nonlinear 

regime, which typically consists of large-amplitude oscillations (0=100 %, =1 rad.s-1) for 

60s.  

As will be further discussed in chapter 5, the duration of the rejuvenation protocol 

directly influences the direction of the stored internal stress in the material. The normal 

stress is always pushing towards the 0 strain position. Therefore, in the case of a 

rejuvenation as described above, the last oscillation cycle stops at a strain of sin(60)=-0.3 

and the normal stress is positive. The duration of the oscillatory rejuvenation can be 

changed, and this will be discussed in chapter 5.  

Following the rejuvenation protocol, different rheological measurements were 

performed. Unless specified otherwise, a measurement was performed immediately after 

the rejuvenation protocol (no waiting time). For all samples, we always performed first a 

strain sweep at an angular frequency =1 rad.s-1 and deformation amplitude between 
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0=0.01 % and 0=500 % (or until the signal was lost due to low torque limitations) to 

estimate the linear regime of the viscous (G”) and the elastic (G’) moduli. The linear 

regime was characterized by strain-independent moduli (G’, G”) (Figure 2-1). The stress 

was also measured and the oscillatory yield strain and yield stress was determined at the 

intersection of the high deformation and low deformation asymptotes of the obtained 

stress curve (Figure 2-1).  

 

Figure 2-1. Typical strain sweep measurement of stars and microgels in the solid regime. 
This data come from the measurement of a 3c* (50 wt%) solution of star RS128PBD5 in 
squalene, but the qualitative features of the curve are similar for all solid samples. The 
black squares represent the elastic (filled) and viscous (empty) moduli which can be read 
on the left axis. The horizontal black double arrow represents the extent of the linear 
regime (limited at low strain amplitudes by the resolution of the instrument). The blue 
triangles represent the stress, which can be read on the right axis. The red arrows point to 
the yield strain (horizontal) and the yield stress (vertical).  

Afterwards, a frequency sweep at angular frequencies between =100 rad.s-1 and 

=0.01 rad.s-1 (or until the signal was lost due to low torque) and maximum deformation 

0=1% was carried out to obtain the elastic (G’) and viscous (G”) moduli. In some cases of 

interest, the range of frequency was extended up to 6000 rad.s-1 with the help of a 

homemade high-frequency rheometer equipped with a piezoelectric transducer19 (Figure 

2-2). Note that for solutions we did not use TTS to avoid any change of solvent quality, 
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hence particle interactions (though star polymers in squalene were shown to obey TTS 

albeit over a limited temperature range20). In the solid regime, the stars and the microgels 

typically display a higher G’ relatively to the G”, and the plateau modulus value is taken as 

the value of G’ at the frequency where G” is minimum (Figure 2-2). The G’ and G” 

crossover at low frequencies rapidly disappear from the accessible frequency range when 

the concentration of stars or microgels is increased. 

 

Figure 2-2. Typical dynamic frequency sweep test for stars and microgels in the solid 
regime. This data come from a 1.1c* (18 wt%) solution of the stars RS128PBD5 in squalene. 
The black symbols are the G’ (filled) and G” (open) obtained with the Physica MCR 501. 
The blue symbols are the G’ (filled) and G” (open) obtained with a homemade 
piezorheometer19. The red arrow points towards the value of G’ at minimum G” that we 
call plateau modulus. 

Following the linear characterization of the samples, the flow curve was measured. 

For dilute samples of microgels and stars in the liquid regime, the standard mode of the 

MCR 501 were used to progressively increase the shear rate step-by-step and measure 

the corresponding steady state stress and viscosity. The shear rate was varied between 

10-3s-1 and 103s-1 although the low shear rates are rapidly limited by the accuracy of the 

torque detection (0.1 N.m). For more concentrated samples of microgels and stars in 
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the solid regime, start-up experiments were used to identify the transient regime of the 

stress-strain curves.  

The start-up experiment consists in a sudden increase of the shear rate from 0 to 

the command value set between 5.10-4s-1 and 50s-1. The response time of the instrument 

is about 50 to 100 ms (depending on the shear rate), after which the command value was 

reliably achieved. No significant overshoot of the shear rate was measured during this 

step. The steady shear was maintained until a total strain of 1500% was reached, after 

which the shear rate was instantly brought back to 0. The decrease of the shear rate is 

again dictated by the response time of the instrument and is comparable to the start-up 

time (50 to 100 ms). The shearing time is dictated by the shear rate and the total strain of 

1500% at the end of the experiment. Thus, the shearing was maintained for 𝑡𝑓 =
15

𝛾̇
 with 

tf the duration of the experiment and 3.10-1 s< tf < 3.104 s. The steady state was 

characterized by a constant stress with time and was always achieved at the end of the 

experiment except for some particular cases at high concentrations of microgels during 

which part of the sample broke (fractured) and escaped from the gap (see chapter 4).  The 

steady state value of stress was measured as the average stress between strain amplitude 

values of 1300 % and 1500%. The steady state viscosity was calculated as the measured 

stress divided by the command shear rate. 

Directly after the start-up experiments, stress relaxation was performed. During 

this test, the command value of the shear rate is set to 0 and the stress was let to relax. 

We performed this experiment for at least the same time as the preceding start-up 

experiments, such that the relaxation was measured for at least tf. In some particular 

cases of interest, the stress relaxation was measured for up to 1000 times tf, which could 

realistically only be done after high-shear-rate experiments. 

Occasionally, other types of rheological measurements, such as creep 

experiments, were performed, depending on the question to be addressed. The details of 

these tests will be described in details in each chapter when needed. 
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Creep-to-linear data conversion 

Constant stress (creep) experiments were performed on some of the star solutions 

and melts. At low values of stress, the creep compliance J(t) can theoretically be used to 

calculate the linear viscoelastic spectrum G’(), G”()21–24. We used the dedicated 

software “NLREG” to convert the creep data into linear data25. Although the technical 

details of the conversion will not be explained here, the software can solve nonlinear ill-

posed inverse problems using Tikohnov regularization methods (for example for rheology 

or photon correlation spectroscopy). It is based on the equivalence of the frequency 

domain and the time domain through an integral equation. Since the entire time domain 

cannot be measured (given instrumental limitations), the conversion is an ill-posed 

problem, meaning that we cannot get enough experimental information to uniquely 

calculate the integral. The software uses a nonlinear regularization method to estimate 

the logarithm of the relaxation time spectrum from the creep data and calculates the 

equivalent oscillatory elastic and viscous moduli G’() and G”(). In oscillatory 

measurements, the duration of the experiment is many times the inverse of the lowest 

frequency, because the instrument needs to perform several oscillations at this frequency 

to obtain good signal statistics. Using creep, the lowest measurable frequency is given by 

the inverse of the duration of the experiment. This allows for the extension of the linear 

viscoelastic spectrum towards the low frequency regime on experimentally accessible 

timescales (days). 

In the case of the star solutions and melts that we used in this work, the conversion 

was proven efficient, but sensitive to noise in the original data. Moreover, creep results 

were difficult to reliably obtain for these systems due to the interaction with long-time 

residual stresses (see chapter 5). 

Dynamic Light Scattering 

Dynamic light scattering was performed with very dilute samples of stars, 

microgels and grafted particles and the auto-correlation of the time-dependent scattered 

intensity I(q,t) was calculated according to Equation 126  :  

𝑔2(𝑞, 𝑡) =  
<𝐼(𝑞,𝑡) 𝐼(𝑞,𝑡+𝑡0)>

<𝐼(𝑡)>2
     (Equation 1) 
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where q is the wave vector of the scattered light (Equation 2), t is the time, g2(q,t) is the 

intensity auto-correlation function, t0 is the lag time and the <> operator denotes the 

average value. 

𝑞 =
4𝜋𝑛0sin (

𝜃
2⁄ )

𝜆
      (Equation 2) 

where  is the angle between the incident light and the scattered light (angle of 

observation), n0 is the optical index of the suspending medium and  is the wavelength of 

the incident light. 

The field auto-correlation function is connected to the intensity auto-correlation 

function by the Siegert relation (Equation 3)27. The Siegert relation can only be applied 

when the electric field is Gaussian26,27, which can be a limitation for example in the case 

of non-ergodic, solid samples. The field auto-correlation has the maximum value for short 

lag times t0 because the position of the scattering particles is the same as at time t, and 

therefore the scattered intensity is the same. When particles have time to move because 

of Brownian motion or other external forces (gravity, shear …), the correlation between 

time t and t+t0 is lost and the auto-correlation function takes its minimum value. 

𝑔2(𝑞, 𝑡) = 1 + 𝑔1(𝑞, 𝑡)
2     (Equation 3) 

where g2(q,t) is the intensity auto-correlation function and g1(q,t) is the field auto-

correlation function. 

In the simple case of dilute solutions of Brownian particles at rest, the decay of the 

auto-correlation function is well captured by a single-mode exponential decay (Figure 2-

3), which characteristic time depends on the diffusion coefficient of a particle (Equation 

4). This equation only holds for small particles (qR<<1) in theory, although in practice the 

deviation is usually negligible. 

𝐷0 =
1

𝜏𝑞2
       (Equation 4) 

where D0 is the self-diffusion coefficient of one particle in the dilute regime,  is the 

characteristic time of the exponential decay of C(q,t) and q is the wave vector of the 

scattered light.  
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Figure 2-3. Field auto-correlation functions for the star RS128PBD5 in the dilute regime 
(c<<c*) in cyclohexane. The data (symbols) were measured at five different angles 
between 30° and 150°. The lines through the data are the best fits using a single-mode 
exponential decay (no stretching). 

In the case of dilute spherical particles, the self-diffusion coefficient is directly connected 

to the hydrodynamic radius of the particle by the so-called Stokes-Einstein-Sutherland 

equation (Equation 5)28. The hydrodynamic radius calculated with this method is 

effectively the radius of the spherical particle (considered hard, non-porous) with the 

same diffusion coefficient.  

𝐷0 =
𝑘𝐵𝑇

6𝜋𝜂𝑅ℎ
       (Equation 5) 

Where kB is the Boltzmann constant, T is the temperature,  is the solvent viscosity and 

Rh is the hydrodynamic radius. 

This method gives an estimated of the effective hydrodynamic radius of the stars, 

microgels and grafted particles in the dilute regime. For the stars, which molecular weight 

is known, we can estimate the effective volume fraction corresponding to this 

hydrodynamic radius (Equation 6). This overlap concentration provides a way to rescale 

the concentration of different colloidal particles, based on their behavior in the dilute 
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regime, and will be used extensively in chapters 4 and 5. In practice, the overlap 

concentration corresponds to the concentration at which the average concentration of 

the macroscopic sample concentration and the average material concentration inside the 

particle become equal. By extension, it is usually considered as the critical concentration 

at which particles start to touch each other in the solution. For soft colloids, this concept 

is fundamentally incorrect, since their shape and volume depend on concentration, but it 

provides a simple way to estimate the volume fraction. A discussion on the validity of this 

approach is proposed in Appendix I. 

𝑐∗ =
𝑀𝑛

𝑁𝐴
⁄

4
3⁄ 𝜋 𝑅ℎ

3       (Equation 6) 

where c* is the overlap concentration, Mn is the number-average molar of the star and NA 

is the Avogadro number. 

Static Light Scattering 

Static light scattering was used to characterize the size and the interactions of 

dilute solutions of grafted nanoparticles (see chapter 6). The average intensities of the 

light scattered by the samples were measured as a function of the wave vector and the 

concentration in particles. The scattered intensity, the wave vector and the concentration 

are connected by Equation 727: 

𝐾𝑐

𝐼
=

1

𝑀𝑤
[1 +

𝑞2𝑅𝑔
2

3
+ 𝑂(𝑞4)] + 2𝐴2𝑐 + 𝑂(𝑐

2)  (Equation 7) 

where K is a numerical factor depending on the light and solution properties (Equation 8),  

Mw is the weight-average molar mass of the diffracting objects, q is the wave vector, Rg is 

the radius of gyration of the diffracting objects, and A2 is the second coefficient of the 

virial expansion. 

𝐾 = 4
𝜋2𝑛0

2

𝑁𝐴𝜆4
(
𝑑𝑛

𝑑𝑐
)2      (Equation 8)  

where n0 is the optical index of the solvent, NA is the Avogadro number,  is the 

wavelength of the incident light and dn/dc is the increment of the optical index with the 

concentration. 
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Therefore, the extrapolation of the intensity at q=0 and c=0 (Zimm plot27) yields 

an estimation of the radius of gyration and the second virial coefficient of the particles in 

their suspending medium. This property will be used in chapter 6 on polymer-grafted 

nanoparticles.  
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Chapter 3 - Colloidal jamming in multiarm star 

polymer melts 

 

Abstract  

 Star polymers with intermediate branching functionalities (64 and 128 arms) are 

known to exhibit a hybrid viscoelastic response, relaxing stress via a fast polymeric arm 

retraction and a slow colloidal mode. We show that, in the limit of very high functionalities 

(above 800) and very short arms (3 entanglements or less), the colloidal mode following 

arm relaxation exhibits a plateau with a modulus much smaller than expected from the 

entanglement value, and does not relax within the experimentally accessible frequency 

window. Analysis of the relaxation modes indicates that even in the melt state, stars with 

ultra-high branching functionalities effectively behave like jammed colloids. Their low 

modulus makes them easily processable, unlike highly entangled linear polymers. A simple 

state diagram in the melt is proposed with two control parameters, the functionality and 

the number of entanglements per arm (as a measure of arm size), showing three distinct 

regimes based on dynamics: polymeric, hybrid polymeric-colloidal and jammed. These 

results are briefly discussed in view of other highly branched polymers with density 

heterogeneities (microgels, bottlebrushes) exhibiting non-terminal solid-like response 

and supersoft elastomeric features. For the present stars in particular, which are model 

soft colloids, these findings contribute to the ongoing discussion on jamming in soft 

matter.              

3.1 – Introduction 

Linear or lightly branched polymer melts can mix topologically while maintaining 

a uniform monomer density throughout the macromolecules, resulting in linear 

viscoelastic spectra which are understood within the framework of a multi-scale 

relaxation process encompassing regimes from segmental to global dynamics1. On the 

other hand, densely branched macromolecules such as multiarm star polymers, which 

serve as archetype soft colloids2, are characterized by an inhomogeneous intramolecular 
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monomer density, which is higher at the center where monomers belonging to different 

arms practically touch one another, and decays toward the periphery3. For solutions, 

Daoud and Cotton predicted three monomer density regimes4: the inner melt-like core 

regime, the intermediate theta-like (coat or unswollen) regime, where the blobs are ideal 

and only solvent can penetrate at high concentrations and, for good solvents, the outer 

excluded volume (or swollen) regime, where the blobs are swollen and star-star 

interpenetration can take place in dense solutions. The soft pair interactions between 

stars can be successfully described by a coarse-grained potential, exhibiting logarithmic 

repulsions at short distances and Yukawa-type repulsions at long distances5. In general, 

the branching functionality (number of arms, f) and arm length (molar mass Ma) of the 

arms are the control parameters governing their macroscopic properties at different 

concentrations2. When the solvent is removed in the melt state, the inherent mismatch 

in density is compensated by star interpenetration and shape adjustment.  

Multiarm stars in the melt display hallmarks of both polymers and colloidal 

suspensions1,6,7. At high frequencies, the viscoelastic data reflect local dynamics and they 

collapse onto the linear viscoelastic spectrum of the corresponding linear polymers. At 

intermediate frequencies a rubbery plateau is detected for stars with entangled arms, 

which interpenetrate to reduce density heterogeneities. Of particular interest is the 

terminal relaxation at the low-frequency end of the plateau region, which is characterized 

by a two-step decay, in sharp contrast to the single terminal relaxation processes of low-

functionality stars, linear homopolymers, or even colloidal hard spheres8.  The faster 

relaxation is due to the star arm retraction and depends on the arm length but not on the 

branching functionality, whereas the slow mode is associated with structural 

rearrangements of the stars, which are essentially solvent-free soft colloids; it depends 

on both f and Ma6,9. The connection between slow relaxation and the existence of 

monomer density heterogeneities was demonstrated through SAXS measurements, 

which revealed the occurrence of weak ordering in stars3,10,11.  This type of spatial 

organization, called liquid-like order, reflects excluded volume interactions at the 

macromolecular size scale. 

Stars, which are virtually chemically uniform (the homopolymer arms are grafted 

to a very tiny core) exhibit similarities with but also clear differences from polymer-grafted 



 
44 

 

nanoparticles. Density heterogeneities in these systems come mainly from their internal 

structure comprising a large core with grafted arms and to a lesser degree from the arms. 

Their structure and dynamics depend primarily on the grafting density and the size of the 

grafted chains12,13. Due to their hybrid nature, these materials, which are called solvent-

free colloids, exhibit a rich rheological behavior ranging from viscoelastic liquid (typically 

for low grafting densities and long chains14) to viscoelastic solids (at higher grafting 

densities and shorter chains10,15). Only in the limit of extremely small cores (approaching 

the monomeric scale of the grafted chain), grafted nanoparticles may be considered as 

stars16. 

Another example of particles which can be thought of as soft colloids in the melt 

state are microphase separated block copolymers17,18. The rheology of body-centered-

cubic mesophase of various diblock and triblock copolymer melts (self-assembled into 

spherical micelles) bears analogies with that of colloidal crystals19,20. It should be noted 

however, that since these micelles form because of the enthalpic repulsion between the 

blocks, they are sensitive to temperature and are in this respect different.   

In view of the above, an outstanding challenge is to understand how and to what 

extent the dynamics of multiarm star polymers in the melt state can be described using 

concepts borrowed from soft colloids. Pertinent emerging questions concern the nature 

of the slow mode, and whether star polymers exhibit features of glassy dynamics in the 

melt. In this work we present experimental data that complete the overall description of 

multiarm star polymer melts and answer these questions. Our results are particularly 

relevant to soft colloids, whose properties can be described by a conceptual framework 

based on two pillars, microgels and stars2. They will be useful in understanding the 

transition from solution to melt behavior and the possible jamming of soft colloids.  

3.2 – Description of the linear viscoelasticity of star polymer 

melts with varying functionality 

The linear viscoelastic responses of a linear polybutadiene with a molar mass 155 

kg.mol-1 and a star with f = 128 and Ma = 6.8 kg.mol-1 (f: functionality; Ma: molar mass of 

the arms) are compared in Figure 3-1. All the master curves were obtained by applying 
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the time-temperature superposition principle (see also Appendix A3-1). The master 

curves are presented at the same distance from Tg, with a reference temperature 

Tref=Tg+73K.  

While the behavior of these two polymers is identical at high frequencies, there 

are noticeable differences at low frequencies. This is emphasized in the inset of Figure 3-

1 which depicts the linear spectrum in the form of tan(). The rubbery plateau of the star 

is comparable to that of the linear polymer but it weakly decreases with decreasing 

frequency.  

 

Figure 3-1. Linear viscoelastic spectra for linear and a 128-arm star polybutadiene 
polymer. The storage modulus G’ is represented by filled symbols and the loss modulus G’’ 
by open symbols. Inset: Respective data for tan(δ)=G’’/G’. Lines represent the best fit of 
the data to the BoB model (see text and Appendix A3-3 for details). 

Concomitantly, the arm relaxation (the faster of the two terminal modes) time of 

the star is much faster compared to that of the linear polymer1,6,7,9,21. A closer look at the 

low-frequency behavior reveals peculiarities of the star: the terminal regime is signaled 

by two distinct modes, as well evidenced by the tan() plot in the inset of  Figure 3-1, 

where three successive crossovers between G’ and G” are observed, i.e. where tan()=1. 

This is the rheological signature of the star particle microstructure7,9. The faster terminal 
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mode is of polymeric origin, and the slower one of colloidal origin. These two distinct 

modes are replaced by a broad shoulder for the 64-arm star indicating that the colloidal 

behavior depends strongly on functionality (See Appendix A3-2). 

A comparison is provided in Figure 3-2a and 3-2b between the same linear 

polybutadiene and two star polymers with very high branching functionalities and low 

arm molar masses: f = 875 and Ma = 5.8 kg.mol-1, f = 929 arms and Ma = 4.0 kg.mol-1, 

respectively. These are called dense stars in the following. The master curves are 

presented at the same distance from Tg, with a reference temperature Tref=Tg+73K.  

While the behavior at high frequency again matches that of the linear polymer 

(corresponding to a tube diameter of about 4 nm), no terminal flow was reached for these 

two systems. Instead, both stars exhibit a low-frequency elastic plateau with a modulus 

approximately 10 times smaller than that of the entanglement plateau modulus of the 

linear polymer, suggesting larger-scale topological (cage-like) constraints. Both plateaus 

decrease weakly with decreasing frequency. This behavior is also reflected in the phase 

angle variations, depicted in the insets of Figures 2a and 2b, which take very low values at 

low frequencies. The fact that tan() remains below unity at the local maxima indicates 

that there is no crossover between the elastic and viscous moduli in this frequency range. 

Thus, the material remains solid down to the lowest accessible frequencies.  

Creep experiments at very low stress levels can provide information about the 

linear viscoelastic regime once properly converted22–24. As a consequence of their very 

slow relaxation these stars are able to keep internal stresses for long times. These internal 

stresses have a significant effect on the creep data, and therefore the creep conversion 

into linear data is difficult in this case, leading to ambiguities (see Chapter 5). Waiting for 

several days is the only reliable solution that was found in this case, yielding reliable and 

reproducible data from creep. A long-time creep experiment at a stress of 1 kPa was 

performed on one of the stars (f=929, Ma=4.0 kg.mol-1) and the result was converted into 

linear data (see Chapter 2) and compared to the master curve obtained with TTS. The 

conversion of creep data agrees well with the conventional oscillatory data in the 

frequency range accessible for both experiments, although we observe a somewhat lower 

G” in this region. This technique allows to extend the frequency range significantly 
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towards the low frequencies and seem to provide an estimation of the possible crossover 

between G’ and G” in this sample. This result is however subject to a lot of uncertainties, 

since it requires the reliable measurement of the material deformation (very small) for 

several days and a mathematical conversion of the (often scattered) data that has proven 

sensitive to noise in the original creep data. The obtained value for the crossover should 

therefore be taken as a rough estimation at best, which marks the lower bound for the 

crossover. 

 

Figure 3-2. Linear viscoelastic spectra for linear polybutadiene and two polybutadiene 
stars with extreme functionalities and low arm molar masses: f = 875 and Ma = 5.8 kg.mol-
1 (a); f = 929 and Ma = 4.0 kg.mol-1 (b). The green triangles represent the data converted 
from creep (see text). Inset: Respective tan(δ) data. Lines represent the best fit of the 
oscillatory data to the BoB model (high frequencies) and the MCT (low frequencies). 

This observed behavior is a manifestation of the colloidal nature of these systems, 

which experience topological constraints on the scale of their own size. Even in the 

frequency range where the star arms have relaxed, the material does not flow but 

behaves like an elastic solid. Hence there is a transition from a polymeric regime where 

elasticity is dominated by entanglements and slow retraction of the arms, to a colloidal 

regime, where star polymers effectively act as elastic soft spheres. Their softness depends 

mainly on the branching functionality2,5. At extreme functionalities (f=900) they are less 

soft than at f=128 and they can be considered as approaching the hard sphere limit25. In 

such a case, particle-level excluded volume effects dramatically slow-down their center-

of-mass motion resulting in caging, and the stars jam over the time scales corresponding 

to the experimental frequency window, like microgel particles, emulsions or foams2,26,27. 
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This unexpected behavior arises from the extremely high branching functionality 

and the short arm length. In such a case, the stars are trapped in strong cages and to 

escape, they have to overcome a high energy barrier, hence they are effectively jammed. 

In this context, we expect that stars with higher branching functionality and shorter arms 

should exhibit a higher colloidal plateau modulus (compare the low frequency regions of 

Figures 3-2a and 3-2b), but further theoretical or numerical studies would be needed to 

fully unravel the microscopic behavior of such dense systems. In conclusion, from a 

colloidal perspective, when the branching functionality increases and the arm molar mass 

decreases, the cages around the particles evolve from fuzzy and soft to harder with 

sharper potential wells5. 

3.3 – Scaling of the multiple relaxation times in the 

viscoelastic spectrum of dense star polymer melts 

To further support the above picture of a polymer-to-colloid transition in multiarm 

star polymers, the relaxation times of the first and second modes were compared to 

existing data from the literature for other star systems7. The branch-on-branch BoB 

model28 was used to fit the rubbery plateau of the stars and provided an estimate of the 

polymeric relaxation time p (taken as the inverse of the crossover frequency between G’ 

and G”). Details are presented in the Appendix A3-3. This relaxation time p is reported in 

Figure 3-3a along with data from the literature6,9,29. The solid line is the prediction for the 

polymeric relaxation time of star polymers using the tube model1,30, which is given by: 

𝜏𝑝

𝜏𝑒
= 𝐴𝑍

5
2⁄ exp [𝜈𝑍]      (Equation 1) 

where p and e are the arm relaxation time and Rouse time of an entanglement segment1, 

respectively, Z is the number of entanglements per arm (for which we consider the 

entanglement molar mass Me of linear chains),  is a numerical parameter with a value of 

0.4, and A is a constant. With A=5, the experimental data and the prediction are in 

excellent agreement. This supports the polymeric origin of the relaxation time p.  

However, some comments are in order. First, the two high-functionality stars presented 

here are very dense. Their core is estimated in the framework of the Daoud-Cotton 

model4:  
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𝑅𝑐 = 𝑏√𝑓 = 15 𝑛𝑚      (Equation 2) 

where b=0.5 nm is the Kuhn length which is to be compared to the size of a star in the 

melt estimated from the density: 

𝑅̃ = √
𝑀𝑤

𝜌𝑁𝐴
= 20 𝑛𝑚      (Equation 3) 

where Mw the weight-average molar mass, ρ the density and NA the Avogadro number.  

 

Figure 3-3. Relaxation time of (a) polymeric mode and (b) colloidal mode for different 
polybutadiene (black squares and red circles) and polystyrene (green diamonds) star 
polymers as a function of the number of entanglements per arm, Z, and a combination of 
functionality f and Z, respectively. The red circles represent the dense stars from Figure 2 
and the black squares are from literature data6,7,9. Added in the plot is data points from 
polystyrene stars (green triangles) with 64 arms from recent literature29 to confirm its 
generality. The red triangle represent the estimation of the crossover time for the high 
functionality star obtained thanks to the conversion of creep data (see text). The line in a) 
represents the prediction from the tube model (see text); the black dashed line is an 
empirical scaling from the literature (see text). The red dashed line in b) is drawn to guide 
the eye. 

Hence, these stars are situated in the Daoud-Cotton core region or, alternatively in the 

frequently used terminology in grafted nanoparticles, in the concentrated polymer  brush 

region31. Under this condition, the topological constraints of the star arms differ from the 

classic picture of entangled stars1. However, it is possible that the constraints imposed on 

an arm by its neighbors inside one star may have similar consequences as inter-star 

entanglements regarding viscoelasticity. There are two arguments here: first, even though 

the monomer density profile inside such a dense star should be steep32, the outer 
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segments still attempt at interpenetrating in order to reduce the small density 

heterogeneities6,33. Second, computer simulations of dense spherical brushes suggest that 

dynamics of the arms is slowed-down due to the confinement they feel from their 

neighbors at high grafting densities34,35. In the present stars, the equivalent grafting 

density is very high (almost 2.9 nm-2 around the chemical core and 0.32nm-2 around the 

estimated Daoud-Cotton core). Therefore, the arms are severely constrained and their 

dynamics can be described by fitting the BoB model, mapping onto the dynamics of 

entangled stars even though entanglements may not exist, at least not in the classic sense 

of physical network formation by means of arm interpenetration1. Note that such 

mapping has been performed for similar reasons of topological constraints in other 

branched polymers as well36. Interestingly, the extracted times from the BoB fit comply 

with the generic representation of arm relaxation time in Figure 3-3a. 

The low-frequency storage and loss moduli were further fitted to mode coupling 

theory (MCT) predictions using the same parameters as in the literature for hard and soft 

sphere glasses37,38 in order to provide a phenomenological description of the jammed 

mode. Extrapolating the MCT lines to the cross-over frequency, it is possible to obtain a 

long relaxation time c. This characteristic time is an estimate that provides an order of 

magnitude of the terminal colloidal relaxation time we should expect for such systems. 

The characteristic times c are plotted on Figure 3-3b for the two dense stars of 

functionality 875 and 929, along with the terminal relaxation data from Refs. 6 and 9. We 

also plot the empirical scaling of the slow relaxation time with f5/2Z5 proposed in Ref. 7. 

This scaling proves effective for the two intermediate functionalities (f = 64 and 128). 

However it clearly does not hold for the extreme functionalities investigated here. Below, 

we propose some arguments to explain this difference.  

3.4 – State diagram of star polymer melts 

 Careful examination of the different datasets available for a wide range of stars 

suggests that there are two parameters influencing the longest relaxation time in star 

polymers: the branching functionality (f) and the number of entanglements per arm (Z). 

Let us focus first on Z which seems to have a dual effect on the colloidal mode. It needs to 

be small enough to ensure that the stars have a relatively large equivalent core in order 
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to behave like colloidal particles where arm relaxation and center-of-mass motion are 

decoupled9,39.  Increasing Z shifts the polymeric relaxation time p to longer timescales 

and also increases the colloidal relaxation time c, as shown in Figure 3-3b. Moreover f 

also needs to be large enough for stars to behave as colloids, pretty much for the same 

reasons. Increasing f significantly increases the colloidal relaxation time so that eventually, 

dense stars like the ones studied here become dynamically arrested.  It is important to 

note that this arrest cannot be described by the classic scaling for stars of intermediate 

functionality7,9, as shown in Figure 3-3b. Hence it represents a transition which exhibits 

the hallmarks of colloidal jamming in the melt. This phenomenology can be summarized 

in the qualitative dynamic diagram in Figure 3-4, which gives evidence for three regimes 

in the f-Z space based on viscoelastic relaxations: polymeric (arm relaxation), hybrid (arm 

relaxation followed by center-of-mass motion of the star and jammed (arm relaxation 

followed by long time colloidal trapping with no observable terminal flow). A conceptually 

similar diagram recently proposed for polystyrene stars with low functionalities up to 6429, 

also shows a transition from polymer to hybrid (polymeric and colloidal) response. 

In Figure 3-4, we reproduce some data points from that work to show the generality of 

the approach. We also extend our analysis to polymer-grafted nanoparticles and find that 

data from the literature of silica-g-PEO particles with very high grafting densities15 fall into 

our jamming region. A very recent set of silica-g-PS particles with constant grafting 

densities and varying brush length40 is also added and provides a remarkable insight into 

the transition between the three regimes. Indeed, our qualitative predictions almost 

accurately predicted the behavior observed for these particles. 
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Figure 3-4. Dynamic state diagram for melts of star polymers in terms of viscoelastic 
behavior as function of the inverse functionality f-1 and the number of entanglement per 
arm Z. The circles are data points for polymeric behavior6,7,9, the + crosses represent stars 
with a hybrid polymeric-colloidal response6,7,9, and the full symbols represent dense stars 
where the slow colloidal mode is arrested (jamming). For generality, polystyrene stars 
from recent literature29 are also represented as crossed circles for the polymeric behavior 
and x crosses for the hybrid behavior. In addition, polymer grafted nanoparticles are also 
represented as green (Si-PEO)15 and blue (Si-PS)40 symbols. The same nomenclature is used 
to differentiate the three regimes. The dashed line represents the empirical equation Z/f = 
0.2 as a qualitative boundary between the two domains. 

Different conclusions can be drawn from the above analysis. Firstly, the colloidal 

relaxation time is several orders of magnitude larger than the estimated polymeric 

relaxation time for the two dense stars. By any measure, this complies with dynamic 

arrest41. Secondly, it is clear that this relaxation time largely depends on functionality. 

Based on this, we propose that the present stars exhibit a form of soft colloidal jamming, 

here in the melt, similar to that observed in foams, emulsions and microgels at high 

volume fractions. Qualitatively similar behavior has been observed in melts of grafted 

nanoparticles. The amorphous solid material has features of a colloidal glass, i.e., an 
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extended plateau storage modulus exceeding in magnitude the weakly frequency-

dependent loss modulus, and non-ergodicity, despite the fact that the core volume 

fraction is well below 0.5810,15,42,43. Interestingly, linear viscoelastic data with 

nanoparticles of 10 nm diameter, grafted with about 380 polyisoprene chains, which 

exhibit an extended plateau region followed by a slow terminal crossover15 fit onto the 

jamming region of this diagram. The viscoelastic properties of these systems were shown 

to depend on grafting density and size of grafts and could also exhibit features of colloidal 

jamming15. Moreover, recent data with polystyrene-grafted silica nanoparticle melts 

having constant grafting density and varying molar mass of polystyrene, also comply with 

this picture40. Hence, the representation of Figure 3-4 should be generic. However, given 

that stars and grafted nanoparticles are different (in particular with respect to core size), 

we prefer to restrict our discussion to well-defined stars of the same chemistry, while 

pointing out the analogies with other systems. A more general description shall be 

presented in the future40.  

There is also an interesting analogy with microgel melts, the only other soft 

colloidal system which is chemically homogeneous. The limited available linear 

viscoelastic data on polystyrene microgels in the melt have been compared against those 

of entangled linear chains in three regimes:  (i) at high frequencies, the data reflect local 

dynamics and are indistinguishable for different systems;  (ii) the intermediate plateau 

region has an amplitude similar to that of the entanglement network and its extent in 

frequency depends on the degree of crosslinking; (iii) the terminal relaxation is slowed-

down as compared to linear polymers, and for high degrees of crosslinking it is arrested 

in the accessible frequency range, which was proposed at the time as a proof for non-

reptative polymer dynamics44,45. However, the (solvent-free) colloidal nature of such 

systems arising from excluded volume effects at the scale of the entire particle was not 

considered. The strong qualitative similarities with the present results suggest the 

possible occurrence of colloidal jamming in microgel melts as well.  

Finally but importantly, the plateau modulus of the jammed colloidal mode is 

approximately ten times smaller than the entanglement plateau of the polymeric arms. 

This has important consequences on the processability and deformability of these 

systems, making them very useful in potential applications, similarly to supersoft  
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elastomeric  bottlebrushes46,47. In particular, the polybutadiene polymers used in the 

current investigation could not be easily processed, since their high plateau modulus of 

about 1 MPa makes them prone to slip48. However, with a modulus of 100 kPa or less, 

their handling is much facilitated. Interestingly, the total molar masses of the two dense 

stars are about 5000 kg.mol-1 for f=875 and 4000 kg.mol-1 for f=929. Considering pure 

reptation, linear chains of the same molar mass are estimated to have polymeric 

relaxation times of the same order of magnitude as those reported in Figure 3-3 for the 

colloidal relaxation times, hence they can also be considered as jammed, simply due to 

the larger number of entanglements; however, their modulus is prohibitively large49. 

Thus, by changing the architecture from linear to star, it is possible to obtain materials 

with tunable properties from viscoelastic liquids to solids with a modulus making them 

amenable to processing. 

3.5 - Conclusions 

Star polymers with very high functionalities (above 800) and very short arms (3 

entanglements or less) exhibit a unique linear viscoelastic spectrum in the melt: following 

arm relaxation, the slow colloidal mode exhibits a plateau with a modulus much below 

the entanglement value, and does not relax within the experimentally accessible 

frequency window. Based on analysis of the relaxation modes and comparison with stars 

having lower functionalities and longer arms, we conclude that these systems exhibit 

extrapolated normalized terminal times which are several decades slower, hence they are 

clearly different and behave like jammed colloids. The results from different star melts 

can be compiled in the form of a  simple state diagram with two control parameters, the 

branching functionality and the number of entanglements per arm (as a measure of arm 

size); this diagram shows three distinct regimes based on dynamics: polymeric, hybrid 

polymeric-colloidal and jammed. The exact boundary between these domains is 

quantitatively undetermined and it is clear that additional experiments with wider range 

of branching functionality and arm length will help resolving the jamming domain. Stars 

and microgels are different from grafted particles which are composite systems. Yet, they 

all exhibit features of jamming in the melt. Finally, the low modulus of the colloidal star 

mode suggests that high-functionality stars can be easily processable, unlike highly 

entangled linear polymers. This provides a link to other highly branched polymers like 
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bottlebrushes, dendronized or wedge polymers exhibiting non-terminal solid-like 

response and supersoft elastomeric character. 

 

Appendix 3.1 – Shift factors used for the master curves of 

linear and star polymer melts 

 

Figure A3-1a. Horizontal (aT, triangular markers) and vertical (bT, plain lines) shift factors 
used in the TTS master curves. The reference temperature used Tref was such that Tref-
Tg=73K. The dashed line through the markers is an average fit following the Williams-
Landel-Ferry (WLF) equation50 (Equation 4). The average C1 and C2 values determined from 
the fits are reported on the figure. 

log(𝑎𝑇) =
𝐶1(𝑇−𝑇𝑟𝑒𝑓)

𝐶2+𝑇−𝑇𝑟𝑒𝑓
      (Equation 4) 

The three sets of shift factors superimpose well over the range of measured 

temperatures. However, in the case of the dense star with f=875 and Ma=5.8 kg.mol-1, 

some clarification needs to be made regarding the high temperatures (273K and above). 

This corresponds to the colloidal plateau regime where the elastic modulus is much larger 

than the viscous modulus and almost independent of frequency. Therefore, the accurate 
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determination of the shift factor in this region is difficult, and indeed it is possible to see 

on the master curve that the overlap of G” for different temperatures is not perfect. This 

is a result of both the low values (and therefore inaccurate) of the phase angle in this 

region, as well as a possible breakdown of the time-temperature superposition method 

because of different mechanical processes, possibly dominated by particle contacts rather 

than constraints at the polymeric arm level. Nevertheless, within the accuracy of the 

experiments, the master curves are robust and the claim that one monomeric friction 

coefficient dictates the overall dynamics is reasonable (and consistent with the nearly 

unchanged Tg between samples). We also provide the sensitive van Gurp-Palmen plot 

(Figure A3-1b) leading to the same conclusions. 

 

Figure A3-1b. Representation of the linear viscoelastic spectra of the two highest-

functionality stars (Figure A3-1a of the main text) in the form of the van Gurp-Palmen plot 

of phase angle vs complex modulus. 

 

Appendix A3.2 – Additional linear viscoelastic spectrum 
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Figure A3-2. Linear viscoelastic spectrum of a polybutadiene star with f=64 arms and Ma=5 
kg.mol-1 per arm (red), compared to the spectrum of linear polybutadiene with a weight-
average molar mass of 155 kg.mol-1. The lines through the data are the Bob-model28 fits 
to G’ and G” in the rubbery plateau regime. The tangent of the phase angle for the star 
and the linear polymer is provided in the inset. 

 

Appendix A3.3 – Details from the MCT and BoB model fits to 

the star data 

 

Polymeric fit (Branch on branch (Bob) model): Polybutadiene star polymers 

M0= 105 g.mol-1  

Me= 1800 g.mol-1 

Plateau modulus= 106 Pa 

Code e (s) e (rad.s-1) p (s)
6405 1.30 x10-6 7.71 x105 3.58 x10-4 

12807 1.46 x10-6 6.83 x105 1.12 x10-3 
RS64PBD5 1.14 x10-6 8.74 x105 1.36 x10-4 

RS128PBD5 1.39 x10-6 7.19 x105 7.21 x10-4 
 

Colloidal fit (Mode coupling theory, MCT):  
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The contribution from energy storage due to Brownian motion was neglected51, as well as 

the dependence of the moduli on the volume fraction and size of the particles. For sample 

RS64PBD5, the applicability of the model is at the limit because the minimum in G″ cannot 

be clearly identified within the frequency range investigated. The fit used the following 

expressions for G’ and G”. 

𝐺′(𝜔) = 𝐺𝑝 + 𝐺𝜎 [Γ(1 − 𝑎
′) cos (

𝜋𝑎′

2
) (𝜔𝑡𝛽)

𝑎′

− 𝐵Γ(1 + 𝑏′) cos (
𝜋𝑏′

2
) (𝜔𝑡𝛽)

−𝑏′

] 

𝐺"(𝜔) = 𝐺𝜎 [Γ(1 − 𝑎
′) sin (

𝜋𝑎′

2
) (𝜔𝑡𝛽)

𝑎′

− 𝐵Γ(1 + 𝑏′) sin (
𝜋𝑏′

2
) (𝜔𝑡𝛽)

−𝑏′

] + 𝜂𝜔 

where Gp is the plateau modulus, G  is the viscoelastic amplitude, t is the -relaxation 

time (taken as the inverse of the frequency at which G” is minimum) and  is the high-

frequency suspension viscosity. These are the fitting parameters and are selected to best 

represent the data. 

The variables a’, b’ and B are mode coupling parameters selected in agreement with 

literature49 for colloidal hard spheres. The parameter values are given below: 

a′=0.301 

b′=0.545  

B=0.963 

 

Code t (s) G (Pa) Gp (Pa)  (Pa.s) c (s)

RS128PBD5 343.76 3507 44907 536.23 2.67 x104 
RS64PBD5 100 5953.5 87162.16 79.7 9.90 x103 
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Chapter 4 - Jamming transition in the solid regime 

of hairy colloids 

 

Abstract 

Colloidal star polymers are comprised of a large number of polymeric arms 

covalently bound to a common central core, which very small. They can be viewed as a 

limit case of grafted nanoparticles with very small core size compared to the typical size 

of the whole particle. Since they are mainly composed of polymeric arms, their dynamics 

should be somewhat similar to polymers, but with severe constraints on the localization 

of the chain end attached to the core. Here we investigate a type of star polymers with 

very high branching functionality (875 arms) and small arm length (3 entanglements) that 

display both polymeric and colloidal rheological characteristics. The melt linear 

viscoelastic spectrum reveals an unexpected second elastic plateau at low frequencies, 

which is attributed to the jamming of the centers of mass of the star particles. Upon 

dilution, this plateau remains until a completely liquid sample is obtained. The evolution 

of the value of the elastic plateau with the concentration, in addition to other linear and 

non-linear rheological properties divide the concentration range into 3 distinct regimes: 

the viscoelastic liquid, the colloidal glass and the jammed or space-filling regime in which 

we expect the volume fraction to be very close to 1. The comparison of the stars to 

previous results on polyelectrolyte microgels provides a way to distinguish between the 

polymeric and colloidal features and their evolution with concentration.  

4.1 – Introduction 

Suspensions of soft colloids at high concentration can form amorphous solid states 

called colloidal glasses1–4. Although this has been known for a long time, there is still a lot 

to understand regarding the nature of this phase transition and the structural changes in 

the organization of the particles when they enter the solid regime. For hard spheres, the 

transition is now fairly well captured by theoretical models such as the phenomenological 
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mode coupling theory (MCT)5 or its verses6–8, although its validity deep in the glass regime 

is still questionable. Over the past few years, substantial progress has been made in the 

systematic description and characterization of soft colloids and in particular microgels9, 

thanks to the progress of computer simulations10,11 and experimental techniques such as 

microscopy12. It is now established that spherical soft particles at high concentrations 

form facets when squeezed, going from a regime dominated by free volume interactions 

(thermal glass) to a regime where contacts are the main origin of the material elasticity 

(jammed glass). In good solvent, most soft particles including star polymers and microgels 

can swell because of the osmotic pressure difference between the inside and the outside 

of the particle13. This effect can lead to a swelling ratio of the order of 1000 in volume, 

depending on the equilibrium between chain stretching and osmotic pressure. Deswelling 

can therefore occur at larger concentrations due to the decrease of the osmotic pressure 

difference and the displacement of this equilibrium13. This is a second way to decrease 

the volume occupied by each particle and therefore allow a higher number concentration. 

Star polymers and some microgels also possess long dangling ends that are able to 

interdigitate at high concentrations when the particles are in contact14, therefore 

effectively reducing the total volume occupied by the particles by sharing the same 

volume between two or more particles. This type of overlap is only possible if the particles 

can somehow interpenetrate, and would therefore be absent in the case of soft elastic 

spheres, as is the case for emulsions and some microgel particles. Because of these three 

possible changes of the effective volume of the particles, the determination of the volume 

fraction of soft colloids remains a challenge.  

The solid phase formed by concentrated soft colloids can be described as a generic 

yield stress fluid, which behaves as a solid at rest but is able to flow under stress. As such, 

it becomes possible to measure the behavior of these materials under flow as if they were 

liquids. The transition between the solid state to the liquid state is often called yielding, 

and has been studied at length in numerous experimental systems and computer 

simulations15. The information given by the non-linear response and the transient regime 

of soft colloids is often complex and subject to interpretation, but may contain clues that 

are not accessible with linear experiments, that only probe the resting (quasi-equilibrated) 

material.  
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In this chapter we describe the linear and non-linear rheological response of two 

model systems in the field of soft colloids, star polymers and microgels. The aim of this 

work is to gain further insight on the microstructure-dynamics relation of these soft 

colloidal suspensions at rest and under flow, especially in the highly concentrated regime 

of microgels and up to the melt state for stars. For microgels, computer simulations and 

experiments have already provided a good understanding of the systems at low and 

intermediate concentrations, and revealed a possible transition inside the glass regime 

that was called jamming13,16. We continue the experimental work by exploring the higher 

concentrations to confirm the existence of this transition and explicitly obtain and analyze 

the rheological signatures of the jammed regime. The star polymers we use here are 

unique in that they have an extremely high number of arms (branching functionality 

f=875) which are very short (molar mass of each arm Ma=5.8kg.mol-1), and thus we expect 

that they are considerably harder than other stars from the literature17,18. Typically, star 

polymers are considered as much softer than microgels17, but the use of such dense stars 

should bridge the gap between the two. Hence, we expect a similar rheological behavior 

and ask the question of the existence of a similar jamming transition in the glass regime 

of star polymers.  

More than 35 years ago, Daoud and Cotton provided the eponymous classic model 

for the conformation of star polymers19. This model divides a star polymer in good solvent 

into three distinct parts based on scaling laws, with a dense core at the center, then a 

melt-like region and finally a Gaussian or swollen layer at the periphery. Each region has 

a specific size that depends only on the branching functionality and the size of the arms. 

In particular, the size of the core region varies like the square root of the branching 

functionality. In most cases from the literature20,21, where the branching functionality 

rarely gets larger than 150, this region remains rather small compared to the particle size, 

but in our case of extreme functionality and small arms, it may represent a large portion 

of the total size: 𝑅𝑐 ≈ 𝑏√𝑓 ≈ 15 𝑛𝑚 compared to the swollen hydrodynamic radius of 23 

nm (see Chapter 2). Since the model of Daoud and Cotton is based solely on scaling laws 

in the dilute regime, it is dangerous to explicitly derive an exact size for the core, but it is 

fair to say that it may represent a significant fraction of our stars, thus implying much 

harder interactions between particles than what has been previously studied. This makes 
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our star system a good candidate to investigate the jamming transition observed in the 

theoretically harder microgels17. 

In a first part, we present the linear viscoelastic behavior of star polymers. We 

show that the evolution of the elastic plateau modulus resembles a lot the one of 

microgels, and identify a possible transition inside of the solid regime, that we called 

jammed glass. In a second part, we explore in details the non-linear rheology of star 

polymers and show that the same transition concentration is again found at the peak of 

the critical shear rate marking the onset of flow in flow curves. In addition, the yield strain 

of the solutions is showed to increase with the concentration up to the same critical 

concentration again, after which it caps at about 10%. Fin a third part, we will show that 

the transient regime of start-up flow experiments also display an interesting evolution as 

the concentration is increased, with the appearance of second overshoot. Since this is not 

observed in microgels, we argue that this can be an effect of the interdigitation of the 

dangling chains in stars, which are virtually absent in microgels. Finally in a fourth part, 

we will describe a way to rescale the concentration, as the distance from the jamming 

point, which hints at a possible universality of jamming not only in dense stars and 

microgels, but across multiple different soft systems.  

 

4.2 - Linear viscoelastic behavior of star solutions and melts 

The frequency-dependent elastic (storage) and viscous (loss) moduli (G’ and G”, 

respectively) are presented in figure 4-1 for six concentrations representative of the 

different states of the material. For purposes of comparison with other systems, the 

concentration is normalized by the overlap concentration c*. Physically, c* describes the 

concentration beyond which the hydrodynamic volumes of the particles start to overlap. 

The overlap concentration c* provides a useful albeit questionable way of determining 

volume fraction to compare particles of different size, chemistry and architecture (see 

Appendix I).  

At the lower concentrations (0.88c* and below), the material exhibits a 

viscoelastic liquid behavior with very low elasticity. The slopes 1 and 2 for the viscous and 
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elastic moduli, respectively, are typical for materials in the terminal flow regime. The 

extrapolation of these slopes to higher frequencies marks a crossover of G’ and G” around 

1000 rad.s-1, which suggests that the material behaves as a liquid on timescales longer 

than 1 ms, in agreement with the macroscopic liquid behavior observed. The transition 

from a liquid to a solid behavior occurs between 1c* and 1.1c*, as shown by the 

progressive shifting of the crossover between G’ and G” to the lower frequencies and the 

apparition of a prolonged plateau for G’. At 1.1c* the high-frequency crossover could not 

be detected, however from the examination of the entire dataset it seems that the elastic 

plateau of G’ spans over about 3 decades of frequency which gives considerable elasticity 

to the material. The persistence of the terminal regime at low frequencies indicates that 

this material is however able to slowly flow at timescales on the order of 1s. 

 

Figure 4-1. Linear viscoelastic spectra of 6 star solutions at different concentrations 
(f=875, Ma=5.8kg.mol-1). The filled symbols represent the elastic moduli and the empty 
symbols represent the viscous moduli. The slopes of 1 and 2 are represented besides the 
data to indicate the terminal regime 
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At 1.5c*, G’ is larger than G” over the whole accessible range of frequency and 

thus the material is a solid. The magnitude of the elastic modulus increases very weakly 

with increasing frequency and the viscous modulus follows a non-monotonic frequency 

dependence with a minimum around 0.5 rad.s-1, typical of colloidal glasses and melts or 

solutions of entangled polymers. In this case, neither the magnitude of the elastic 

modulus nor the frequency range correspond to the expected values for polybutadiene 

solutions or melts. Although no experiments could be performed to verify this, it is 

strongly believed that this elastic plateau is of colloidal origin, with stars effectively 

behaving as soft colloidal particles. This behavior was observed for all concentrations 

higher than 1.5c* and up to the melt (6c*) and no significant qualitative differences were 

observed. In the melt, previous experiments showed that the elastic modulus indeed 

plateaus again at higher frequencies, and with a magnitude matching very well the 

expected value for entangled 1,4-polybutadiene (around 1 MPa). This high frequency 

plateau is very short and is only observable over about 2 decades in frequency, as 

expected for such low molecular weight arms (5.8 kg.mol-1). The master curve obtained 

by means of time-temperature superposition (TTS) for the star melt is shown in Figure 4-

2, along with the master curve of linear polybutadiene of the same microstructure, for 

reference. 
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Figure 4-2. Linear viscoelastic spectra of a linear 1,4-polybutadiene polymer and a star 1,4-
polybutadiene polymer. The filled symbols represent the elastic moduli and the empty 
symbols represent the viscous moduli. The master curves were obtained by TTS. Inset: 
Horizontal shift factor of the same materials along with the best fit to the Williams-Landel-
Ferry22 equation. 

Note on the master curve of star polymer melts: 

In addition to the observation of two elastic plateaus, we note that no terminal 

flow was detected at low frequencies, which seems to indicate a jamming of the stars. 

Because of the lack of materials, no further experiments could be performed on this star 

polymer. However, efforts have been made towards investigating the low frequency 

regime for another very dense, similar polybutadiene star (f=929, Ma=4kg.mol-1), using 

creep in the linear regime to extend the master curve. The results are presented on Figure 

4-3, at the same reference temperature as the previous master curve of Figure 4-2.  The 

linear data are converted from the longest waiting time (2 days). Despite the reasonably 

good overall shape of the full master curve, the conversion of the creep into oscillatory 

data is subject to error in this case, coming mostly from the inability of the material to 

relax fully the stress history (see Chapter 5). Therefore, the only robust conclusion that 

can be drawn from this is a lower bound for the terminal time, taken as 1/c where c is 

the lowest crossover frequency. For this star, the colloidal plateau extends for at least 9 



 
69 

 

decades to reach extremely long relaxation times at room temperature. Under these 

conditions, it is fair to state that jamming effectively takes place in this system. 

 

Figure 4-3. A) Creep compliance obtained after different waiting times (see Chapter 5). B) 
Extended master curve with the converted creep data in red. The black filled and empty 
symbols represent the elastic and viscous shear moduli respectively, obtained by TTS.  

The relative zero-shear viscosity of the suspensions first follows a Batchelor-

Einstein increase:  

 𝜂𝑟 = 1 + 2.5𝜑 + 5.2𝜑
2       (Equation 1) 

where =kc is the estimated volume fraction in dilute conditions and is proportional to 

the concentration23. At higher concentrations, the zero-shear viscosity increases rapidly 

and seems to diverge around c*. At the same time, a detectable elastic plateau modulus 

Gp can be measured and takes the value of G’ at the minimum of G” as reported on Figure 

4-4. The plateau modulus increases first rapidly with concentration to finally slows down 

around 2.5c*, similarly to the behavior of previously studied microgels13. Beyond this 

concentration, the increase of plateau modulus becomes close to linear up to the melt. 

These features provide a rheological division of the concentration range into three 

regimes: 1) 0-1c*: viscoelastic liquid; 2) 1-2.5c*: soft solid with colloidal glass signatures 

and 3) 2.5-6c* (melt): jamming regime. We differentiate the jamming regime from the 

colloidal glass in that the plateau modulus increases linearly with concentration and other 

signatures in the non-linear regime that will be described below. 
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Figure 4-4. Evolution of the relative viscosity (left axis, blue triangles) and the plateau 
modulus (right axis, black squares) as a function of the reduced concentration of star 
polymers (f=875, Ma=5.8kg.mol-1). Blue dashed line: the low concentration viscosity data 
are fitted with the Batchelor-Einstein equation (Equation 1). Black dashed line: power law 
fit followed by a linear fit to the data. Inset: Zoom on the low concentration regime.  

The same analysis of zero-shear viscosity and plateau modulus was applied to the 

microgels and very similar results were obtained (Figure 4-5). Because it is technically 

difficult to estimate the molecular weight of each microgel particle, c* is that case was 

based on the apparition of a plateau in the viscoelastic spectrum, and thus coincides with 

the first measurable value of G’ at the minimum of G”. The plateau modulus exhibits the 

same fast increase as was observed in stars, followed by a slower, linear increase at higher 

concentration. This behavior was first reported by Cloitre and Pellet16, and their data are 

included in the plot of Fig.4-5 at low and intermediate concentrations.  
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Figure 4-5. Evolution of the relative viscosity (left axis, blue triangles) and the plateau 
modulus (right axis, black squares) as a function of the reduced concentration of 
microgels. Black dashed lines: power law fit followed by a linear fit to the data. Inset: 
Zoom on the low concentration regime. 

In conclusion, the linear viscoelastic behavior of stars in solution and the melt 

appear very complex. The master curve obtained with TTS for two ultra-high-functionality 

stars show a significant colloidal behavior at low frequencies (room temperature). This 

was detailed in Chapter 3 and leads to the conclusion that a melt of dense stars is 

effectively jammed. By changing the concentration, we could follow the evolution of the 

elasticity of star and microgel suspensions. They appear to be strikingly similar, consisting 

of a first liquid regime which ends with the divergence of the viscosity and the appearance 

of a solid regime characterized by the appearance of a plateau elastic modulus. This 

modulus first increases rather fast with concentration and eventually slows down at a 

concentration of about 40 wt% (2.5 c*) for stars, beyond which its evolution is linear. We 

argue that this is the sign of a possible jamming transition in the solid regime of star 

polymers.  
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4.3 – Non-linear rheology of concentrated microgel and star 

solutions 

Figure 4-6 shows a series of curves representing the stress measured as function 

of the applied shear rate, commonly referred to as flow curves. At low concentrations 

(c<0.7c*) the stress is proportional to the applied shear rate and thus the solutions behave 

like Newtonian liquids over the entire range of shear rates. When the concentration is 

increased, the solutions become shear thinning, viscoelastic liquids (0.7c*<c<1.1c*). Upon 

further increase of the concentration, the solutions finally exhibit a yield stress and the 

behavior becomes well-predicted by the Herschel-Bulkley model (c>1.5c*), meaning that 

the steady state stress 𝜎 follows the equation 

 𝜎 = 𝜎𝑦 + 𝑘𝛾̇
𝑛        (Equation 2) 

where 𝜎𝑦 is he yield stress, k is a fit parameter often called consistency index, 𝛾̇ is the 

shear rate and n is the flow index. The solutions therefore gradually transit from the liquid 

state to the yield stress fluid behavior, i.e., they have solid-like properties at rest but are 

able to flow under a sufficiently large stress. 

 

Figure 4-6. Left: Steady-state stress as a function of the shear rate (flow curves) for star 
solutions from the dilute regime to the melt. Right: Zoom in on the high concentration flow 
curves. Color coding is the same in both plots. 

In the solid state, the stress normalized by the yield stress always follows the 

Herschel-Bulkley equation above with an approximately constant exponent of 0.3. 

Although amorphous materials following the Herschel-Bulkley equation (Equation 2) are 
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ubiquitous24–28, in the majority of investigated jammed systems the exponent is close to 

0.5. In this case, we argue that we barely explore the power-law regime, and therefore 

the accurate determination of the exponent is difficult and an actual value of 0.5 could be 

possible.  

Because the exponent is always the same though, it is possible to reduce the flow 

curves at different concentrations into a master curve by horizontally shifting all the data 

by a shift factor aC that depends on concentration. The resulting master curve can then 

be fitted with a Herschel-Bulkley model (Figure 4-7). The determination of ac is achieved 

manually by using as a reference the lowest concentration displaying a Herschel-Bulkley 

behavior (1.5c*). This process is fairly robust and accurate for all concentrations, with an 

estimated error of about 10% on the value of ac.  

 

Figure 4-7. Flow maser curve of the solutions and melt of star polymers at different 
concentration, horizontally shifted. The dashed line is the best fit of the data following the 
Herschel-Bulkley equation (Equation 2). Inset: Horizontal shift factor as a function of 
concentration for all the different solutions of star polymers.  

From the Heschel-Bulkley fits of the individual flow curves, one can calculate the 

critical shear rate:  
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 𝛾̇𝑐 = (
𝜎𝑦

𝑘
)
1
𝑛⁄         (Equation 3) 

that determines the boundary between the stress plateau regime for 𝛾̇ < 𝛾̇𝑐ℎand the 

power-law regime for 𝛾̇ > 𝛾̇𝑐ℎ. This characteristic shear rate can also be calculated from 

the shift factors and the Heschel-Bulkley fit parameters of the master curve. Interestingly, 

𝛾̇𝑐ℎ exhibits a clear non-monotonic behaviour with concentration. It first increases with 

increasing concentration up to around 100s-1 at c=2.4c* and then decreases rapidly to 

reach a value of 0.4s-1 in the melt state (Figure 4-8). Note that the relative flatness of the 

flow curves in the experimentally available range of shear rate makes the accurate 

determination of the parameters of the Herschel-Bulkley equation difficult, especially the 

flow index n, which has a big influence on the determination of the characteristic shear 

rate. However, the two methods described above are in very good agreement for all the 

data and therefore ensure a reliable estimation of the characteristic shear rate. Moreover, 

since this quantity varies by over two orders of magnitude, it does indeed reflect a change 

of behavior in the flow of the star suspensions.  

The same analysis of the flow curves of microgels revealed a similar behavior of 

the characteristic shear rate at low concentrations. However, after a first clear increase 

with concentration, the characteristic shear rate of microgel suspensions only negligibly 

decreases and arguably remains constant given the measurement uncertainty. Hence, 

there is a clear qualitative difference between the microgels and the stars flow behavior 

at high concentration.   
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Figure 4-8. Critical shear rate (see text) as a function of the reduced concentration for 
microgels and star polymers. The dashed lines are a guide to the eye. The critical shear 
rate can be obtained from two methods for the stars, either by fitting each flow curve to 
the Herschel-Bukley model (filled black circles) or by fitting the master flow curve (empty 
black squares).  

To explain this difference, we can look at the differences between microgels and 

stars. One of the most important is the presence of long dangling chains, which are 

virtually absent in these microgels. Due to their relative homogeneity of crosslinks, the 

maximum length for a dangling chain in a microgel is the distance between two crosslinks. 

This represents about 100 monomers, which is very small compared to the size of the 

particle. On the contrary, star polymers are basically made of dangling chains, except for 

a very small core in the center. Thus, stars may interdigitate over a small fraction of the 

chain length when the concentration is increased, which is effectively not possible for 

microgels. This additional mechanism allows for a different microstructure evolution as 

the concentration is increased, since it is expected that stars may overlap more at higher 

concentration. On the contrary, for microgels, the only possible way to increase the 

number density is to squeeze individual particles in a smaller volume. Thus the packing at 

higher concentration is the same as for lower concentration, except that the particles are 

effectively smaller.  
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A quantitative analysis of the critical shear rate requires more detailed 

microstructural information and more data with different systems, which are not available 

at the moment. Hence, we sketch here a suggestive path for interpretation as follows:  

In the dilute regime, stars are swollen by the solvent and we can distinguish an 

external concentration of monomer, which is equal to the average concentration, and an 

internal concentration of monomers, which is the number of monomers of a star divided 

by its typical volume. In reality, we expect that the monomer density is a function of the 

distance from the star centre19, but for the simplicity of the analysis, we consider it here 

as an average value throughout the star. In the dilute regime, the internal concentration 

is what we have referred to so far as the overlap concentration c*, and in practice this is 

the way this quantity is calculated. In theory, we therefore expect that the internal and 

the external concentrations become equal when the concentration reaches the overlap 

concentration (c=c*). In practice, it is known that the particle volume shrinks when the 

concentration is increased, due to osmotic effect29,30, and consequently the internal 

concentration increases. Although the exact dependence of the particle volume on 

concentration is not known, we expect that it is a decreasing function of the total average 

concentration (see Appendix I on volume fraction). Whether this can viewed as an 

effective transition from a good to a theta solvency condition remains unclear. 

We argue that the interpenetration of the stars arms cannot occur before the 

internal and the external (average) concentration become equal, and for the arguments 

cited above, this can only happen above the overlap concentration (c>c*). In the regime 

where the concentration is above c* but lower than the interpenetration concentration, 

particles interact as soft spheres and should therefore resemble the behavior observed in 

microgels. Since in this regime, deswelling is expected for both systems16,29, the particles 

are getting smaller and therefore the critical shear rate increases. However, when 

interpenetration starts to occur in stars, we expect that a fraction of the energy needed 

to make particles flow at a given shear rate is used to prevent the favorable 

interpenetration of stars. Thus we rationalize the increased relative stress needed for the 

stars to flow compared to the non-interpenetrating microgels. This translates into a 

steeper flow curve and therefore a smaller critical shear rate. Since we expect 

interpenetration to become more pronounced as the concentration is increased, this 



 
77 

 

effect can explain the observed decreasing behavior of the critical shear rates in stars. 

One may also see in the decreasing critical shear rate a reflection of the increasing 

disentanglement time of the arms, which can interpenetrate further when the 

concentration is increased. In fact, one could argue that interpenetration may become 

the main mechanism allowing for denser packing of stars in this regime, while this is 

impossible for microgels, which can only shrink. Interestingly, if proven true, this process 

does not seem to have a significant influence on the linear behavior, while non-linear 

experiments are more sensitive. 

In large-amplitude oscillatory measurements (LAOS), the same transition 

concentration of about 2.5c* is observed in the oscillatory yield strain of the suspensions 

(Figure 4-9). Below this concentration, the yield strain measured for stars steadily grows 

with concentration from 0 in the liquid state until a value of about 0.1. After this 

characteristic concentration of 2.5c*, the yield strain remains constant within 

experimental error up to the melt state, showing once again a smooth transition from 

concentrated suspensions to the melt in terms of rheological properties. The same 

observations were made in the case of microgel suspensions, which yield strain increased 

up to a maximum after which it remained constant.  

There is an interesting point to be made regarding this increase and the 

stabilization of the yield strain to a value of about 0.1. First, we note that this is a general 

observation in most colloidal solids31. This value is also reminiscent of the Lindemann 

criterion for atomic solids32. The Lindemann criterion states that the melting of a solid 

should occur when the thermally-induced vibration of the atoms becomes sufficient for 

the atoms to collide. In practice, this means that the typical displacement of atoms should 

be 12% of the lattice size. Colloidal suspensions can be seen as a mesoscale version of 

atomic liquids and solids33, which typical size allows for more direct observation 

techniques like microscopy. In atomic solids, the melting of the crystal is known to be 

caused by surface atoms, which vibrations are more intense and can therefore nucleate 

the melting process34. As such, it seems that the melting in atomic solids is mainly driven 

by local heterogeneities of the vibrations, mostly located at the surface for energetic 

reasons (the protection of the surface increases the effective melting temperature35, this 

process is referred to as non-thermal melting), 
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We argue that a similar process might take place in colloidal suspensions, following 

the old concept of colloids seen as mesoscale atoms36. When the solid forms, local 

heterogeneities appear since the caging effectively traps the particles in a position that is 

not the thermodynamic equilibrium. Brownian motion becomes negligible at the 

experimental time scale, and the system is effectively solid. However, shear may provide 

additional energy to the system under the form of mechanical energy. In the framework 

of the Lindemann idea, the spatial heterogeneities of colloidal glasses cause a 

heterogeneity of the stress at the particle or cluster of particle level, which focuses the 

mechanical stress in local regions of the sample. These regions will therefore melt, and 

act as nucleation points for the total yielding of the sample.  

When the concentration is increased beyond the solid transition, we expect that 

the glass becomes more homogeneous because the free volume decreases. Therefore the 

average cluster size has to increase until it reaches the total size of the sample. A case can 

be made that this happens at the jamming point, which is coherent with our description 

of jamming. Since the density heterogeneities gradually disappear, the melting nucleation 

points become sparse and therefore the yield strain increases. At the jamming, the 

position of the particles becomes somewhat homogeneous, thus the yield strain is close 

to the Lindemann value for the melting of solids. In other words, the melting occurs more 

homogeneously throughout the sample compared to the less dense thermal glass regime, 

similarly to overheated solids. Upon further increase of the concentration, local 

homogeneity is maintained and therefore the yield strain keeps a constant value. This 

provides a reasonable qualitative explanation in agreement with the observed behavior 

of the yield strain, although structural evidence and additional data would be required to 

assert this hypothesis. 

The oscillatory yield stress is also measured for each of the solutions of stars and 

microgels, and its value is plotted against the plateau modulus value in Figure 4-9. We find 

a linear dependence of the oscillatory yield stress with plateau modulus for both the 

microgels and the stars. Moreover, the star data seem to fit in the continuity of the 

microgel data, for which the recorded plateau moduli are much smaller. This may indicate 

a common behavior of this two types of soft colloids, once the differences in particle size 

and elasticity is taken into account in the plateau modulus value.   
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Figure 4-9. A) Oscillatory yield strain for microgel and star polymer solutions. B) Yield stress 
as a function of the plateau modulus for microgel and star polymer solutions. The yield 
stress for stars is estimated from oscillatory measurements (empty symbols) and from the 
fit of the flow curves with a Herschel-Bulkley model (filled symbols). 

In conclusion, the analysis of the flow curves and the large amplitude oscillatory 

shear reveal a change in the flow behavior of star solutions around 2.5 c*, or 40 wt%. This 

transition was already observed in the evolution of the plateau modulus, and suggests 

that these stars are able to jam beyond this concentration, by analogy with the results 

obtained with microgel suspensions. Both systems have remarkable similarities in their 

nonlinear flow behavior. However, the flow curves obtained with star solutions exhibit a 

different characteristic shear rate, which severely drops when the concentration is 

increased beyond the jamming. This may be attributed to one of the biggest differences 

between these microgels and stars, which is the presence of long dangling ends in the star 

system.  

4.4 - Transient behavior in start-up flow experiments 

The transient behavior of the stress-strain curve was measured for stars and 

microgels and is represented in Figure 4-10. The concentration of stars is 4.2c* (70 wt%) 

and the concentration of microgels is 3.3 c* (3 wt%). No waiting time was used between 

the rejuvenation and the start-up flow experiment for the stars. A waiting time of 1000s 

during which the shear rate was kept to 0 for the microgels. Both systems exhibit a stress 

overshoot at strains between 10 and 20%, typical of colloidal suspensions of all types23,37–

42. This is of the same order of magnitude as the typical oscillatory yield strain found in 

the last section.  
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Besides this first overshoot, a second broader stress overshoot appears around 

300% for the stars only. This second overshoot is peculiar and has not been observed in 

this type of experiment for purely repulsive soft colloids, however double yielding was 

suggested in large amplitude oscillatory shear measurements of intermediate 

functionality polybutadiene stars (f=110) with significantly longer arms (Ma=74.1 kg.mol-

1)14. At the time, the second process was attributed to the disentanglement of the arms 

and was found to be prone to a strong thixotropic behavior, meaning that the second 

yielding would disappear in yielded samples.  

Examples of a second stress overshoot were also reported for attractive systems, 

with the first overshoot being attributed to the breaking of the physical bonds between 

particles, delaying the breaking of the cages to much larger strains and forming a second 

overshoot43. Here, however, the stars are purely repulsive. Overshoots at the same strain 

were also reported in the case of high molecular weight polymer melts and solutions or 

low functionality stars44,45. In this case, the overshoot corresponds to the extension of the 

chain by the shear before the retraction and possible tumbling that usually lead to an 

undershoot. Therefore, this effect is particularly pronounced for long chains and high 

shear rate, namely at Weissenberg numbers higher than one. Here, the arms of the stars 

are very short (number of entanglements Z=3), therefore it is difficult to draw an analogy.  

 

Figure 4-10. Typical series of stress-strain curves for star polymers (left) and microgel 
solutions (right) obtained during a start-up flow experiment. The concentration of star 
polymers (left) is 4.2 c* (70 wt%) and he concentration of microgels (right) is 3 c* (3.3 
wt%). 
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Figure 4-11 shows the evolution of the shape of the stress-strain curves for 

different concentrations from 1.1 c* to the melt. All other parameters that are known to 

influence the intensity or the position of the overshoots are kept constant, namely the 

shear rate and the aging time (see below). It is clear from this figure that the first 

overshoot relatively increases compared to the steady state value, whereas the second 

overshoot rapidly disappears as the concentration decreases. In fact, below 3c* (which 

corresponds to 50 wt% of polymer) it is virtually absent. Although the boundary is not very 

clear, it fits the previously mentioned idea of a transition from a glass regime (c<2.5c*) to 

a jammed regime (c>2.5c*) that resembles the melt.  

 

Figure 4-11. Evolution of the stress-strain curves of star polymers as a function of 
concentration. The stress is divided by the steady state value to make the comparison 
easier. Inset: Evolution of the first (filled symbols) and 2nd (empty symbols) relative stress 
overshoot with the concentration of star polymers. 

In addition to their dependence in shear rate and concentration, the overshoots, 

and in particular the first overshoot, also significantly depend on the aging conditions. 

Each experiment was usually preceded by a rejuvenation step that consisted of a 60s 

oscillatory shearing at large deformation (100%), so that the material was reset to a 

reproducible starting state. This rejuvenation has an effect on the results of the 
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subsequent experiments (see Chapter 5), but this effect is controlled and reproducible. 

The waiting time between this rejuvenation and the actual experiment that follows is 

what we call here the age of the sample. It was found, as shown on Figure 4-12, that the 

waiting time has a significant effect on the relative magnitude of the first overshoot for 

both microgels and star solutions. The insets in Figure 4-12 represent the evolution of the 

relative intensity of the overshoots for both stars and microgels. The lin-log 

representation indicates a logarithmic increase of the 1st overshoot for both systems, 

while almost no influence is found for the 2nd overshoot.  

 

Figure 4-12. Aging of the stress-strain curve for star polymers (left) and microgels (right). 
The concentration of star polymers is 4.2 c* (70 wt%) and the shear rate is 0.1s-1. The 
concentration of microgels is 3.3 c* (3% wt) and the shear rate is 1s-1. Insets: Aging 
evolution of the relative intensity of the stress overshoots for star polymers (left) and 
microgels (right). 

The evolution of the first overshoot with waiting time is a very commonly observed 

phenomenon in colloidal suspensions, and has been observed in multiple systems with 

completely different chemistry and structure40,43,46,47. While this may point towards a 

certain universality of the phenomenon, models usually have to account for the 

particularities of the systems to explain the data. One recurring idea among the different 

explanations is the build-up of a particular microstructure during the waiting time, which 

then requires additional energy to break down. This can be for instance the coarsening of 

a gel, or particle rearrangements towards the thermodynamic equilibrium (crystal) for a 

glass. 
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In this case, the 1st overshoot happens at a strain value comparable to the yield 

strain (10%). This seems to indicate that the overshoot comes from a process at the scale 

of the particle. Furthermore, the timescale of the build-up is rather long, of the order of 

1,000 to 10,000s for both systems. This corresponds very well with the slow decrease of 

the internal stress resulting from the rejuvenation, which will be described in detail in 

Chapter 5. The slow relaxation of the internal stress may come from the relaxation of the 

anisotropy of the particles induced by shear at high deformation10,48, such as during the 

rejuvenation experiment. Therefore we suggest that the excess of stress causing the 1st 

overshoot is due to the deformation of the initially spherical particles along the 

compression and elongation axes of the shear. Right after the rejuvenation, particles are 

already anisotropic and therefore no additional stress is needed to deform them. After a 

long time however, they have relaxed back into a more spherical shape and a higher stress 

is therefore needed to make them flow. This hypothesis is also in agreement with the 

observation at different concentrations and shear rates, since we expect the particles to 

be more pre-deformed at high concentration (therefore the 1st overshoot is relatively 

smaller) and that a higher shear rate deforms the particles more (therefore the 1st 

overshoot is relatively bigger).  

The case of the 2nd overshoot is peculiar. Based on the strain value, we expect that 

this overshoot relates to a length scale much bigger than the particles. Since it is absent 

in microgels, we turn our attention towards the differences between the two systems. 

One of the main differences is the absence of long dangling ends in the case of microgels, 

as already mentioned. Based on the understanding developed in the melt rheology 

(Chapter 3), it seems possible that chains interpenetrate other neighboring stars. This may 

create an effective transient attraction49 between neighboring stars, since the 

disengagement from the neighbors should come at a small but non-zero energy cost.  

By analogy with the attractive systems, we may argue that during shear, the stars 

first deform (origin of the 1st overshoot) and then flow, but bigger clusters are formed. 

The break-up of these clusters as the flow continues is progressive, thus the very broad 

character of the 2nd overshoot, and happens at much larger length scales. This may not be 

the case in more dilute solutions because the interdigitation of the star arms is not 
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favored, thus explaining the observation that the 2nd overshoot only appears at high 

concentrations.  

By assuming that star arms entangle like linear chains of the same molar mass, we 

use the well-known scaling law50 for the diluted entanglement molecular weight 𝑀𝑒(𝜑) =

𝑀𝑒(𝑚𝑒𝑙𝑡)𝜑
−1

3⁄ . When the entanglement molecular weight becomes equal to the arm 

molecular weight at a concentration of about 40 wt%, or 2.4c* (Figure 4-13), we have the 

occurrence of entanglements. Although this is an approximation, it is consistent with the 

experimental data. 

 

Figure 4-13. Calculation of the effective molar mass between two entanglements for linear 
1,4-polybutadiene. The horizontal blue dashed line represent the molar mass of one star 
arm. The blue dashed arrow points towards the concentration at which one star arm 
becomes as long as the average length between two entanglements. 

In conclusion, the transient behaviors of star and microgel solutions are 

characterized by a common 1st overshoot, while only the stars exhibit a 2nd overshoot at 

higher strains. The origin of these overshoots is tentatively (in the absence of structural 

evidence) attributed to the breaking of microstructure, which is the underlying common 

explanation for stress overshoots in colloidal suspensions. Based on the evolution of these 

overshoots with shear rate, concentration and waiting time, we postulate their possible 
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origin. The first overshoot may result from the slow recovery of the positional anisotropy 

after shear (in strong connection with Chapter 5), while the second overshoot may arise 

from the interdigitation of the stars at high concentrations, forming transient clusters. 

These results need more evidence to be asserted, but the current hypothesis seem to 

explain the available data. 

4.5 - Jamming and the transition towards fragile behavior 

Both stars and microgels exhibit a change in the evolution of some of their 

rheological properties inside the glass regime. For both systems, this manifests as a 

slowdown of the increase of the plateau modulus vs concentration and a saturation of the 

oscillatory yield strain to a maximum value of about 10%. In addition, we also observe a 

peak of the critical shear rate of the flow curves of stars at the same concentration, which 

seems to roughly correspond to the critical concentration at which entanglements could 

form in linear polymers of the size of the stars arms. The development of a second 

overshoot in the transient regime of start-up flow experiments also highlights the 

importance of the dangling ends in stars, which are absent in the microgels. Overall, we 

tried to bring more elements towards the understanding of the solid regime in soft 

colloids, by comparing the two main model systems and linking the macroscopic 

properties to their microstructure.  

Another approach of this question is to consider the liquid-to-solid transition as an 

effective phase transition, and therefore some properties of the sample should depend 

not on the absolute value of the concentration, but rather on the distance from the 

transition. A well-known example is the divergence of the viscosity at the solidification 

point17,23. For hard spheres, different models have been developed through the years51–

53, but they all agree on the divergence of the viscosity as a power law of the distance of 

the volume fraction to the critical volume fraction, most often called maximum packing 

fraction54. For some colloids, the determination of this critical packing fraction is often 

delicate, since the softness allows for shape and size changes with the concentration. 

Experimentally however, the viscosity of many soft systems can be fitted to the same 

functional form as hard spheres, and allows for the determination of the maximum 

packing fraction. In Appendix I, we also propose a naïve model for the determination of 
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the volume fraction of soft colloids based on the mapping to hard sphere viscosity. Here, 

we focus the idea that properties may depend on the distance from the transition.  

In the solid regime, we propose a scaling of the plateau modulus as a function of 

the difference between the concentration and a critical concentration, that we call cj 

(Figure 4-14). This critical concentration is obtained for the stars by manual trial-and-error 

until a slope of 1 is achieved. Then the corresponding value of the plateau modulus 

Gp,j=Gp(cj) is used to normalize the value of the plateau modulus. After this step, we 

manually adjust cj for all the other systems to superimpose the data on the star data. 

By dividing the elastic modulus value by its value at the concentration cj, we 

account for the different chemistry, size or suspending medium properties. On Figure 4-

14, we see that the data for the stars and the microgels collapses very well, and have a 

linear dependence on the distance to the critical concentration.  In addition, we have also 

added numerous other systems from the literature, with different chemistry (PB28,55, PS56 

and PMMAcoPMA13,16), structure (stars, microgels and micelles), softness and even shape 

(cylinders and spheres).  

This scaling highlights the possible universality of the evolution of the elastic 

modulus in numerous, very different soft systems. On Figure 4-14, we show both a log-lin 

and a log-log scaling to better appreciate the behavior of the different systems before the 

critical concentration cj. In particular, we find that for of these systems, the critical 

concentration is very close to the concentration at which the liquid-to-solid transition 

occurs, postulating that the jamming regime actually appears very early in the solid 

regime. In the case of the very high functionality stars studied in detail here, the overlap 

concentration (16 wt%) and the critical concentration (17wt%) could be considered the 

same. Although the linear scaling of the plateau modulus in the jammed regime was 

already reported before for microgels16, the similarities brought up by this analysis 

concern all types of systems. In particular, the data set “soft stars” on Figure 4-14 

represent data from the literature28 for stars with a functionality of f=391 and a molecular 

weight of the arms of Ma=24.4 kg.mol-1. The functionality is therefore much lower than 

the one of the stars that have been studied here, and the arms are significantly longer as 

well. Thus this analogy is not limited to extreme cases of star polymers.  
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Figure 4-14. The dependence of the elastic plateau modulus Gp, normalized by its value at 
the critical concentration Gp,j, as a function of the normalized distance to the jamming 
point c/cj-1. Left: The log-lin scaling displays the data before and after the critical 
concentration cj. Right: The log-log scaling shows the linear dependence of the plateau 
modulus in the jamming region.  

In the framework of colloidal glasses, one can distinguish two types of glasses. The 

thermal glass marks the apparition of the solid regime and the divergence of the viscosity. 

The elasticity is dominated by excluded volume interactions at the size of the particles, 

meaning that the particles are effectively trapped in a cage of neighbors, which restricts 

their long-time diffusion. This is the glass formed by pure hard spheres3,24,57,58,58, since 

their interaction potential becomes infinite at contact. This is the reason why the elastic 

modulus of hard sphere glasses ultimately scales with the thermal energy per unit volume:  

𝐺𝑝~
𝑘𝐵𝑇

𝑅3
     (Equation 3) 

where kB is the Boltzmann constant, T is the temperature and R is the particle radius. 

On the other hand, soft colloids can interact beyond their contact point, which 

leaves room for denser packings. The transition from an entropy-dominated solid to a 

contact-dominated solid is what we call jamming25. In this regime, we expect the elasticity 

of the bulk material to come primarily from the deformation of the individual particles 

composing it. This is accounted for in Figure 4-14 in the rescaling by the critical modulus 

Gp,j. Based on this representation, it seems that jamming is a common feature throughout 

a wide range of soft systems despite different physics and interactions between the 

particles. 
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One may then wonder what happens when the concentration keeps increasing 

way beyond the jamming transition. For the dense stars studied here, the maximum 

concentration is the melt, where no solvent is present. From the available data shown in 

this chapter, the transition from the solution to the melt seems gradual, with no specific 

changes in the rheological properties. From the jamming point up, the material properties 

evolve smoothly to the melt properties. For microgels, the situation is different. In theory, 

since c*=0.9 wt%, we may expect that the pure material should have a maximum 

concentration of about 100 times the overlap concentration. However, it is very difficult 

experimentally to obtain homogeneous solutions with a concentration beyond 10 to 15 

times the overlap concentration.  

At these concentrations, we start to observe that the material behaves more and 

more like a macroscopic gel and less like a typical colloidal glass. From a rheological point 

of view, it becomes impossible to make the material flow, and any experiment carried out 

in the nonlinear regime results in the breaking of the sample. This is manifested for 

example in the absence of steady state in the start-up experiments, even at moderate 

shear rates, as shown on figure 4-15 below. This behavior was not observed for stars up 

to the melt state, and steady state could always be obtained consistently at low and 

moderate shear rates (𝛾̇ < 10𝑠−1).  
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Figure 4-15. Stress-strain curves of a highly concentrated microgel solution (12 wt%) at 
different shear rates. The steady state is never achieved because the material breaks at 
high strains. 

In situ measurement of the flow profiles during the shearing of highly 

concentrated microgel solution using particle imaging velocimetry (PIV) were made and 

showed a significant variation with time. This was interpreted as the signature of transient 

shear banding, and was coherent with the macroscopic observation that the material 

could not flow. This is shown on Figure 4-16, along with close-up photographs of the 

material in this high concentration regime (15 wt%) compared to the jammed regime (5 

wt%). The theoretical linear flow profile is also represented as a reference. We used for 

this experiment a metal cone and a glass plate with a diameter of 40mm and a cone angle 

of 2. The differences observed at the lower concentration come from the slipping of the 

sample on the bottom glass plate, as will be further investigated in Appendix II. 
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Figure 4-16. Flow profiles of a 5 wt% (left) and a 12 wt% (right) of microgels measured 
with PIV. The dashed lines represent the theoretical flow profiles. For the 12 wt% solution, 
flow profiles were measured at different times after the start of the shear (see caption). 
Close-up photographs of the material are in inset to show the visual differences of the two 
solutions.  

As a conclusion, we showed that the jamming regime of different types of soft 

systems with different characteristic can be compared using an appropriate scaling based 

on the distance from the jamming point. When properly rescaled, the elastic modulus of 

all these different soft colloidal particles has a similar evolution with the concentration, 

which suggests that jamming may be in fact a common feature of many soft systems. 

However, the experimentally accessible range of concentrations is different is these 

different colloidal particles. We took as an example the difference between stars, which 

can be used in the melt state, and the microgels, which form heterogeneous, breakable 

solids when the concentration is increased beyond 10 to 15 times their overlap 

concentration. 

4.6 – Conclusions  

This chapter presented in details the comparison of the rheological behavior of 

two model soft systems, star polymers and microgels. The stars were chosen for their 

extremely high functionality (f=875 arms) and low molecular weight of the arms (Ma=5.8 

kg.mol-1) to bridge the softness gap between stars and microgels. The systematic 

comparison of the two systems revealed striking resemblances, leading to the conclusion 

that these stars could indeed jam similarly to what had been found for microgels. This 

elasticity in this regime mostly comes from the elastic contacts between the soft particles, 
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contrary to the thermal glass where elasticity is dominated by the thermal energy kBT. 

This is manifested in rheology by a slower increase of the elastic plateau modulus vs 

concentration and the capping of the yield strain to about 10%. In addition, we found that 

stars also exhibit differences compared to microgels in this regime. The appearance of a 

second overshoot in the transient regime of start-up flow experiments and the non-

monotonic behavior of the critical shear rate of flow curves have not been reported for 

microgels, and we argue that these differences arise from the interdigitation of dangling 

chains in stars, which are absent in these microgels.  

We have extended our analysis by rescaling the concentrations of multiple soft 

systems to highlight the similar evolution of the elastic plateau modulus in the jammed 

regime. As is the case for viscosity in the liquid-to-solid transition, the value of the plateau 

modulus of jammed systems depends on the distance from the jamming point, and we 

found a linear dependence holds true for various soft colloidal suspensions such as core-

shell particles, microgels and star polymers. Finally, we showed that the experimentally 

accessible range of concentrations is ultimately limited for microgels, which form fragile 

solids at very high concentrations. For star polymers, there is a smooth evolution from the 

jammed regime to the melt, which marks a departure from microgels.  
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Chapter 5 - Stress relaxation and internal stresses 

 

Abstract 

This chapter focuses on the stress relaxation mechanisms of star polymer solutions 

and melt following the cessation of steady shear flow, which is obviously in strong relation 

with the different mechanisms associated with yielding and the flow behavior. Indeed, we 

find that the stress relaxation is very slow in the concentrated solutions of star polymers, 

as already suggested by the extremely long relaxation time of the shear modulus and the 

aging behavior. Similarly to what has been observed in microgels and hard spheres, the 

stress relaxation of star glasses can be separated into two processes. The fast process 

appears primarily associated with the relaxation of the viscous stress, described by the 

Herschel-Bulkley model. The second process is always present, even below the yield stress 

in the linear regime, and is associated with the slow motion of displaced particles back to 

their initial configuration. In addition, we show that the typical length scales of both 

processes seem to scale with the inverse of the pre-shear rate preceding the relaxation. 

We find that the stress relaxation is extremely sensitive to shear history. Finally, we show 

that low-stress value creep experiments provide a good way to explore the non-yielded 

relaxation behavior of the star solutions, which is dominated by the effect of the internal 

stress.  

5.1 - Introduction 

Stars with an extremely high number of small arms show a very rich rheological 

behavior, as demonstrated in Chapters 3 and 4 of this work. At high concentration in a 

good solvent, they form a solid disordered phase, commonly referred to as a glass, which 

can be described as a yield stress fluid. At rest, these star solutions do not show any 

terminal regime1, meaning that the diffusion of particles is extremely slow compared to 

the experimental time scale. Effectively, they behave as jammed soft colloids. However, 

under a stress larger than their yield stress, star solutions are able to deform and/or flow, 

meaning that their microstructure is able to rearrange in order to accommodate for the 

relative motion of particles.  
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This property makes these stars (and yield stress fluids in general) a type of 

material with solid properties in the linear regime, where the stress and the deformation 

are small, that turn into liquid properties in the nonlinear regime. This transition is often 

called yielding, and has been the subject of numerous studies in the field2. Under flow, 

the materials usually stabilize in a steady state, in which the properties of the material are 

independent of time, but can be different from the properties at rest. In particular, for the 

case of concentrated soft colloids, it was found that shear can induce large changes in the 

microstructure, such as a local heterogeneity of the density and particle anisotropy3. After 

cessation of flow, the material relaxes back towards its resting state.  

In this chapter, we study the yielding and the relaxation of concentrated solutions 

of dense stars through as systematic study of the stress relaxation after cessation of flow 

at different shear rates and concentrations, completed by stress-controlled experiments 

below and above the yield stress.  

In a first part, we show that these experiments reveal a complex relaxation 

mechanism that can be described by two processes, similarly to what has been reported 

for microgels4,5, comb polymers6 and hard spheres7. The magnitude and the decay rate of 

the stress relaxation is closely linked to the shear characteristics, and in particular we find 

that the shear rate governs the decay rate of the stress relaxation.  

In a second part, creep experiments are used in order to probe the yielding 

behavior below and above the yield stress. This technique offers some insight at the 

different relaxation processes happening in the star solutions, and emphasizes the 

significance of slowly decaying internal stresses, 

Finally, a short third part shows the dramatic effect of the internal stress on the 

results of low-stress creep experiments and gives an attempt at quantifying its magnitude 

and timescale. 

5.2 - Stress relaxation after cessation of flow 

This part focuses on the stress relaxation of dense star solutions after the 

induction of flow at a constant shear rate. A lot of information can be obtained during the 

start-up flow experiments preceding the relaxation, which has been the main object of 
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Chapter 3. Here, we describe in details the stress decay of the star solutions following 

cessation of shear flow (𝛾̇ = 0) in this experiment. In practice, the shear rates decreases 

rapidly but not instantly, in about 50 to 100 ms (see chapter 2). We observe that the 

results strongly depend on the parameters of the start-up experiment, that we consider 

here as the pre-shear step. In particular, the value of the imposed shear rate seems to 

govern the timescale of the relaxation. 

We compare the stress relaxation of star solutions at different concentrations 

from the melt (6c*) to 18 wt% (1.1 c*). At the lowest concentration of 1.1 c* (18 wt%), 

the crossover between G’ and G” marking the transition from a liquid to a solid behavior 

happens at about 1 rad.s-1 in linear oscillatory shear (see Chapter 4). This means that this 

sample is able to relax at long times. The crossover between G’ and G” rapidly shifts 

outside of the frequency window when the concentration is increased, such that already 

at 1.5c* (24 wt%), the relaxation frequency is too slow to be measured with common 

commercial shear rheometers. Macroscopically, this means that the sample does not 

relax over experimentally accessible timescales. This has a clear influence on the stress 

relaxation after cessation of flow. At the lowest concentration of 1.1c* (18 wt%), the 

stress in the material rapidly and completely relaxes. On the contrary, for concentrations 

above 1.5c* (24 wt%), the stress relaxation is much slower and in particular, it is not 

complete. Indeed, even after considerable relaxation times, the stress value is still 

significant compared to the initial stress. In this regime of concentration, we identified 

two modes in the stress relaxation, comparable to what was already observed in other 

systems6,7 and especially microgels, in experiments and in simulations4,5. Qualitatively, at 

the end of the first fast relaxation process, the stress remains at a significant fraction of 

the initial stress, which then decays extremely slowly over time. A complete stress 

relaxation, if possible, might require between several hours and several days, depending 

on the pre-shear conditions. The relevant parameters for the description of the stress 

relaxation will be described in the following. 

The shear rate was varied between 10-3 s-1 and 10 s-1. The lower bound almost 

corresponds to the slowest shear rate possible with the instrument. The higher bound was 

chosen to avoid any fracture of the edge of the sample, or any flow instability that would 

affect the steady state during the shearing. At higher shear rates and at large final strains, 
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the sample was sometimes expelled from the gap during the experiment, which was 

immediately visible on the rheometer but also had a strong influence on the repeatability 

of the experiments. In particular, the values of the elastic and viscous moduli measured 

during the rejuvenation (see Chapter 2) were found to be very sensitive to any problems 

occurring during the high shear rates experiments.  

All experiments were carried out until the same final strain of 15 strain units was 

reached, such that low shear rates experiments took several hours and the fastest just 1.5 

seconds. As already described in Chapter 3, steady state was reached for all 

concentrations and we verified that the stress relaxation did not depend on the final strain 

at which the shearing stopped, as represented on Figure 5-1 for a shear rate of 0.02s-1. 

This threshold strain corresponds to the moment the stress reaches its steady state value, 

which is well within the nonlinear regime.  

By stopping the experiments at different strains, we see that the shape of the 

stress relaxation curve changes from a single-mode to a double-mode relaxation. The data 

at the lower strain of 2%, in the linear regime, exhibit an almost constant stress even 

approximately one second after the cessation of the shear, and then decays slowly. After 

100s, the residual stress is approximately 40% of the initial stress, showing that this 

material exhibits extremely slow elastic recoil. As the final strain is increased before the 

relaxation, we observe the gradual yielding of the material and the apparition of a fast 

relaxation mode followed by apparently the same slow relaxation mode (Figure 5-1). It is 

interesting to note that the slopes of stress vs time in this lin-log representation seem to 

be the same for the intermediate (10% and 20%) and high strains (100% and above), 

suggestive of a similar mechanism for the stress relaxation. This experiment was repeated 

at a shear rate of 0.2s-1 and the results are qualitatively similar (see Appendix A5-1). Due 

to the minimum response time of the instrument (of about 20 ms), it was difficult to 

measure the relaxation after a final strain of less than 20% in this case, which is already 

partly yielded. Although the observed behavior is qualitatively the same for both shear 

rates, the relaxation is much faster at higher shear rate, which leads to consider the shear 

rate as the main parameter describing stress relaxation processes. 
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Figure 5-1. Left: Stress evolution during a start-up flow experiment and subsequent stress 
relaxation (𝛾̇ = 0) after different final strains before and after the yielding point. Right: 
Stress relaxation as a function of the time after flow cessation after different final strains 
(𝛾̇ = 0.02𝑠−1). The concentration is 3 c* (50 wt%) and the yield stress is 4.8kPa. 

Figure 5-2 presents a typical series of stress relaxation curves after cessation of 

flow. The time origin is taken at the moment of flow cessation where the shear rate is 

immediately reduced from its imposed value to 0. In reality, the complete cessation of 

flow takes about 50 to 100ms due to the instrument inertia and lag time, therefore no 

reliable conclusions can be drawn from data faster than this timescale. This accuracy is 

sufficient in most of the cases studied here, but effectively puts an additional limitation 

into the investigation of the higher shear rates. Figure 5-2 shows that the relaxation 

process depends significantly on the pre-shearing conditions, and especially the value of 

the imposed shear rate. Although the conditions of the relaxation are the same in all cases 

(𝛾̇ = 0), the relaxation of stress becomes faster as the pre-shear rate is increased. The 

initial stress at the start of the relaxation increases with shear rate, since the steady state 

stress during the pre-shear follows the Herschel-Bulkley equation (see Chapter 4). At the 

lowest shear rates, this stress remains almost constant for nearly 10s after the cessation 

of flow, while it drops faster than the time resolution of the instrument (~20 ms) for the 

highest shear rates. Therefore, after a given time of stress relaxation, the remaining stress 

is lower if the pre-shear was carried out at a higher shear rate.  
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Figure 5-2. Representation of a typical series of stress relaxation after cessation of flow 
at different shear rates. 

As observed before, the relaxation occurs through a two-step process. In microgel 

suspensions, which have proven to be very similar to these star solutions from a 

rheological point of view, the two-step process was explained as follows. First, the 

material solidifies. During this process, the velocity of recoiling particles was found to be 

ballistic, with a fast return of the number of neighbors to the equilibrium value. During 

shear, the average distribution of particles is anisotropic, with an accumulation of 

particles along the compression axis. Although this compresses the particles and allow 

them to flow, the material must return to an isotropic state after the cessation of shear. 

Since the particles are trapped in cages formed by their neighbors, this mechanism is very 

slow and was proposed to explain the second mode of the stress relaxation4,5.  

Interestingly, by scaling the stress relaxation time with the pre-shear rate and the 

respective relaxing stress with the steady state stress, the relaxation curves always start 

to decay at the same scaled time (Figure 5-3). This has been observed in most of the 

experiments conducted at different concentrations from the melt to the limit of the solid 

regime, with the exception of only a few (the long duration of the experiment makes them 

very susceptible to slight changes of the environment, in particular room temperature). 
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The characteristic time of the first relaxation process therefore seems to scale linearly 

with the inverse of the pre-shear rate. This is slightly different from what has been 

observed in computer simulations and experiments using microgels viewed as soft elastic 

spheres. In that case, the scaling for the short time relaxation was found to be 

𝜏~𝛾̇−0.7while here we found 𝜏~𝛾̇−1. This small albeit significant variation may be due to 

the different protocols used in the experiments. Here, we used a shear-rate controlled 

experiment, while the experiments and simulations on microgels were performed 

controlling the stress. We verified that in the case of stars, the 0.71 power law scaling 

yielded significantly worse results.  

In some cases but not always, the stress seems to drop suddenly during the 

relaxation (see for example 2.7c*, 5.3c* or 6c* in Figure 5-3). This drop seems to occur 

very rarely, following different pre-shear rates and at different concentrations. It was also 

not reproducibly measured following the exact same experimental conditions, although 

this was not tested thoroughly. Based on this empirical evidence, we may argue that the 

stress drops during the relaxation due to an avalanche process. This is caused by the 

progressive accumulation of stress in a localized region of the sample, which can be 

suddenly released and trigger a chain reaction leading to the reorganization of a 

significant fraction of the sample and therefore the sudden decrease of the stress. This 

event generally cannot be detected at the macroscopic level and therefore appears 

random, and it was observed in hard sphere glasses during stress relaxation and creep8. 

This argument is also in direct agreement with the origin of the slow relaxation that 

reflects slow particle rearrangement (see the next paragraphs). In addition, the concept 

of avalanche flows mostly comes from flowing granular materials9–11, which again is in 

good agreement with our idea of jamming. 
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Figure 5-3. Evolution of the stress divided by the initial stress as a function of time 
normalized by the preshear rate for different shear rates and concentrations. The 
concentrations vary between the melt and the last solid sample and are given as a function 
of the overlap concentration c*=16.6% wt. 

Additionally, the scaling proposed for microgels also includes a dependence of the 

relaxation time on the material elastic modulus G0. In the case of stars, the elastic shear 

modulus at the minimum of G” was taken as the plateau modulus G0, and effectively varies 

between 1 and 100kPa as function of concentration. Figure 5-4 represents the stress 

relaxation curves at two given shear rates of 0.01s-1 and 0.1s-1 for a wide range of 

concentrations. In this figure, the time was multiplied by the shear rate and the stress was 
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divided by the initial stress, as described above. The data shows that the relaxation is 

always very similar for all the concentrations expect the smallest two. At 1.8c* (30 wt%) 

and above, the stress relaxation is almost independent of the concentration, and 

therefore independent of the plateau modulus. The non-monotonic evolution of this 

family of curves suggests that the small variations of the stress relaxation may be 

attributed to small changes in the experimental conditions, such as loading conditions or 

room temperature.  

Overall, we argue that the scaled stress relaxation above 1.8c* can be considered 

identical and independent of concentration. At 1.1c* (18 wt%), the linear viscoselastic 

data shows that the material can relax at timescales of the order of 1s (see Chapter 4), 

which translates here into a rapidly decreasing stress after the cessation of flow. An 

interesting case is the one of the 1.5c* (25 wt%) solution as discussed below. The same 

qualitative behavior as the higher concentrations is observed, but the remaining fraction 

of the stress after a given time following the cessation of flow is significantly lower than 

for all the other concentration. Judging by the shape of the curve, the initial scaled 

relaxation time does not seem to change drastically between the 1.5c* solution and the 

rest, but the magnitude of the relaxation seems to increase. Obviously, residual stresses 

cannot exist in a liquid sample with a short relaxation time, as displayed for instance for 

the 1.1c* solution here, and therefore the 1.5c* solution may exhibit a transition behavior 

between the liquid-like behavior at low concentrations and the solid behavior at 1.8c* 

and above. 

 

Figure 5-4. Stress divided by the initial stress as a function of time normalized by the 
preshear rate for a series of start solutions at different concentrations after a start-up flow 
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experiment with a constant shear rate of 0.1s-1 (left) and 0.01s-1 (right). The concentrations 
vary between the melt and the last solid sample and are given as a function of the overlap 
concentration c*=16.6 wt%. 

 

The second relaxation process is much slower and happens after the fast 

relaxation described above. Remarkably, at the end of the first relaxation, the absolute 

value of the stress is almost constant for every shear rate at a given concentration. This 

can be observed in Figure 5-5 showing the stress relaxation against the scaled time, where 

all the stress curves seem to group up at the end of the first process. This slow process 

can be described as a logarithmic decay or a very weak power law, with a decay rate that 

seems to be independent of or only very weakly dependent on the pre-shear rate. For the 

lowest achievable pre-shear rates, the magnitude of the first relaxation process is very 

small and most of the stress relaxation occurs during the second process. Although no 

quantitative modelling could be developed to understand the stress relaxation, one can 

qualitatively describe it as follows:  

The pre-shear stress is well described by a Herschel-Bulkley model such that the 

steady state stress at the end of the pre-shear process is a sum of two stress components, 

the yield stress 𝜎𝑦 and the stress coming from the flow 𝜎𝑓 = 𝑘𝛾̇𝑛. We observed that the 

magnitude of the first process depends strongly on the shear rate, while the stress 

relaxation after the end of this process is very similar for all shear rates. Therefore, it is 

possible that the excess stress coming from the second term of the Herschel-Bulkley 

equation is related to the first process. Because it seems to come from the ability of the 

material to flow, the first fast process may be of viscous origin, while the second, much 

slower process comes from the elastic recovery of the material. Similarly to what was 

observed in microgels4 and hard spheres7 glasses, the first process describes the 

solidification of the material, in other words the transition from a yielded to a non-yielded 

behaviour, with a fast equilibration of the number of neighbors and reformation of the 

cages. After the first relaxation, the solid material still contains internal stresses that can 

only relax slowly due to the dense packing of the particles. These stresses originate from 

the local anisotropy of the centres of mass that have to diffuse back into a more 

favourable position. 
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While the slow elastic part of the relaxation is always present, it is possible to 

change the magnitude of the fast viscous process by applying an infinitely low shear rate. 

In practice, this is a tedious and long experiment, and a better way to approach this 

problem is by changing the type of experiments that we use. Indeed, instead of controlling 

the shear rate, it is possible to control the stress, in which case measurements below the 

yield stress are possible. This will be described in the following parts. Additionally, the fact 

that this material can retain stress during such a long time reflects a strong aging 

behaviour. The effect of aging are very limited on the linear viscoelastic behaviour, but it 

becomes very apparent in creep, and as mentioned in the last chapter, during the 

transient regime of start-up flow experiments.  

In some cases but not always, the stress seems to drop suddenly during the 

relaxation (see for example 2.7c*, 5.3c* or 6c* in Figure 5-3). This drop seems to occur 

very rarely, following different pre-shear rates and at different concentrations. It was also 

not reproducibly measured following the exact same experimental conditions, although 

this was not tested thoroughly. Based on this empirical evidence, we may argue that the 

stress drops during the relaxation due to an avalanche process. This is caused by the 

progressive accumulation of stress in a localized region of the sample, which can be 

suddenly released and trigger a chain reaction leading to the reorganization of a 

significant fraction of the sample and therefore the sudden decrease of the stress. This 

event generally cannot be detected at the macroscopic level and therefore appears 

random, and it was observed in hard sphere glasses during stress relaxation and creep8. 

This argument is also in direct agreement with the origin of the slow relaxation that 

reflects slow particle rearrangement (see the next paragraphs). In addition, the concept 

of avalanche flows mostly comes from flowing granular materials9–11, which again is in 

good agreement with our idea of jamming. 
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Figure 5-5. Evolution of the absolute stress as a function of time normalized by the pre-
shear rate for different shear rates and concentrations. The concentrations vary between 
the melt and the last solid sample and are given as a function of the overlap concentration 
c*=16.6 wt%. 

 

5.3 - Investigation of internal stresses through creep and 

stress relaxation 

We performed a series of creep and start-up experiments with a 3c* (50 wt%) 

solution of high functionality stars 12805 (f=875, Ma=5.8kg.mol-1).  The steady state stress 

of start-up experiments at different shear rates yields a flow curve that can be fitted with 
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a Herschel-Bulkley model. This provides an estimation of the yield stress of the solution 

around 4.8kPa. Each experiment was preceded by the usual rejuvenation protocol, which 

is known to induce internal stresses in the material but has the merit to remove any prior 

shear history and puts the sample in a reproducible state at the start of each 

measurement. Unless stated otherwise, there was no waiting between the rejuvenation 

and the following experiment, such that internal stresses did not relax.  

Figure 5-6 shows the evolution of strain during a series of creep experiments at 

different stresses below and above the yield stress. The creep was followed by a stress 

relaxation at constant strain (shear rate was set to zero). The results show that the shape 

of the creep curves changes so that the strain at very long time either increases slowly 

(𝛾̇ → 0) below the yield stress or deviates (𝛾̇ = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) above the yield stress12,13. This 

analysis provides a fairly similar result to the analysis of the flow curve, with an estimated 

yield stress around 4.5kPa.  

 

Figure 5-6. Evolution of the strain during creep experiments at various stresses below and 
above the yield stress for a 3c* (50 wt%) star solution. The flat region at the end marks the 
start of the stress relaxation (𝛾̇ = 0s-1). The scattering of the data at short times comes 
from the so-called ringing effect14 and do not provide useful information in this context. 

Figure 5-7 shows the results of the same experiment in terms of stress evolution. 

During the creep, the stress is constant and decreases during the relaxation at constant 

strain. These results show a clear difference in the relaxation of the yielded compared to 
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the non-yielded state. Well below the yield stress, the stress relaxation appears extremely 

slow and significant fraction of the initial stress remains in the material after 500s. This 

observation confirms the decomposition of the stress relaxation into the two processes 

described above. The fast process seems connected to the flow of the material, which can 

only occur above the yield stress. The slow process describes the elastic recoil which is 

always present. The relaxations after the creep at the three lowest stresses are almost the 

same despite the stress being three times larger. When approaching the yield stress, there 

is a transition region where the relaxation is both faster and relaxes a greater part of the 

total stress within the first 500s, while for the two larger stress values, the relaxation 

shows a clear 2-mode process, as was observed for other concentrations and other 

systems4–7. This sweep across the yield stress shows that yielding appears as a gradual 

transition rather than a sharp one.  

 

Figure 5-7. Evolution of the stress during creep and stress relaxation (𝛾̇ = 0) experiments 
at various stresses below and above the yield stress for a 3c* (50 wt%) star solution. 

 

An analysis of the relaxation mechanisms can be done by plotting the remaining 

stress after 500s of relaxation as a function of the initial stress. Figure 5-8 shows there is 

a clear non-monotonicity in the value of the residual stress, that we can be explained with 

the two-step relaxation process. Below the yield stress, only the slow relaxation takes 

place as the material remains a solid during the experiment. Therefore, the stress relaxes 
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slowly, but has a small initial value and therefore the residual stress also remains small. 

The remaining fraction of the initial stress is however large, close to 90% after 500s. When 

the initial stress is increased above the yield stress, the fast relaxation mechanism appears 

due to the effective liquefaction of the sample as discussed above. This mechanism is fast, 

only acting when the material effectively behaves as a liquid, while the slow mechanism 

always take place. Therefore, the stress relaxes quickly but no completely during the fast 

process. This causes both the absolute stress and the relative stress to go down after 500s 

of relaxation in the yielded material. Importantly, this means that the relaxation is more 

efficient above the yield stress than just below, and the absolute value of stress after 500s 

of relaxation is indeed larger for an initial stress of 4kPa compared to 5kPa, which is a 

priori unexpected and showcases the complexity of the relaxation of yield stress materials. 

 

Figure 5-8. Left axis: Value of the remaining stress 500s after the start of the stress 
relaxation experiment (𝛾̇ = 0) as a function of the initial stress. Right axis: Value of the 
remaining stress divided by the initial stress 500s after the start of the stress relaxation 
experiment (𝛾̇ = 0). The dashed line represent the yield stress estimated from the 
Herschel-Bulkley fit of the flow curve. The black and red arrows indicate the correct axis. 

 

To further demonstrate the importance of the internal stress on the material 

response, we performed creep experiments below the yield stress in the clockwise and 

anti-clockwise directions. The creep was always preceded by an oscillatory rejuvenation 

process in the non-linear regime (=100%, =1rad.s-1, 60s), described in more details in 
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Chapter 2. The final strain at the end of the rejuvenation is given by 𝛾 = 𝛾0sin (𝜔𝑡) with 

=1rad.s-1 and 0=100%. Therefore, after 60s of rejuvenation, we expect that the strain 

is 𝛾𝑓 ≈ −0.3. Internal forces should therefore be “positive”, meaning the elastic recoil of 

the sample pushes it to the “positive” (in this case, clockwise) direction.  

To emphasize the reproducibility of the results, six tests are performed, 

alternatively in the positive and negative directions. The absolute value of the strain 

evolution is presented on Figure 5-9. In this representation, the values of strain obtained 

in the negative direction have been multiplied by -1 to facilitate the comparison. This 

clearly demonstrates that the strain increases more slowly in the negative direction than 

the positive, which we attribute to the pre-constrained state of the material at the start 

of the experiment. Since the positive residual stresses from the rejuvenation effectively 

act against the imposed negative stress in this case, the result is an effectively lower stress 

in the negative direction and therefore a weaker driving force for the deformation of the 

sample. This also translates into an effectively smaller shear rate during the creep, which 

in turn influences the stress relaxation, as is shown on Figure 5-9. The positive 

experiments reveal a faster relaxation because the shear rate during the creep is higher. 

There are a few remarks to be made about this result. First, these experiments were 

performed well below the yield stress and therefore only the slow mechanism should be 

at play during the relaxation. The relaxation rate of this mechanism thus also depends on 

the shear rate, which was already demonstrated in the first part of this chapter. Secondly, 

the shear rate values during the creep are extremely small, effectively there are below 

the detection limit (5.10-4 s-1) of the instruments and are extremely noisy. The average 

shear rate can be determined from the final value of the strain divided by the time of the 

experiment, and in this case it is indeed higher for the positive experiments. However, the 

steady state during the creep and the following stress relaxation are extremely sensitive 

to the pre-shear history, and not only the average value of shear rate. In this case, the 

shear rate during creep remains small and smooth, ensuring the validity of the results.  
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Figure 5-9.Left:  Evolution of the strain as a function of time during a series of creep 
experiments in the clockwise (+2000Pa) and the counter-clockwise (-2000Pa) directions. 
Right: Comparison of the stress relaxation (𝛾̇ = 0) after the clockwise (+2000Pa) and the 
counterclockwise (-2000Pa) creep experiments. Results mostly superimpose such that only 
the last performed test is visible. We used the same star solution at a concentration of 3 
c* (50 wt%). 

We also present the evolution of the strain and the stress relaxation after different 

durations of rejuvenation, which effectively place the sample in different initial strain 

positions. Figure 5-10 shows the strain at the end of the creep as a function of the initial 

strain position, which can be changed by varying the duration of the rejuvenation protocol 

(18s, 36s, 60s and 76s). It also displays on the right axis the stress at the end of the 1000s 

stress relaxation, which has proven to be extremely sensitive to pre-shear history. The 

results show that the magnitude of the internal stress increases the further away from 

the zero position we start, and also that its direction is opposite to the direction of the 

final oscillation. In other words, the internal stress always pushes towards the zero 

position with a magnitude that depends on the distance from this zero position. 

Consequently, the shear rate is the highest when the imposed stress and the internal 

stress push in the same direction, with a starting position far from the zero position. Thus, 

the stress relaxation is also faster, since it depends on the shear rate, whereas the 

resulting stress at any point during the relaxation is smaller. The point corresponding to 

the shortest rejuvenation of 18s (initial strain of -0.75) does not comply with this scaling. 

The reproducibility and accuracy of the other results being extremely good, we attribute 

this difference to the fact that a rejuvenation of 18s was probably not enough to erase 
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completely the prior shear history, that may have an influence on this particular 

experiment.  

 

Figure 5-10. Left: Schematic explanation of the effective addition of the internal stress (i) 

and creep stress (c) in the case of positive (top) or negative (bottom) final strain after the 
rejuvenation. Right: Left axis: Measured strain after the creep experiment as a function of 
the initial strain induced by the rejuvenation. Right axis: Absolute value of the stress 1000s 
after the start of the stress relaxation (𝛾̇ = 0) following the creep experiments. The red 
and black arrows indicate the corresponding axis. 

Lastly, another point of interest for the study of the internal stresses and stress 

relaxation is to assess the validity of the creep experiments compared to start-up flow 

experiments. Below the yield stress, only creep experiments are able to reliably probe the 

properties of the sample, since even the smallest possible shear rate should impose into 

at least the yield stress value, according to the Herschel-Bulkley model: 𝜎 = 𝜎𝑦 + 𝑘𝛾̇
𝑛. 

Above the yield stress however, one can use either creep or start-up experiments. In 

theory, there should be a perfect agreement between the two techniques, since a given 

stress is associated to a given shear rate through the Herschel-Bulkley equation. In 

practice however, it was observed that this is not always the case.  

To illustrate this phenomenon, we first measured the steady state stress of the 

same solution described above at a constant shear rate of 0.2s-1. The value of 5.57kPa was 

reproducibly obtained and robust. Subsequently, we performed a creep at this exact 

stress value of 5.57kPa, above the yield stress by definition, and Figure 5-11 shows that, 
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even though the steady state stress is indeed the same, the shear rate during the creep 

experiment is always higher than 0.2s-1 and expectedly, this causes the stress relaxation 

to be faster. In particular, the shear rate at the start of the creep experiment can reach 

higher values of the order of 1s-1. However, when the stress is progressively increased 

from 0 to the desired value using a 5s stress ramp, this regime of high shear rates can be 

avoided and the shear rate remains fairly low and close to the expected value of 0.2s-1 

during the experiment. This translates into an almost identical stress relaxation, since the 

shear history conditions became very similar. This simple test illustrates once again that 

the stress relaxation of this material depends very much on its shear history and seems to 

be ultimately governed by the shear rate. Additionally, this shows that the shear rate 

overshoot at the start clearly modifies the steady state that can be reached. Although 

more precise measurements should be carried out, we expect that the microstructure 

under shear strongly depends on shear history, and therefore a previously yielded 

material may exhibit less resistance to shear, hence causing a higher steady state shear 

rate in the creep experiment. 

 

Figure 5-11. Left: Stress evolution during the creep or start-up flow experiments followed 
by stress relaxation (𝛾̇ = 0). Right: Representation of the shear rate during the creep or 
the start-up flow experiments. The concentration is 50% wt. 

 

To conclude, we have demonstrated in this part that the slow part of the stress 

relaxation is present in both the yielded and non-yielded state of the material. This is in 

agreement with the proposed explanation for its origin described in the first part, namely 

the slow return to an isotropic position of the particles after the disruption caused by the 
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flow. Since the relaxation can take up to several hours, this internal stress has a significant 

effect on the results of the following experiments, for example in the present case of low-

stress creep experiments. In addition, the relaxation of the internal stress is mainly 

governed by the pre-shear rate, which makes the material very sensitive to the shear 

history.  

5.4 - Quantification of internal stresses using low-stress creep 

experiments 

Although the linear viscoelastic behavior of the studied star melts and solutions is 

virtually unaffected by ageing, it has a clear influence on the nonlinear shear properties, 

such as the development of a stress overshoot in start-up experiments. Additionally, 

internal stresses are also a reason why creep experiments are technically difficult to 

reliably perform with this material. Since the material retains some of its shear history for 

extended periods of time, the starting point of any experiment is rarely equilibrium, and 

therefore the results may depend on the waiting time. The creep results, usually in the 

form of the creep compliance J(t), can be transformed through a series of mathematical 

operations15–17 into the frequency dependent G’() and G”(), which describe the linear 

regime. Therefore, if one wants to use the inversion of creep data to investigate the long 

time linear behavior, the creep stresses should remain low enough in order to not perturb 

the material too quickly, so that it stays at all experimental times close to its resting (quasi-

equilibrium) state. This is somehow comparable to the quasi-equilibrium conditions 

sometimes used in thermodynamics, stating that even though the initial and final states 

may be very different, the system evolves slowly through a series of quasi-equilibrium 

states and therefore it can be treated as such. This is obviously an approximation, but one 

that may provide a good representation of the actual process if each transformation is 

indeed slow enough. To apply this approximation to creep experiments, the use of very 

small stresses is required, typically less than 1% of the elastic modulus. As a consequence, 

the imposed stress might become of the order of the internal stress in the material, which 

is the case for the samples studied here.  

This superposition of internal and imposed stresses leads to a large error in the 

calculation of the creep compliance (Figure 5-12), and therefore prevents the conversion 
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of the creep data into long-time linear viscoelastic data. One solution to this problem is 

obviously to wait until all the internal stress has decayed, which can take up to several 

days in some cases. Beyond the obvious experimental tediousness of such a protocol, one 

may always wonder whether the internal stresses are effectively relaxed after a given 

time.  

 

Figure 5-12. Typical creep compliance calculated during a creep experiment at low stress 
for different values of the waiting time tw between the rejuvenation and the creep. The 
sample used here is a high functionality star (f=929, Ma=4.0 kg.mol-1) in the melt state. 

 

The effect of internal stresses on the creep behavior of a dense star melt with 

f=929 and Ma=4.0kg.mol-1 is demonstrated in Figure 5-13. It shows the measured 

compliance during a creep at very low stress, after two different rejuvenation protocols. 

As already mentioned above, an oscillatory rejuvenation at a frequency of 1rad.s-1 during 

60s will end in a negative strain compared to its starting reference point, as sin(60)=-0.30. 

Therefore, we expect that residual stress from the rejuvenation pushes the material into 

the positive direction. On the contrary, the same rejuvenation lasting 64s ends in a 

positive deformation, since sin(64)=+0.92. Therefore in this case, the residual stress 

pushes the material in the negative direction. When an insignificant stress of 1Pa is 

applied during the creep, the residual stress is much bigger than the imposed stress and 

therefore the material moves in the direction of the residual stress. When a higher creep 
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stress of 1000Pa is imposed, there are two possibilities. Either both the imposed and the 

residual stresses push in the same direction and there magnitudes add up, resulting in a 

stronger deformation of the sample; or they push in opposite directions and the stronger 

stress decides the direction of the deformation. Since the residual stress decays with time, 

at long times the imposed stress is always larger and therefore the material eventually 

moves in the positive direction. Thus, an S-shaped curve (see blue curve on Figure 5-13) 

is obtained when the two stresses add up, since the effective total stress decays to a non-

zero value over time; or the strain has a non-monotonic behavior when the two stresses 

push in opposite directions, with the internal stress being the largest of the two at first, 

but the imposed stress becoming predominant at long times. This peculiar behavior also 

provides an approximation of the intensity and timescale of the internal stress. Here, 

judging by the non-monotonicity of the orange curve, the internal stress seems to have 

an effect for about 5,000s and is magnitude is comparable but bigger than 1kPa.  

 

Figure 5-13. Evolution of the strain during a series of creep experiments at different creep 
stresses and different rejuvenation times tr. The different rejuvenation times change the 
initial strain and thus induce either a positive (tr=60s) or a negative (tr=64) internal stress. 
The sample consists of a dense star (f=929, Ma=4.0 kg.mol-1) in the melt state. 

In this part we have demonstrated that the presence of slowly decaying internal 

stresses are enough to macroscopically affect the sample rheological behavior. They are 

responsible for the apparent aging of the material, meaning that time becomes an 

important factor in the reproducibility and the analysis of the data, especially for non-

linear experiments. Finally, we have tried to quantify both the magnitude and the time 
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scale of the internal stress in a melt of a dense star with f=929 and Ma=4.0 kg.mol-1, 

which will be developed more extensively in Appendix 5-2.  

Conclusions 

The stress relaxation of concentrated star suspensions exhibits an extremely rich 

behavior. It can be decomposed into two processes, a fast viscous process and a slow 

elastic process. This decomposition was already proposed for various colloidal and 

polymeric systems3–7. The proposed physical rationalization of these two mechanisms is 

first, a fast relaxation of the cages (centers of mass and numbers of neighbors), followed 

by a slower relaxation of the particle anisotropy induced by shear. This explanation may 

be equally applied to star solutions, although there are some quantitative differences. For 

example, the characteristic decay rate of the fast relaxation seems to scale linearly with 

the imposed pre-shear rate, while another slower scaling was proposed for the microgels. 

The possibility to investigate the behavior of the material below its yield stress with creep 

experiments opens a way to separate the influence of the fast and the slow relaxation 

processes, since it appears that the relaxation of stress below the yield stress is done 

almost exclusively through the slow process. This process is responsible for the 

accumulation of internal stresses inside the material, coming directly from the flow 

history, which can have a significant influence on the nonlinear properties several hours 

after the end of the shear. Therefore, the understanding of internal stresses and their 

relaxation is important for the analysis and the reproducibility of the results. In the case 

of star solutions, we demonstrated that very long waiting times of the order of several 

hours are necessary to get rid of any effect of the internal stress, which is a direct 

consequence of the extremely long terminal time observed in the linear regime. As such, 

we may consider these dense star polymer melts and solutions as effectively jammed, 

similarly to what was observed for microgels18. 

Appendices 

A5-1. Stress relaxation after an increasing total strain at 0.2s-1 
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Figure A5-1. Left: Stress evolution during a start-up flow experiment and subsequent stress 
relaxation (𝛾̇ = 0) after different final strain before and after the yielding point. Right: 
Stress relaxation as a function of the time after flow cessation after different final strains 
(𝛾̇ = 0.2𝑠−1). See text and Figure 5-2 for more details. 

 

 

A5-2. Estimation of the internal stresses from creep experiments. 

In the following we used a star with f=875 and Ma=5.8kg.mol-1, this time in a 1.8c* 

(30 wt%) solution. We performed similar creep experiments at very low creep stress and 

could again observe a strong time dependence due to the slow relaxation of the internal 

stress. There is an apparent opposition between the rheological behaviors observed in 

creep and in oscillatory shear. In the linear regime, oscillatory shear at any given aging 

time and any frequency shows that this material clearly has dominant elastic properties 

over viscous ones, with G’>>G”. However, the fact that we observe a significant increase 

or decrease of the strain after rejuvenation shows that the internal stress is able to make 

the material flow, although it is much smaller than the yield stress. This may come from 

the fact that the material is “pre-yielded”, meaning that its microstructure might still be 

affected by the shear history and therefore is able to flow under a much smaller stress.  

Going further into the analysis of these ambiguous results, we may consider the 

material not like a solid but like a very viscous liquid, which stored elastic energy during 

the rejuvenation but can only elastically recoil back slowly due to its very high viscosity. 

In other words, we can consider this sample as a very viscous liquid trying to flow, pushed 

by its internal stress. In a viscous liquid, the stress becomes proportional not to the strain, 
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as would be the case for a solid, but to the shear rate. Therefore, we can estimate the 

shear rate during the creep, which is the time derivative of the strain, and thus calculate 

the stress needed to push such a material at such a shear rate. Figure A5-2 shows the 

results obtained for the star solution at 1.8c* (30 wt%). The viscosity is estimated from 

the complex viscosity at the corresponding shear rate: 𝛾̇ ≈ 𝛾0𝜔, where 𝛾̇ is the shear rate, 

𝛾0 is the strain at which the oscillatory measurement is performed and 𝜔 is its angular 

frequency.  

 

Figure A5-2. Left: Calculated shear rate from the temporal derivative of the strain 
measured during creep experiments. Right: Calculated internal stress using the method 
described in the text. Red arrows point towards the values of the three characteristic times 
of the decay. The sample is a 1.8 c* (30 wt%) solution of a dense star with f=875 and 
Ma=5.8 kg.mol-1.  

The resulting estimation of the internal stress expectedly decays with time and can 

be well modelled by a two-step exponential decay in this case. Its maximum value is 

around 300Pa, which is somewhat larger than anticipated, but decays quickly through a 

first process. The longest relaxation time is about =700s, which means that most of the 

influence of the internal stress should disappear after 5𝜏 ≈ 3500𝑠, which is close to what 

was observed experimentally. Although more evidence is needed to confirm it, this time 

matches the timescale of the overshoot growth during start-up experiments at a 

comparable concentration, suggesting a possible link between the two phenomena.  
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Chapter 6: Interactions in dilute suspensions of 

grafted nanoparticles 

Abstract 

The dynamic properties of a colloids are mainly dictated by the microstructure of 

the particles it is made of. For soft particles, these properties are a complex function of 

different parameters. In particular for polymer-grafted nanoparticles, the grafting density 

and the corona size seem to be the two most significant components. The effect of these 

two parameters on the interactions between polymer-grafted nanoparticles is studied 

here. We use light scattering to determine the second virial coefficient (A2) and a simple 

3-component model to calculate the expected interaction potentials for each 

nanoparticle, from which a theoretical value of A2 is also derived. Experimental and 

theoretical results are compared. 

6.1 – Introduction  

Grafted nanoparticles are made of a solid core covered in polymer chains, tethered 

to the surface of the core by either physical or covalent bonds, the latter being the case 

here. The core is usually composed of an inorganic material like silica1–3, titania4 or 

different metal or metal alloys5 and can be spherical or anisotropic6, such as ellipsoidal, 

rod-shaped, flat, or even more complex. The sub-micron size of the grafted particles 

makes them prone to Brownian motion, so that they can be stable in suspension in a 

medium by balancing gravity forces. Due to their size, they are also very sensitive to 

microscopic forces such as electrostatic, depletion or Van der Waals interactions. The 

interplay between the attractive forces and the thermal noise governs the stability of the 

suspension. If attractions are too strong, the particles aggregate, and at a certain 

concentration range (depending  on the range of attraction) they can form gels7–9. If the 

interactions between particles are repulsive, the suspensions are stable. With increasing 

concentration, the particles can form colloidal crystals10–13 and (metastable) glasses10,11,14–

17, or liquid crystalline phases18–21 if they are anisotropic.  
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Since grafted nanoparticles are by nature hybrid materials, there are several ways 

one can act on the microstructure to influence the material properties. The most 

fundamental one is the choice of material and suspending medium (good/bad solvent 

conditions). While various materials can be used, the most common core material is silica, 

which is an inexpensive, relatively safe and abundant material. The polymer constituting 

the shell of the particles is selected based on the desired properties and applications of 

the material. Current synthesis methods offer a broad range of ways of grafting 

hydrophilic (polyethylene oxide22,23, polypropylene oxide24,25, polymethyl methacrylate26–

28 …) or hydrophobic (polystyrene29–31, polyisoprene32,33, polybutadiene34,35 …) polymers. 

Some polymers such as poly-N-isopropylacrylamide36 (PNIPAM) or poly(2-

(dimethylamino)ethyl methacrylate)37,37,38 (PDMAEMA) can change their interactions with 

the suspending medium in response to an external stimulus such as pH or 

temperature39,40. The grafting of such polymers onto nanoparticles allows for the design 

of responsive materials that can alter their properties at will through a good control of 

the suspending medium, or can act as nanometer-sized sensors to probe the local 

properties of the medium around them.  

Even without such specific interactions, polymeric shells will swell in the presence 

of a good solvent, introducing softness into the particles. This means that their 

interactions become more complex than the so-called hard-sphere potential, which does 

not allow for ranged interactions or particle interpenetration. These soft interactions can 

be tuned by changing the microstructure of the particles, mainly through two parameters: 

grafting density () and chain degree of polymerization (DP)41,42. Particles with longer, 

sparser chains are expected to exhibit softer behavior, which is characterized by a 

smoother pair correlation function (broader , fewer peaks) and more random ordering 

compared what is observed for hard spheres43–46.  

The characterization of the interactions of soft nanoparticles is therefore essential 

for their understanding, tailoring and extending their applications. These interactions are 

a direct consequence of their chemistry and microstructure, thus the microstructure 

directly controls the material properties. A good understanding of the significant 

parameters influencing these properties is thus needed to design new, more efficient 

materials. In this chapter, we measure and model the interactions of several well-
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characterized model polymer-grafted nanoparticles in the dilute regime by means of light-

scattering. First, we characterize the size of the particles both with static and dynamic 

light scattering. Then, we determine the apparent second virial coefficient, which reflects 

the particle interactions. Finally, we use a simple model to estimate the theoretical value 

of the second virial coefficient and conclude on the validity of this model. 

Details about the light scattering techniques and the microstructure of the 

particles are given in chapter 2. We used two sets of polymer-grafted nanoparticles. In 

the first set, the particles have a polystyrene corona of varying length and grafting density, 

grafted onto a silica core. The second set consists of two PMMA-grafted silica particles in 

which the chain length and the solvent is varied. Part of the data presented here were 

collected and analyzed by P. Bogri47 and S. Kamble48.  

6.2 – Dynamic light-scattering 

The hydrodynamic radius of each sample was measured in the dilute regime using 

dynamic light scattering as described in chapter 2. Since the cores of the particles are 

almost the same for each sample, it is expected that the total size of the particles depends 

on the grafting density, the chain length and, of course, the solvent quality. Ohno et al.42 

described a model with two regimes that depend on the monomer density in the brush. 

Based on scaling arguments, they derived the cut-off size (Equation 1) between the 

concentrated polymer brush (CPB) for r<rc and the semi-dilute polymer brush (SDPB) for 

r>rc.  

𝑟𝑐 = 𝑟0𝜎0
1/2
𝜐0
−1      (Equation 1) 

where, rc is the critical cut-off size between the two regimes, r0 is the hard core radius, 0 

is the normalized grafting density (𝜎0 = 𝜎𝑙2),  is the normalized excluded volume 

parameter (𝜐0 = √4𝜋𝜐) that depends on solvent quality and 𝑙 is the Kuhn monomer 

length. 

Qualitatively, three regimes can appear: the chains are in the CPB regime (for high 

grafting densities and/or small cores); the chains are in the SDPB (for low grafting densities 

and/or large cores); or there is a transition inside the brush from CPB to SDPB. The size of 

the particles measured in this study are reported in Figure 6-1 alongside different models 
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discussed below. The minimum size in the collapsed state and the maximum size at full 

swelling (maximum extension of the grafted chains) are also reported on the figure to 

appreciate the degree of stretching of the chains.  

 

Figure 6-1.Hyrodynamic radius as a function of the degree of polymerization. Black 
squares represent the Si-PS particles and the red squares represent the Si-PMMA particles. 
The blue squares are the calculated values of the collapsed size based on the density of PS 
(1.06 kg.l-1) and PMMA (1.18 kg.l-1). The green line represents the size at the maximum 
extension of the grafted chains (with Kuhn monomer size of 0.5 nm). The continuous 
(respectively dotted) black line is the CPB (respectively SDPB) model prediction of Ohno et 
al.42 for a grafting density of 0.6 nm-2 and monomer length of 0.5 nm. 

There is a good agreement with the CPB model for particles with grafting densities 

close to 0.6nm-2 and moderate chain length (DP<1500 monomers). The particles with the 

longest chains (DP>2000 monomers) seem to fall closer to the SDPB model. Since the CPB 

line is calculated for a grafting density of 0.6 nm-2, the data from the sample with lower 

grafting density (=0.08 nm-2) fall below the prediction of the CPB model, outlining the 

role of the grafting density on the stretching of the chains.  
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6.2 – Static light scattering 

Using static light scattering the form factors of the particles were measured. The 

scattered intensity was normalized and fitted using the “Scatter” software49 (Figure 6-2). 

We used the “core and inhomogeneous shell” model provided by the software to 

represent the hard silica core and the solvent-swollen shell of the particles. The monomer 

density in the shell was modelled as a power law with exponent −4 3⁄  50. The other 

parameters were left free and in this way we could reliably obtain a typical size for each 

particle.  

 

Figure 6-2.Example of the form factors obtained from the static light scattering of four of 
the Si-PS nanoparticles. Sample codes refer to their degree of polymerization and are given 
in each plot (see chapter 2 for details). The lines through the data are the best fits using 
the “Scatter” software (parameters are given in the blue insets).  

 

The size measured with static light scattering is somewhat different from the 

hydrodynamic radius (which is an apparent size) obtained with dynamic light scattering, 

as expected for this type of particles. We used the same analysis described above using 

the Ohno model42 for grafted nanoparticles (Figure 6-3).  
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Figure 6-3. Size extracted from static light scattering as a function of the degree of 
polymerization. Black squares represent the Si-PS particles and the red squares represent 
the Si-PMMA particles. The blue squares are the calculated values of the collapsed size 
based on the density of PS (1.06 kg.l-1) and PMMA (1.18 kg.l-1). The green line represents 
the size at the maximum extension of the grafted chains (with Kuhn monomer size of 0.5 
nm). The continuous (respectively dotted) black line is the CPB (respectively SDPB) model 
prediction of Ohno et al.42 for a grafting density of 0.6 nm-2 and monomer length of 0.5 
nm. 

The data point at DP=480 monomers and =0.27 nm-2 stands out and does not 

seem to fit the model or the rest of the data. From the form factor obtained by static light 

scattering, it was impossible to find an acceptable fit giving a radius under 150nm. 

However, the auto-correlation function obtained in dynamic light scattering resulted in a 

diffusion coefficient corresponding to a hydrodynamic radius of 140nm. Therefore we 

attribute this mismatch between the DP 480 and the rest of the data to an overestimation 

of the size by the static light scattering technique.  

The rest of the data are in very good agreement with the theoretical model, with 

a progressive transition from the CPB at low degree of polymerization to the SDPB at 

higher degrees of polymerization.  
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6.3 – Second virial coefficient 

The analysis of the evolution of the scattered intensity with the concentration 

provides information about the interactions in the dilute regime via the determination of 

the second virial coefficient A2 (see chapter 2). In the limit of small values of the scattering 

wave vector, q, and dilute conditions, the Zimm equation (chapter 2) is simplified to 

become: 

 
 𝐾𝑐

𝐼0
=

1

𝑀𝑤
+ 2𝐴2𝑐            (Equation 2) 

The representation of the quantity Kc/I0 as a function of the concentration was 

fitted with an affine function with slope 2A2 and intercept 1/Mw (Figure 6-4). Hence, the 

slope of this plot provides important qualitative information about the nature of the total 

interactions between particles in the dilute regime. The experimental values found for the 

grafted particles studied here are reported in Table 6-1, alongside other microstructural 

properties.  

 

Figure 6-4. Examples of the determination of the experimental value of the second virial 
coefficient for the Si-PS particles (left) and the Si-PMMA particles (right). Data are taken 
from S. Kamble48 and P. Bogri41,47.  

The results show that the samples with the same grafting density and lower 

degrees of polymerization (shorter chains) have negative values of A2. This suggests an 

overall attractive interaction between these particles. However, this attraction is weak 

and does not lead to aggregation or phase separation in the solutions at these 

concentrations. This was also observed in the auto-correlation functions measured via 

dynamic light scattering, which revealed only one diffusive mode at all measured 
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concentrations (example on Figure 6-5). In the case of the particles with higher degrees 

of polymerization, A2 becomes positive, meaning that the net interaction becomes mainly 

repulsive. 

 

Figure 6-5. Example of a typical field auto-correlation function of a solution of the DP1300 
particle at 0.16wt% (highest measured concentration). The angle is 90. The red line is the 
best fit of the data using a single-mode exponential decay.  

Table 6-1. Molecular characteristics of the polymer-grafted nanoparticles and their 
experimental second virial coefficient. 

Code DP 
Ma  
(kg.mol-1) 

Mw  
(106 kg.mol-1) 

  
(nm-2) 

Rh 
(nm) 

R  
(nm) 

A2 
(mol.cm3.g.-2) 

DP130 135 14 1.3 0.61 97 80 -5.62 x10-7 

DP440 441 46 2.1 0.61 123 125 -2.69 x10-6 

DP790 788 82 2.7 0.52 170 155 -4.97 x10-7 

DP980 981 102 3.0 0.49 224 171 -2.36 x10-6 

DP2690 2692 280 6.3 0.47 436 343 2.53 x10-5 

DP480 480 50 1.8 0.3 140 180 -1.29 x10-9 

DP1170 1170 122 1.6 0.08 145 142 8.39 x10-9 

DP1300 1300 135 4.3 0.53 190 171 1.84 x10-8 

DP2480 2480 258 5.5 0.39 430 227 1.49 x10-7 

PMMA 41-ver/DMF 410 41 2.8 0.65 133 133 7.3 x10-7 
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PMMA 41-toluene 410 41 2.8 0.65 123 119 9.08 x10-7 

PMMA 402-ver/DMF 4020 402 15.25 0.65 420 396 3.36 x10-6 

PMMA 41-toluene 4020 402 15.25 0.65 470 382 8.97 x10-5 

DP: degree of polymerization (number of monomers per chain); Ma: weight-average molar 

mass of one grafted chain (arm); Mw: weight-average molar mass of the particle; : 
grafting density; Rh: hydrodynamic radius of the particle (DLS); RSLS: radius of the particle 
(SLS); A2: second virial coefficient (SLS). 

The second virial coefficient can be theoretically computed from the interaction 

potential. The potential between two grafted particles was modelled by summing three 

independent components (Equation 3). The model from Likos et al.51,52 was used to model 

the steric repulsion potential of grafted chains, and a standard Van der Waals potential 

was introduced to account for the silica core-core dipole interactions. Finally, an 

additional hard core repulsive contribution was added with an energy value high enough 

to be considered infinite for all calculations.  

𝛽𝑉(𝑟) =

{
 
 

 
 
∞,                                                                                                                                                                                   𝑟 < 2𝑟0         

𝛽𝑈0 [− ln(𝑦) −
9

5
(1 − 𝑦) +

1

3
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1

30
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[
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(𝑟 𝑟0⁄ )
2
−4
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2
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[
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2
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4
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          (Equation 3) 

where y is a reduced distance such that 𝑦 =
𝑟−2𝑟0

2(𝑅−𝑟0)
, U0 and A are numerical pre-factors 

such that 𝑈0 =
𝜋3

12

(𝑅−𝑟0)
3𝑟0𝜎

𝑁𝑙2
 and 𝐴 =

3𝑘𝐵𝑇

4
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2
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16√2

(𝑛1
2−𝑛2

2)2

(𝑛1
2+𝑛2

2)
3
2⁄
, N is the degree of 

polymerization, l is the Kuhn length, kB is the Boltzmann constant, T is the temperature,  

n1 and n2 are the refractive indices of silica and toluene respectively, h is the Planck 

constant and e is the frequency of the incident light.  

The theoretical interaction potentials for the grafted particles studied here are 

depicted in Figure 6-6. The potential of the particles with the smallest degree of 

polymerization exhibits considerable short-range attraction compared to the rest of the 

particles. Due to its substantially lower grafting density compared to the other samples, 

the grafted nanoparticle DP 1170 exhibits a potential with a smoother increase, which is 
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an indication of a softer particle. The rest of the samples seem to be very similar in terms 

of interaction potential, which translates into similar theoretical values of A2.  

 

Figure 6-6. Calculated interaction potentials for the Si-PS (left) and Si-PMMA (right) 
particles. The vertical axis shows the strength of the interactions and is multiplied by 𝛽 =
1
𝑘𝐵𝑇
⁄ , the inverse of the thermal energy. The horizontal axis represent the center-to-

center distance between two particles divided by their radius (SLS).  

A theoretical value of A2 can be derived from the potential following equation 452. 

The integral over the center-to center distance r is approximated by a sum over all 

distance increments r=0.1nm. The radius of gyration RG is not known and the 

hydrodynamic size Rh is used instead.  

𝐵2
𝑡ℎ𝑞

=̂
𝑀𝑤
2 𝐴2

𝑁𝐴𝑅𝐺
3 = −2𝜋 ∫ (

𝑟

𝑅
)2 [exp (−𝛽𝑉 (

𝑟

𝑅
)) − 1)]

𝑑𝑟

𝑅

+∞

0
 (Equation 4) 

where NA is the Avogadro number and =1/kBT is the inverse of the thermal energy. 

Although this simple model accurately predicts the negative value of A2 for the 

lowest DP, the rest of the data are somewhat overestimated (Figure 6-7). In particular, 

the prediction for DP 2480 is much larger than the measured value of A2. Overall, it seems 

that the core-core attraction and the steric repulsion compensate each other in most of 

the systems studied here. There is a clear increase of both the predicted A2 and the 

measured value for the highest DP (DP 2692), which may indicate that the shells are more 

repulsive after this point. This sample also followed the SDPB model, contrary to the other 

samples which followed the CPB model (Figure 6-1). This result may be counterintuitive 

but can be explained by the fact that the shell is now less dense and therefore occupies a 
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larger volume with respect to the other samples. The respective blobs are larger (cite 

Daoud-Cotton) and the excluded volume interactions are therefore stronger and may 

explain the observed increase in A2. Concerning the sample DP 135, which exhibited more 

predominant attraction compared to the other samples, this translates into a negative 

predicted value for A2, in agreement with the experimental value.  

 

Figure 6-7. Experimental (filled symbols) and calculated (empty symbols) second virial 
coefficients for the Si-PS (black) and Si-PMMA (red) grafted nanoparticles.  

The PMMA core-shell particles were prepared in two different good solvents for 

PMMA, toluene and a mixture of o-dimethoxy benzene and dimethyl formamide (ver-

DMF), to match the optical indices of the shell and the solvent. This has an influence on 

the Van der Waals electrostatic force between the silica cores through the solvent, which 

intensity depends on the refractive indices of the materials. The refractive index of the 

mixture ver-DMF being smaller than the index of toluene, and closer to the index of silica, 

the Hamacker coefficient dictating the intensity of the attraction between the cores 

decreases by a factor of about 2. The result can be seen in the interaction potentials 

plotted in Figure 6-8. The P2-402k sample being much larger than the P2-41k sample, the 

Van der Waals attraction becomes completely screened by the steric repulsion between 

the polymeric shells, keeping them far apart. Therefore, the change of solvent does not 
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translate into a significant change in the interaction potential for the bigger particle. For 

the smaller particle P2-41k, the size of the shell is also large enough so that the attraction 

between the cores remains much smaller than kBT for both solvent, thus not inducing any 

aggregation or phase separation. The change of solvent has very little effect on the second 

virial coefficient A2, which is well predicted by the model described above in this case 

(Figure 6-7). 

6.4 – Conclusions  

In conclusion, the polymeric shells of the polymer-grafted nanoparticles studied 

here are almost always thick enough to efficiently screen the core-core Van der Waals 

attraction, except in the case of the smallest degree of polymerization (DP 135). The 

theoretical results are summarized in Figure 6-8, which shows that the chain length has a 

large impact on the particle size, but not on its potential interactions with neighboring 

particles. Expect for the shortest chains (DP 470), the corona of the particles is large 

enough to effectively screen the attractive interactions between the silica cores. 

 

Figure 6-8. Interaction potentials of all particles studied in this chapter. The horizontal axis 
is the center-to-center distance between two star-like particles. The vertical black line 
represents the effective hard core of the particles.   
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Interestingly, the sample with very low grafting density (DP 1170, =0.08 nm-2) 

does not stand out from the other samples despite having a much lower grafting density. 

Thus we can assume that the polymer chains are long enough to provide a sufficient 

screening of the Van der Waal interactions. We may expect that this sample would exhibit 

a significantly different rheological behavior at higher concentrations compared to the 

other, much more densely grafted particles. The behavior at high concentration was not 

measured but could represent an interesting question for the future, maybe indicative 

that interactions in the dilute regime and in the concentrated regime could be different. 
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Chapter 7: Conclusions and Perspectives 

 

The solid regime of colloids, and in particular the suspensions of soft particles 

investigated here, is a complex topic since it deals with out-of-equilibrium physics and 

metastable states of matter. Its study requires special attention to be paid to protocols, 

experimental conditions and data analysis, in order to ensure high quality and 

reproducibility of the data. At the same time, the potential applications of soft solids are 

countless, in numerous fields such as the petrochemical industry, plastic and rubber 

manufacturing, cosmetics, the construction industry, medicine, food products and plenty 

of others. These applications necessitate the careful design of materials with tunable 

novel mechanical, optical and/or chemical properties. Therefore, the fundamental 

understanding of the physical processes at play in these materials and their link to 

macroscopic performance are of utmost importance.  

This work focuses on the thorough examination of well-characterized, model soft 

colloidal systems and the meticulous description of their linear and nonlinear rheological 

properties. It is hoped that it advances the current state-of-the-art towards a better 

understanding of the solid colloidal regime that is necessary for establishing a clear 

connection between microstructure and material properties. For example, one main 

conclusion of chapter 3 is the effective jamming of star polymers in the melt, which had 

not been observed before. This was possible thanks to their extremely high functionality 

and the short length of the arms, and led to the elaboration of a two dimensional state 

diagram. This diagrams classifies the stars into three regimes (polymeric, hybrid and 

jammed) based on their dynamic properties and depends both on the arm size and the 

functionality. Data from the literature obtained with other high functionality stars and 

grafted nanoparticles seemed to adhere to this classification, hence strongly suggesting 

that a generic understanding of soft hairy colloids is possible. 

 Both the extreme values of functionality and arm size provided a material with 

polymeric properties at high frequencies or low temperatures, which also exhibits 

significant elasticity and does not relax stresses at low frequencies or room temperature. 
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As demonstrated in chapters 4 and 5, this allows to store mechanical energy for very long 

times. This represents a good example of the way one can tune the properties of a 

material by only changing its microstructure. It also demonstrates the ability of a purely 

polymeric material to jam, which is a rich, albeit not fully understood state of colloidal 

matter.  

We called jamming the transition inside the solid regime of colloids that occurs at 

large concentration and is characterized mainly by the contacts between the particles. 

The unique properties of soft colloids, and in particular star polymers, to squeeze and 

deform allows them to pack extremely efficiently at high concentration. Since the center-

to-center distance can become smaller than the particle size, due to the interplay of 

deformation and interpenetration, even small changes in the microstructure may greatly 

affect the rheological behavior. To elucidate this point, we compared in this work 

microgels and star polymers, which differ mostly by the presence of dangling ends in the 

latter case. This small difference did not have a significant effect at low or intermediate 

concentrations, but was found to be crucially important in controlling their nonlinear 

viscoelastic response at high concentrations in the jamming regime. This provides an 

important element to take into account for further investigation of soft colloids.  

In the linear viscoelastic regime, a generic behavior can be found in several soft 

colloids with different chemistries, microstructure and shape, such that a universal scaling 

of their linear viscoelastic properties (in particular the linear dependence of the plateau 

modulus on concentration in the jammed regime) may be possible. If further confirmed, 

this may provide a useful tool to predict the behavior of other soft colloidal systems. The 

universality of this scaling is however still unclear, and the exact requirements on the 

microstructure leading to this behavior are still mostly empirical.  

In the nonlinear regime, we also reported on the very different mechanical 

behavior of stars and microgels when the concentration was increased. While star 

polymers maintained their ability to flow under shear even in the melt, microgels 

exhibited a much more fragile behavior and fractured under large strains. The exact origin 

of fracture and, in more general terms, the possible link of ductile or fragile response to 

details of particle microstructure are still unclear and could represent an axis for further 
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investigations. The measurement of velocity profiles during shear is an appropriate 

technique for this purpose. 

As mentioned above, the solid state of colloids is by nature a non-equilibrium 

state. Hence, its physical properties can evolve in time, a process which we referred to in 

this work as aging. Since the mechanical properties, especially in the nonlinear regime, 

depended very much on the aging time of a sample, we used a simple rejuvenation 

protocol able to put the materials back into a reproducible state before conducting further 

measurements. The exact influence of this protocol on the results of the measurements 

was thoroughly examined, but the exact nature of aging was not investigated as such. For 

example, the exact influence of the aging time on the structure of the material is still 

unclear for this type of soft colloids. Based on previous literature and new results of this 

thesis, we expect that the rejuvenated material solidifies with time, but an exact 

quantification (for example, as function and number and size of star arms) is still missing.  

Since the synthesis of experimental systems such as star polymers require the use 

of complex coupling chemistry techniques and purification methods, the final yields are 

usually low. Therefore experimental systems are scarce and the systematic study of the 

influence of the functionality and the size of the arms may be better addressed using 

computer simulations. Indeed, simulations represent a powerful tool in this context, with 

the possibility to compare to existing experimental data while at the same time being able 

to extrapolate the results to different microstructures. With current technology, the 

coarse-graining of the system is still mandatory, since we are primarily interested in high 

concentration systems. However, careful attention must be given that the coarse-graining 

does not hide some of the smaller scale effects, such as the arm interpenetration, which 

seem to be of the highest importance to correctly model the high concentration 

properties of star polymers.   

Different experimental techniques may be used to complete the rheological 

investigations conducted here. Microscopy, and in particular fluorescence microscopy 

which often has better resolution, is a well suited technique for the direct observation of 

the deformation of soft colloids in situ. However it often requires to use either big 

particles (>1m) or tracer particles.  
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Moreover, the coupling of two or more experimental techniques provides a 

unique opportunity to link observations from two independent instruments. For example, 

we reported on the development of a rheo-DLS setup in Appendix III that may provide 

useful structural information on the aging behavior of colloidal glasses. Another setup was 

also developed in the lab that consists in a miniaturized light scattering instrument that 

can be attached under the bottom plate of a commercial rheometer to measure small-

angle light scattering under shear.  

Usual spectroscopic methods may also be used, such as small angle X-ray or 

neutron scattering. The difficulty mostly lies on the careful design of such experiments, in 

order to obtain reliable and useful data. Indeed, the interpretation of the data from such 

experiments (and any spectroscopic data in general) is often left at the discretion of the 

user. Therefore, a lot of different data (systems, conditions) have to be considered before 

drawing any conclusion. In addition, these techniques usually require the chemical 

functionalization of the colloids to increase contrast, which can be both difficult 

experimentally and/or lead to different properties of the functionalized colloids. At the 

same time, the specific labelling of precise parts of the sample may be turned to our 

advantage. In the case of star polymers, this could be the arms, the core or the outermost 

monomers at the chain ends, which can provide space-resolved information.  

Other mechanical tests, such as extensional rheology, may also be performed on 

jammed colloids. Preliminary results on jammed stars showed that under certain 

conditions, they may exhibit a brittle behavior and break at large strains. We expect that 

this behavior very much depends on the experimental conditions, such as the strain rate, 

however further experiments were not carried out due to the difficulty to obtain reliable, 

repeatable measurements. This represents a completely new axis of development for 

further work.  

In the everlasting quest of designing better, more efficient or greener materials, 

the colloidal toolbox does not stop at the microstructure, though. While it is important to 

develop a better understanding of the basics before going further, one may imagine using 

more complex approaches to design more sophisticating properties. For instance, 

responsive polymers are able to change their size, conformation or physical and chemical 
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properties upon the application of an external stimulus such as an electric or magnetic 

field, temperature, pH or salt concentration. The introduction of such polymers in 

colloidal materials therefore opens the door for innovative tunable performances that 

react to their surrounding medium. Another example is in the combination of two or more 

particle types. The study of mixtures of colloids is a challenge, as it drastically increases 

the complexity of the phase diagram, but leads to interesting properties. As an example, 

we can cite the liquefaction of a colloidal glass by the introduction of a smaller, non-

interacting particle (such as a polymer or a smaller colloid), due to depletion effects. 

Therefore the mixture of colloids is very often much more subtle that the sum of its 

individual components and is a great system to investigate jamming in view of the present 

results.  

Finally, a whole new set of possibilities also opens-up when attraction is 

introduced between the colloids. Although strong attractive interactions may lead to 

phase separation, moderate attraction is the key to the formation of gels, which are 

essentially solids with a low mass fraction content in particles. The most famous example 

may be the trendy aerogels, which are extremely light solids with many applications in 

aerospace engineering and housing, but gels are also a very common state of matter in 

the everyday life,  for example in yoghurts and ice creams. Gels, and by extrapolation 

suspensions of attractive colloids, therefore represent a large category of materials with 

extremely rich and complex physics. 
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Appendix I: Volume fraction of soft colloids 

 

Volume fraction is the ratio of the volume occupied by the particles to the total 

volume in a colloidal system. For hard spheres, volume fraction is the only parameter of 

the (one-dimensional) phase diagram. One of the main method to obtain the volume 

fraction in hard spheres is to centrifugate the particles at high speeds to obtain a master 

batch1. The volume fraction of this mater batch is estimated (for example by drying part 

of it and weighing the solid content) and other suspensions are prepare by dilution. 

 It is often used in colloidal suspensions to scale the absolute concentration of 

particles and compare different systems to each other. In soft colloids, the volume of the 

particle alters with the concentration, hence the volume fraction is a complex function of 

the concentration.  Therefore, unless one knows exactly how the volume of a soft particle 

changes with mass fraction, the determination of its volume fraction is a very difficult 

problem1. This goal of this appendix is to present a simple model to estimate the 

equivalent hard sphere volume fraction of soft colloids based on their viscosity. 

I.1 – Introduction  

While for hard spheres, the volume fraction can be determined either by dilution 

of a known sample or by weighting the dry mass of the suspension, there is no clear 

relation a priori between the mass and the volume fraction of soft colloids. The most 

commonly used method is to scale the concentration using the so-called overlapping 

concentration c*2,3, by analogy with polymers. The overlap concentration represents the 

regime where the average concentrations of monomer inside and outside of a particle 

become equal (Figure I-1). In other words, this is theoretically the concentration at which 

two particles effectively touch each other. The calculation of this overlap concentration is 

usually based on the mass and the size of a particle, which can be both determined by 

light scattering4–6. For this reason, the size that is considered is the size of the particle in 

the dilute regime, where interactions between particles are negligible. This leads to a 

gross overestimation of the volume fraction when the size of the particle gets smaller at 
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higher concentration, very often yielding volume fractions much higher than 1. Although 

this problem is well known in the soft colloid community, the rescaling of concentration 

with c* has the advantage to be simple and at least offers a way to compare different 

types of soft colloids.  

 

Figure I-1. Schematic representation of the equilibrium of the concentration inside and 
outside of the particles and the definition of the overlap concentration c*. 

The calculation of a more precise volume fraction often requires a way to estimate 

the concentration dependence of the size, which can be done with microscopy for larger 

particles7 or scattering for the smaller ones8, but is subject to large errors and depends on 

the interpretation of the data. Finally, some attempts at using theoretical models to 

predict the volume fraction at a given concentration have been used rather 

successfully9,10, although they are usually limited to a given range of concentrations and 

may not give satisfying results outside of this range. To resolve this problem, we propose 

a simple model based on the mapping of the zero-shear viscosity of soft colloids on hard 

spheres.  

I.2 – Theoretical model 

The model crudely assumes that soft colloids behave as effective hard spheres, 

except that their size changes with concentration. In the very dilute regime, the 

interactions between particles are negligible and therefore the exact nature of their 

potential (as long as it is purely repulsive) does not have a significant influence on the 

properties of the suspension. For example, the zero-shear viscosity of a very dilute 

suspension of colloids obeys the Einstein-Batchelor equation (Equation 1). The 

development of this model is based on the gross assumption that this remains true when 

the concentration is increased.  
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𝜂0 = 𝜂𝑠(1 + 2.5𝑘𝑐 + 5.2(𝑘𝑐)
2)    (Equation 1) 

where  is the zero-shear viscosity of the suspension, s is the suspending medium 

viscosity, k is a fitting parameter and c is the concentration of the colloids. 

The second assumption of the model is that the zero-shear viscosity is only a 

function of the volume fraction. This is well-known for hard spheres, whose size does not 

influence the resulting viscosity. This may not hold true for soft particles, because 

hydrodynamic interactions may depend on the microstructure of the particles. Based on 

these assumptions, we can estimate the effective hard sphere volume fraction (HS) of 

soft colloids by mapping their zero-shear viscosity onto the zero-shear viscosity of hard 

spheres. Several models have been developed for the zero-shear viscosity of hard 

spheres11–13, which have only a small influence on the results presented here. Therefore, 

the choice of the model is not crucial as long as it is used consistently, and we select the 

model developed by Mendoza et al.12, which seems to capture well the experimental data 

and is given in Equation 2. We impose the divergence of the zero-shear viscosity at a 

maximum packing fraction of 0.64, by analogy with the random close packing of 

monodisperse hard spheres1,14. Using data from this work and the literature (as discussed 

below), we determine HS for several star polymer and microgel solutions (Figure I-2) by 

using equation 3, and we invert equation 2 to calculate the HS corresponding to the 

measured zero-shear viscosity (Equation 4): 

𝜂𝑟,ℎ𝑎𝑟𝑑(𝜑) = (1 −
𝜑

1−𝑐𝜑
)
−5

2⁄      Equation 2 

𝜂𝑟,𝑠𝑜𝑓𝑡(𝑐) = 𝜂𝑟,𝐻𝑆(𝐻𝑆𝜙)     Equation 3 

𝐻𝑆𝜙 =
1−𝜂𝑟

−2
5⁄

1+𝑐(1−𝜂𝑟

−2
5⁄ )

      Equation 4 

where r,hard and r,soft are the relative zero-shear viscosities of hard and soft colloids, 

respectively,  is the volume fraction, 𝑐 =
1−𝜑𝑚𝑎𝑥

𝜑𝑚𝑎𝑥
 and max is the maximum packing 

fraction (0.64). 
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Figure I-2. Graphical representation of the method used to estimate the HS of soft 
colloids. The black squares (experimental data for the star 875/06) are shifted onto the 

dotted line (Mendoza model for the viscosity of hard spheres with m=0.64). The obtained 

red squares give the corresponding HS.  

Using this method, we obtain the HS as a function of concentration for the stars 

and microgels (Figure I-3). The general behavior is always similar in all cases. At low 

concentrations, there is a linear regime where 𝐻𝑆𝜙~𝑐, corresponding to the regime of 

validity of the overlapping concentration scaling 𝜑~
𝑐

𝑐∗
 . This provides an alternative 

determination of c*. This regime is followed by a slowing-down of the evolution of volume 

fraction with concentration due to particle de-swelling. Indeed, since the volume of each 

particle decreases, the volume fraction increases slowly with the concentration. We then 

observe for some systems a quasi-plateau of the volume fraction, which becomes almost 

independent of the concentration.  
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Figure I-3. Effective hard sphere volume fraction (HS) of a range of star polymers and the 
microgels described in chapter 2.   

The microgels and the stars have a different de-swelling mechanism (see chapter 

2), because the swelling of the microgels essentially comes from the presence of counter-

ions inside the particle. On the contrary, stars only swell due to the effective attraction of 

the solvent molecules and the monomer molecules (solvent quality). Figure I-3 thus gives 

a visual representation of the comparative softness of the star systems, with the softer 

stars on the left (low c*) and the harder stars on the right (high c*). Not surprisingly, the 

stars with short arms are mainly on the right hand side of the plot, in agreement with the 

findings of chapters 3 and 4.  

Mathematically, the HS is capped at 0.64, which is the maximum packing fraction 

we chose for this model. Therefore, some of the datasets (star 64/80, star 391/24 and to 

a lesser degree star 32/80 and star 875/06) seem to reach a plateau at high 

concentrations. We do not expect that this represents the physical behavior of these 

systems. At this packing fraction the stars are expected to touch and additional 

mechanisms to pure de-swelling should be at work, such as shape deformation and 

interpenetration. Thus for soft particles, the volume fraction is not limited to the hard 

sphere value of 0.64, but can increase up to 1 through deformation (faceting of the 
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particle shape) and interpenetration (sharing of the same volume between two or more 

particles). 

Accounting for these processes requires more advanced modelling, however we 

propose here the simplest approach which involves a linear dependence of the volume 

fraction when these processes take place. We propose that the transition between this 

linear dependence and the previously described model (equation 4) should be smooth, 

therefore the derivative of the HS just before and just after the transition should be 

equal. By definition, we also know that this volume fraction of polymer in the melt is 1, 

and therefore we can extrapolate between the transition concentration and the melt 

(Figure I-4). 

 

Figure I-4. Extension of the HS of two star polymers in the concentrated regime with a 

linear extrapolation to the melt (HS=1). Inset: Extrapolation to the melt and HS=1. These 
particular stars were selected because we had more data at intermediate concentrations.  

 To conclude, we tried here to lay out the basis for a simple, yet robust model 

linking the concentration and the volume fraction of soft colloids. This is based on the 

mapping onto the zero-shear viscosity of hard spheres to provide a simple estimation of 

the volume fraction in at the low and intermediate concentrations. The extension of this 

model in the more concentrated regime is however difficult, due to the appearance of 

other processes affecting the shape and the volume of the particles.  
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Appendix II - Particle image velocimetry of 

sheared microgel glasses 

 

This aim of this appendix is to measure the flow profiles in sheared microgel 

solutions to estimate the importance of wall slip, shear banding or other flow instabilities 

on the rheological properties. This is useful first to ensure the quality of the rheological 

measurements that were performed on this system, and secondly this gives us an 

interesting insight in the interplay of yielding and slip. 

I.1 – Introduction  

Wall slip is one of the many concerns one has when performing rheological 

experiments with weak solids such as colloidal gels or glasses1–4. Although some reports 

suggest that wall slip may have a significant influence on the oscillatory measurements5, 

the most dramatic effects have been observed in steady shear flows6,7 and can lead to the 

misinterpretation of the data. Depending on the application and the flow conditions, , wall 

slip can be beneficial for the process, either by effectively lowering the resistance of the 

material against flow and therefore saving energy4, or by modifying the surface of the final 

product8. In some situations, however, slip is detrimental for the final product9 (stick-slip, 

melt fracture …). In addition, wall slip is ubiquitous in soft matter, and has been observed 

for foams10,11, slurries12, fresh cement13, polymer melts14 and solutions15, and colloidal 

glasses1,2,4,16. There are several methods to prevent wall slip from happening, including 

the roughening of the shearing tools, surface treatment to favor surface adhesion or the 

use of different materials4,16.  

We used an optical microscope coupled with a commercial shear rheometer 

(Physica MCR 302 from Anton Paar) to measure the flow profile of concentrated 

suspensions of polyelectrolyte microgels (presented in chapter 2 and used in chapter 4) 

under shear. A cartoon representation is provided on Figure II-1. The experiments were 

carried out in the C3M lab at the ESPCI. To visualize the flow, a negligible amount (<0.01% 

wt) of fluorescent particles was added to the microgel suspension at low volume fraction 
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and homogenized. The volume fraction was then suddenly increased by addition of 

sodium hydroxide to the acidic suspension, to cause the deprotonation of the acidic 

moieties present in the microgels (see chapter 2). The resulting material was a slightly 

pink (due to the red dye of the tracer particles), weak solid. Its rheological properties 

essentially depended on concentration, but a weight fraction as low as 1% resulted in solid 

behavior at all accessible frequencies.  

 

Figure II-14. Cartoon representation of the rheo-PIV setup. The bottom plate is transparent 
to the incident and fluorescent light (quartz plate). The top cone is a commercial tool of 
the rheometer. The laser and the camera are mounted on a translational stage to probe 
the sample at different distances from the bottom plate.  

 

II.2 – Results 

We performed particle velocimetry experiments (PIV) on three samples at the 

weight fractions of 2%, 5% and 12%. Linear viscoelastic characterization was first 

performed to assess the elastic and viscous moduli G’ and G” (Figure II-2). For all three 

concentrations, G’ was found to be higher than G”, representative of a weak solid and in 

agreement with previous studies of these microgel particles17 (see chapter 4). We then 
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measured the dynamic yield strain and stress by means of a dynamic strain sweep test 

(Figure II-3). The three samples exhibited typical colloidal glass behavior with an extended 

linear regime during which G’ and G” are independent of strain amplitude, followed by a 

fast decrease of G’ accompanied by a peak in G”, followed by a decrease of G”.  

 

Figure II-2. Dynamic frequency sweeps of the microgel solutions at three different 
concentrations (from left to right: 2 wt%, 5 wt% and 12 wt%, see figure). The filled black 
squares represent the elastic modulus and the empty black squares represent the viscous 
modulus.  

 

Figure II-3. Dynamic strain sweeps of the microgel solutions at three different 
concentrations (from left to right: 2 wt%, 5 wt% and 12 wt%, see figure). The filled black 
squares represent the elastic modulus and the empty black squares represent the viscous 
modulus, their values can be read on the left axis. The red squares represent the stress 
whose value can be read on the right axis. The red arrows point towards the yield strain 
(vertical) and stress (horizontal). 

 

We then performed steady shear experiments with the shear rate being kept 

constant (start-up flow). The camera positioned under the flow cell allowed recording the 

motion of the fluorescent tracer particles at various distances from the transparent 

bottom plate. The optical setup had a depth of field of about 10 m, which ultimately 

limited its spatial resolution in the z-direction. Pictures of the moving particles were taken 

at a constant time interval dt. This interval was calculated such that particles moved by 
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about 2 microns between two consecutive images (assuming the theoretical shear rate 

imposed by the rheometer).  This ensured that the motion of the particles could be 

accurately measured. The series of pictures were then analyzed using a dedicated Matlab 

program developed by Maddalena Mattiello18. The program correlates two consecutive 

pictures using a matrix correlation technique to determine the displacement of the 

particles with an accuracy of less than 1 micron (x-y plane resolution). The velocity of the 

particles was then calculated for each pair of images. The experiments were carried out 

recording about 200 pictures for each position, such that a reliable average velocity could 

be determined.  

The velocity of the tracer particles was assumed to be identical to their 

surrounding environment, such that the sample velocity could be measured throughout 

the gap. The highest concentration sample (12 wt%) exhibited a time-dependent velocity 

profile and did not reach a steady state stress during the experiment. These observations 

suggest the occurrence of shear-banding or the propagation of edge-fracture19. Some of 

these observations have already been mentioned in chapter 4, but we shall discuss them 

further at the end of this part. The velocity profiles of the 2 wt% and 5 wt% solutions 

(Figure II-4) show complete slip at low shear rates and the development of the so-called 

plug-flow regime20. The entire material slips at the velocity of the top plate and the shear 

rate inside the material is effectively 0. We verified that the measured maximum velocity 

was identical to the theoretical one calculated from the shear rate, ensuring that the slip 

only happens at the bottom plate. The use of a serrated metallic cone as the top surface 

proved to be enough to limit the shear to the much smoother glass surface at the 

bottom2,4. The velocity profiles at high shear rates show some irregularities close to the 

top surface, which are within the experimental error but may suggest that partial slips 

start to occur at the top surface as well. Since this is a limited effect compared to the slip 

at the bottom surface, this had no appreciable effect on the analysis of the results.  
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Figure II-4. Velocity profiles of the 2 wt% (left) and 5 wt% (right) microgel solutions. The 
different shear rates are indicated by different colors as indicated on the plots (insets). The 
vertical axis indicates the distance from the bottom plate (which is located at z=0). The 

gap is 255 m. 

When the shear rate was increased, we observed that the slip velocity at the 

bottom plate also increased for both samples (Figure II-4), but shear also developed inside 

the material. We represent this behavior by plotting the slip velocity (velocity at the 

bottom plate at z=0) normalized by the top plate velocity (Figure II-5). This representation 

shows an apparent critical shear rate after which the plug flow regime disappears. It is 

replaced by a regime where slip is present but the bulk material is also sheared 

homogeneously, that we call partial slip regime.  
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Figure II-5. Slip velocity (at bottom plate) divided by the velocity of the top cone for the 2 
wt% (black squares) and 5 wt% (red squares) microgel solutions. Lines are drawn to guide 
the eye and show the plug-flow region (horizontal lines) and the partial slip region (inclined 
lines). 

At the highest measured shear rate, the slip velocity at the bottom plate becomes 

a small fraction (<20%) of the top cone velocity. This is also visible in the apparent flow 

curve of these materials, which recover their non-slipping behavior at high shear rates 

(Figure II-6). In the plug-flow and partial slip regimes, it is clear that the apparent stress is 

much less than the real shear stress (under no-slip condition), hence the analysis of the 

flow curve appears like a good way to estimate the presence of slip in a sheared soft solid.  
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Figure II-6. Apparent stress (measured with the rheometer) as a function of the imposed 
shear rate for 2 wt% and the 5 wt% microgel solutions. The filled triangles represent the 
data obtained with a rough stainless steel cone-and plate (RMP) and the empty symbols 
represent the data obtained with a smooth glass plate at the bottom and the rough 
stainless steel cone at the top (GP). The lines are the best fits of the RMP data using the 
Hesrchel-Bulkley model. 

As already discussed at the end of chapter 4, the flow profiles of a 12 wt% microgel 

solution exhibited a strong time dependence and a large deviation from the theoretical 

velocity profile expected with this geometry (Figure II-7). To verify this behavior, we 

performed a series of short experiments probing only the middle section of the gap. Form 

this test, it was clear that the flow velocity inside the sample during shear was rapidly and 

constantly changing, and no general, constant trend was found. This is a clear example of 

transient shear banding. 
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Figure II-7. A) Velocity profiles inside a 12 wt% microgel solution under steady shear at 𝛾̇ =
0.05𝑠−1. The three profiles were taken at different moments after the start-up of the 
shear, indicated on the figure (inset). B) Sequential velocity profiles in the middle of the 

gap (z=50 to z=150 m) for the same 12 wt% microgel solution under steady shear at 𝛾̇ =
0.05𝑠−1. Each experiment takes approximately 60 s and there is a short delay of about 15 
s between two consecutive experiments. The inset shows the evolution of the apparent 
stress measured by the rheometer during the steady shearing. The dashed lines represent 
the theoretical velocity at this shear rate. 

We note in addition, that steady shearing (even at low shear rates) rapidly caused 

the expulsion of the material outside of the measuring gap (Figure II-8). The stress did not 

reach a steady state but an erratic behavior was observed until it and eventually 

decreased with time (Figure II-7). This measurement does not reflect the material’s 

viscoelastic properties, but rather the fact that microgel solutions at high concentrations 

are unable to flow homogeneously. Instead, the material breaks.  
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Figure II-8. Apparent shear stress of a 12 wt% microgel solution under steady shear 
showing the absence of steady state at this concentration. Pictures on the right illustrate 
the edge of the material at the end of two of the experiments. A large amount of the 
material was expelled from the gap, which explains the observed apparent stress.  

II.3 – Conclusions and perspectives 

In conclusion, the wall slip of concentrated microgel solutions strongly depends on 

the applied shear rate and the concentration. We showed that there are two regimes of 

slip. At low shear rates, the plug flow regime dominates, therefore the material is not 

sheared and moves as a block with the top cone. At higher shear rates, the slip is only 

partial and the material is sheared, although the effective shear rate is much lower than 

the imposed value. The transition occurs at a critical shear rate that decreases with the 

concentration, such that the more concentrated solution (and therefore stronger 

material) was less prone to slip. However, solutions at very high concentrations (c>10 

wt%) lose their ability to flow homogeneously under steady shear and will break very early 

in the nonlinear regime. The flow profiles showed strong transient and steady shear 

banding inside the gap, consistent with the inability of the bulk material to 

homogeneously deform at high strains. Macroscopically, we observed that a large amount 

of the material was pushed out of the measuring gap after the experiment, and therefore 

the rheological data in the nonlinear regime highly concentrated microgel solutions 

cannot be trusted.  

We tried to replicate this experiment with concentrated star polymer solutions, 

using glass beads as tracer particles, but without success. The absence of fluorescence of 
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the tracers induced a large amount of noise from the reflection of the incident light, which 

made the image analysis impossible. Quantum dots with high fluorescence efficiency and 

a good chemical affinity for the stars and the suspending medium (squalene) are currently 

chosen as the best candidate as suitable tracer particles. In addition, the development of 

a pulsed laser setup should also increase the available range of velocities that can be 

measured with this technique.  
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Appendix III – DLS on stars and a simple rheo-DLS 

setup for in-situ structural measurements during 

aging 

 

This appendix focuses on the dynamic light scattering of star solutions at low and 

intermediate concentrations, up to the solidification transition. It also describes the 

development of a rheo-DLS setup able to accurately measure the auto-correlation 

function of the scattered light from sample during or after shear, the latter being the focus 

here. In particular, this is useful in the context of aging colloidal glasses and crystals.  

III.1 – Introduction 

When light passes through a fluid, it can interact with the molecules or atoms 

constituting the fluid in several ways. While the incident light can be absorbed, we focus 

here on its quasi-elastic scattering, which is a change in the light direction without any 

change of its frequency. The amount of light that is scattered by a fluid depends strongly 

on the size of its constituents (the scatterers), which makes colloidal suspensions very 

good scatterers in general, compared to atoms or molecules. If the optical index 

difference between the suspending fluid and the colloids is large enough, a significant 

fraction of the incident light is scattered.  

The dynamic light scattering (DLS) technique uses the time auto-correlation of the 

scattered light to infer structural information on the scattering fluid (see chapter 2). In the 

dilute regime, DLS is an easy and relatively simple way to access the particle’s 

hydrodynamic size, based on its diffusion coefficient. In more concentrated regimes, 

additional effects affect the correlation of the scattered light, whose careful analysis can 

provide valuable structural information. 

In practice, a laser beam is used as a coherent light source, which is sent to pass 

through a cuvette (light scattering cell) containing the sample. Scattered light is detected 

at various angles around the sample using a goniometer and a photon-sensitive receptor 
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(camera or photon multiplier). The time-dependent intensity is measured and a correlator 

calculates the auto-correlation function of this intensity (see chapter 2). The decay of the 

auto-correlation function is related to the Brownian motion of the scatterers. 

III.2 – DLS of star polymers1 at rest 

The auto-correlation function of star polymers (RS128PBD5, f=875, Ma=5.8 kg.mol-

1) in dilute solution in a good solvent (squalene) is well captured by the single-mode 

exponential decay given in Equation 1. 

𝐶(𝑞, 𝑡) = 𝐴 exp [−Γ(q)𝑡]     (Equation 1) 

where C (q,t) is the intensity auto-correlation function, q is the wave vector of the 

scattered light, t is the time, A is a numerical factor and (q) is the characteristic decay 

rate. 

A similar results is obtained using the CONTIN analysis (Figure III-1). CONTIN is a 

non-linear regularization algorithm used in the context of DLS to infer the distribution of 

relaxation times in the auto-correlation function2. Since this is an ill-posed problem, this 

distribution is not unique and the user must make choices based on prior knowledge of 

the sample or the consistency of the results. For this reason, the careful characterization 

of the (simpler) dilute regime can provide a useful basis for the analysis of the more 

complicated higher concentrations.  
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Figure III-1. Field auto-correlation functions at scattering angles of 150° (black squares), 
90° (red circles) and 45° (blue diamonds) for a very dilute solution of polybutadiene (1,4-
addition) star RS128PBD5 in squalene1. The lines through the data represent the fit based 
on the CONTIN analysis and the relaxation time distribution is also depicted. Inset: 
Diffusion coefficient (top) and inverse scattering intensity (bottom) as a function of the 
square of the wave vector.  

In the dilute regime, the CONTIN analysis gives a narrow, unimodal relaxation time 

distribution, in agreement with the theoretical single-mode exponential decay. The 

diffusion coefficient associated with this characteristic decay rate (see chapter 2) is 

independent of the angle of observation. This proves that the scatterers are small 

compared to the scattering volume (flat region of the form factor at qR<1) and that the 

thermal motion is mainly coming from the translational diffusion of almost monodisperse 

scatterers. Therefore, we can associate this mode with the translational diffusion of the 

stars in the solution. Figure III-1 also shows the inverse intensity of the decay, which is 

slightly increasing at larger wave vectors.  

When the concentration of stars is increased, additional relaxation modes appear 

in the field auto-correlation function (Figure III-2). The complexity of this function makes 

the analysis based on several exponential modes difficult, therefore the CONTIN analysis 

is the preferred option in this case. We observe that for this concentration (8.42 wt%), 

which is approximately half of the estimated c* (16.6 wt%) based on Rh, two to three 
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relaxation modes can be extracted from the data. The question of the number of modes 

able to best reproduce the C(q,t) data is usually left to the discretion of the user. The best 

technique usually consists in assuming the smallest number of modes able to correctly fit 

the data, in order to avoid over-fitting (each mode introduces new fitting parameters). 

Then, the user should consider all the available data at different concentrations and 

angles to rationalize the evolution of the different modes. Finally, it is almost impossible 

to differentiate between two modes if their characteristic times are less than a decade 

apart.  

 

Figure III-2. Field auto-correlation functions at 150° (black squares), 90° (red circles) and 
45° (blue diamonds) for a concentrated solution of the stars RS128PBD51. The lines 
through the data represent the fit based on the CONTIN analysis, and the relaxation time 
distribution is also represented. Inset: Decay rate (top) and scattered intensity of each 
mode (bottom) as a function of the wave vector. 

In this case, the application of the three guidelines outlined above has led to the 

decomposition of the auto-correlation function into three modes at high scattering wave 

vectors and only two modes at low scattering wave vectors. Indeed, the lower inset of 

Figure III-2 shows that the intensity of the slow mode (green) strongly depends on the 

observation angle: 𝐼(𝑞)~𝑞−4. Therefore, at low values of the scattering wave vector the 

other faster modes are overwhelmed by the strong amplitude of the slow mode. The 
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decay rate of the slow mode is much slower than the other two, which makes its 

identification easier at all scattering wave vectors. The apparent square dependence of 

the decay rate on the scattering wave vector (Figure III-2, upper inset) suggests a 

translational diffusive behavior. All these observations strongly suggest the assignment of 

this mode to the diffusion of star clusters in the sample.  

The first mode is also connected to a diffusive process (Γ~𝑞2) but its intensity does 

not depend on the scattering angle. The comparison of this mode to the data at lower 

concentrations (Figure III-3) shows that it probably comes from the cooperative diffusion 

of stars.  However, unlike stars with lower functionality3 (up to 128), the evolution of 

cooperative diffusion coefficient with concentration toward the de Gennes-Brochard4 

0.75 slope is gradual, implying some difficulty in interpenetration due to the high osmotic 

pressure of the outer blobs that must be overcome (Π~𝜉−3~𝑓
3
2⁄  with ξ outer blob size5,6). 

The intermediate mode is peculiar. Neither its intensity not its decay rate seem to depend 

on the scattering wave vector, although the data are very limited. At low wave vectors, its 

magnitude is small compared to the slow mode and its decay rate becomes comparable 

to the one of the fast mode. Thus the reliable identification of this mode is difficult. From 

the available data, it may be possible to associate this mode with the non-diffusive motion 

of small scatterers, but the exact nature of this process remains unclear.  
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Figure III-3. Diffusion coefficient divided by the diffusion coefficient at infinite dilution as a 
function of the star concentration for the star RS128PBD5. Up to three modes can be 
identified: fast (black squares), intermediate (red circles) and slow (green triangles). The 
slope of 0.75 represent the expected theoretical increase of the cooperative diffusion 
coefficient of polymers. 

Overall, we can distinguish two regimes based on the analysis of the auto-

correlation functions. At low concentrations, up to around 6.10-3 g.mL-1, the auto-

correlation function exhibit only one mode and therefore only one associated diffusion 

coefficient (Figure III-3). This is what is usually referred to as the dilute regime. Upon 

increasing the concentration, stars start to interact with their neighbors and more modes 

appear in the auto-correlation functions. Above 3.10-2 g.mL-1, a slow mode is clearly 

identified and attributed to the diffusion of star clusters. From 5.10-2 g.mL-1, a third 

intermediate mode can be observed, although its physical meaning remains unclear. This 

analysis shows the complex interactions occurring in star solutions well below their 

theoretical overlapping concentration (0.17 g.mL-1 based on Rh) at which they start to 

solidify, This is mostly the consequence of the long range interaction of stars compared 

to hard spheres7. Therefore, even though the overlapping concentration may be a 

practical tool to compare different colloids, it remains a very superficial way to quantify 

the actual interactions between the particles, such that there are different ways to 

determine it. 
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III.3 – Rheo-DLS setup 

In addition to their rich behavior at low and intermediate concentrations in the 

liquid state, star polymers also form aging solids above their overlapping concentration. 

In some cases, the linear rheological properties of the star glass can evolve significantly 

over long time scales8. The aging of soft glasses is usually associated with a change in its 

microstructure9,10, hence the auto-correlation function of an aging glass should change 

with time. To properly measure the time-resolved auto-correlation function during the 

aging of a star polymer glass it is needed to design a simple shearing setup that can be 

adapted on the DLS instrument. Whereas there are several options, here we chose one 

driven by its overall simplicity and, we believe, usefulness. This setup can use shear to 

rejuvenate the sample placed in the DLS cuvette, which can then be followed over time 

during its aging.  

The setup is composed of a long stainless steel shaft (homemade) connected to a 

geared DC motor (gearbox and motor from MFA COMO Drills, 941D Series) (Figure III-4a), 

such that the torque is sufficiently high to impose a steady shear on soft solids. The DC 

motor connects to a power supply (homemade) equipped with a potentiometer for the 

control of the input voltage and ultimately the angular velocity. The whole setup 

comprised of the shaft, the DC motor and the gears are supported by a plastic platform 

that precisely fits into the DLS instrument (Figure III-4b). The shaft can therefore fit exactly 

in the DLS cuvette (Hellma cuvettes from Hellma Analytics) containing the sample. The 

height of the shaft can be adjusted using a screw on the side of the motor (golden part on 

Figure III-4).  
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Figure III-4. A) Picture of the shearing device comprising the DC motor, the gears and the 
rotating shaft. B) The shearing device can be installed in the commercial DLS setup using 
the fitting platform to help with alignment. C) Representation of the trajectory of the laser 
beam inside the DLS cuvette. Photography and setup by A. Larsen1. 

The tip of the shaft in contact with the sample is a 6 mm stainless steel cone with 

an angle of 0.2 rad (11°). The previous design of this experiment was purposely off-

centered such that the laser beam from the DLS setup would pass in the gap between the 

gap and the bottom plate. This version of the design was abandoned but the cone 

geometry was kept.  

The speed of DC motor was first calibrated without any load to estimate the 

minimum and maximum rotation speed. It was then calibrated again using a solid 

suspension of microgels (described in chapter 2, c= 5 wt%) with a shear modulus of about 

5 kPa as a dummy sample. The two calibration curves were very similar (Figure III-5), thus 

validating the possibility to reliably shear soft solids and yield stress fluids.   
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Figure III-5. Calibration of the DC motor angular velocity with (red) and without (black) 
load.  

We used the ALV software to measure the DLS data. The synchronization between 

the shearing and the light scattering experiments was ensured by the simultaneous 

pressing of two buttons. The first was the key of the computer keyboard starting the DLS 

experiments. The second button was mounted on a long shaft and switched-on the DC 

motor power supply, such that it was possible to push the keyboard key with the motor 

switch. A timer connects the switch to the power supply to control the time at which the 

motor stops. It is also possible to delay the start of the DLS experiments, such that it only 

starts exactly when the shearing stops, with a precision of about 0.1s.  

In practice, the shearing time is an input of the timer and the shearing speed is 

controlled by the power supply. When both buttons are pressed simultaneously, the 

shearing starts until the timer reaches 0. At this moment, the motor stops (no inertia was 

observed) and the light scattering experiment instantly starts. Therefore, we can measure 

the evolution of the auto-correlation function from the moment the shearing stops with 

a precision of about 0.1s.  
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Preliminary results obtained with a prior version of the rheo-DLS setup showed 

that the non-ergodicity of the aging sample is an issue. There are different solutions that 

can be proposed: It is possible to use the so-called “brute force” method11 in which the 

same experiment is repeated multiple times while the sample is rotated between each 

experiment. This provides a way to recover the ensemble average in non-ergodic samples, 

however this method requires to repeat the experiment a large number of times, which 

often takes a very long time. Another solution is to use the echo technique12,13, which 

requires to continuously turn the whole cell containing the sample. Then the auto-

correlation of the scattered intensity is only carried out using the intensities that are 

measured at the same position for every period of rotation. This technique allows for the 

fast measuring of non-ergodic samples but loses the information about the correlation at 

fast times, since the fastest time scale is set by the time between two consecutive full 

rotations. Additionally, this technique requires a different correlator, and cannot be 

performed with the ALV instrument. A third solution is to use the multi-speckle 

method11,14, in which thousands of scattering speckles are measured at the same time 

using a CCD camera, thus effectively recovering the ensemble average of the auto-

correlation function. Although none of these techniques have been tried so far, we expect 

that the multi-speckle technique would be the easiest one to implement with this setup.  

III.4 – Conclusions and perspectives 

In conclusion, there are a few comments that should be made about the rheo-DLS 

setup described above. Although the shearing cell coupled with the DLS setup is working, 

the rheological results showing the strong aging effects of star solutions8 could not be 

reproduced, mostly because of the lack of the sample available at that time.  

Improvements can also be made on the design of the hardware supporting the DC 

motor, such as the implementation of screws to facilitate the alignment of the shaft in the 

DLS cuvette. In addition, the cone geometry should probably be reworked, since the gap 

control lacks the accuracy necessary for the cone-and-plate geometry to truly have an 

advantage compared to the parallel plate geometry. Finally, the implementation of the 

echo technique would require a complete change of the instrument, since our current ALV 

instrument is not able to perform this experiment. Although possible, this would require 
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a very large amount of work for trained users, therefore the multi-speckle method would 

probably be more efficient to tackle the non-ergodicity problem. 
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