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Success is more than arriving – it is also attempting 

more than realizing – it is also reaching. 

Happiness comes not from having much to live on but having much to live for. 

Success never resides in the world of weak wishes, 

but in the palace of purposeful plans and prayerful persistence. 

A real success is one who makes his mark in life without smearing others. 

Excellence without effort is as futile as progress without preparation. 

Work can be our friend or foe, or joy or our woe.  

Success, like happiness, is more than a destination – it is a venture; 

more than an achievement – it is an attitude. 

The greatest failure is the failure to try. 

Alter your attitude and you will change your life. 

Who seeks success, let him prepare. 

Improvement is the son of discontent; 

 success is the offspring of preparation. 

To emphasize the positive – the affirmative – is to travel the high road of joy. 

 

By William Arthur Ward 
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Chapter 1 

INTRODUCTION 

Understanding the properties of soft matter represents the key for designing new 

materials that embrace a vast variety of products ranging from foodstuff to medical 

applications and from cosmetics to chemical processes. In this ever-evolving field there 

exist many outstanding challenges and with the wise combination of properties of 

different materials being at the forefront, the current performance threshold as well as 

the state-of-the-art can be enhanced.  

To address this challenge, it is important to start with fundamental research questions 

in order to lay the foundation for understanding more complex materials which might 

eventually become commercial products. Hence, model well-characterized systems are 

used in order to study their phase/state behaviour and dynamic properties. Findings 

could be of general validity and often used either to confirm/tune existing 

theories/models or to open the route for new ones. In this work we follow this generic 

path using soft colloidal model systems.  

The word “colloid” was derived from the Greek word “kolla” for glue, as some of the 

original organic colloidal solutions were glues.1 This term was first coined in 1862 

mainly to distinguish colloids from crystalloids such as sugar and salt. Colloids have 

been studied by scientists since the early 1800’s. The early part of the 20th century saw 

a vast number of major developments in both chemistry and physics, some of which had 

direct and significant influences on the study of colloids.2  

Colloid generally refers to the dispersed phase of a two-component system in which 

the elements of the dispersed phase are too small to be easily observed by an optical 

microscope and whose motion is affected by thermal forces. The sizes of colloidal 

systems range typically from few nanometers to only a few microns. Their individual 

random motion results from collisions with the molecules of the dispersion medium. 

This random movement is called Brownian motion after Robert Brown who discovered 

it.3  
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For a given particle with a certain size, its softness can be defined as the ratio between 

the free energy and the thermal energy, Δ𝐹/𝑘𝐵𝑇.4 In the case of polymer coils the free 

energy has entropic origins so that for the softest system available such ratio is of order 

one. In the other of the spectrum, hard spheres are characterized by a free energy 

defined as ER3, where E is the elastic modulus of the system and R its size, yielding a 

value of softness that tends to infinite. Soft colloids combine properties of both polymer 

coils and hard spheres embracing a broad variety of systems such as ring and star 

polymers, micelles, polymer-grafted nanoparticles with different shape, microgels and 

micelles.4 

While the dynamic and structural properties of the two extreme representatives of 

softness (linear polymer chains and hard spheres) are thoroughly investigated and 

reasonably well understood, much more challenging is to interpret the response of 

colloidal systems with different degree of softness which combine features of both.  

Theories on the dynamics of linear polymer chains have been very well established, 

based on the tube model,5–10 and Rouse modes.9,11–14 Indeed, over the years refinement 

of the physics behind the dynamics of linear chains were made and additional 

contributions such as longitudinal modes15 contour length fluctuations,13,15–17 constraint 

release,5,11,13,13 and slip links models18–22 were also considered. On the other hand, hard 

spheres can be considered as the hallmark for spherical colloidal systems. Their 

simplicity has allowed many scientists over the years to study the structural and 

dynamic response of such systems by means of theoretical, experimental and numerical 

approaches. The phase diagram of hard spheres,23,24 the influence of polydispersity25,26 

as well as their interaction potential27,28 and hydrodynamic properties29–34 have been 

extensively studied. A particular case, yet largely investigated, is represented by the 

hard sphere glass: a disordered and dynamically arrested state where hard spheres are 

confined in so-called “cages”. The generic sphere confined or trapped in its cage has the 

ability to relax stresses either by exploring its confined region (in-cage motion) or 

exchanging the position with the nearest neighbour (out-of-cage motion). Such an 

interpretation has been consolidated through several works and goes under the name of 

cage dynamics.35–41  
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Within the zoo of soft colloidal systems, microgels and star polymers may be 

considered as two of the most representative model systems.4 Their controlled 

synthesis42,43 and ability for the star polymers, for instance, to precisely tune their 

softness by changing the number of arms (functionality) and/or their degree of 

polymerization ignited the curiosity of researchers. Various important accomplishments 

have advanced the field and are here reported: the star-polymer conformation proposed 

by Daoud-Cotton,44 the interaction potential proposed by Likos,45,46 their phase 

diagram,47 dynamic properties under shear flow in both linear and nonlinear viscoelastic 

regime4,48–52 and structural ordering induced by shear flow.53 Star polymers undoubtedly 

represent one of the best candidates to tailor the flow properties of suspensions and 

melts. Whereas the fast dynamics resemble those of linear polymer chains, involving 

chain segments of the order of the entanglement length, the long-time relaxation 

mechanism is associated to arm retraction and depending on the functionality, colloidal 

modes can be also observable.54 As one end of the arm is anchored covalently into a 

common core,42 the only degree of motion available for the chain consists in arm 

retraction. The time needed for this relaxation process is typically independent on the 

functionality and depends on the number of entanglements through an exponential 

law.13 On the other hand, the functionality strongly influences particles softness 

therefore the particle-particle interactions.45,46 This, typically results into a colloid that 

can virtually behave either as a hard sphere (high functionality) or as a linear polymer 

chain (low functionality). Intermediate conditions would encompass both characters. 

However, there is an important point to be addressed when comparing linear polymer 

chains and spherical particles. Whereas in the case of entangled polymers a test chain is 

surrounded by a large number of neighbouring chains, caged spherical particles exhibit 

a reduced coordination number, namely 12. This difference has consequences on the 

way one can describe their behaviour. Indeed, for the former case mean-field theories 

(hence scaling laws) can and have been developed, while in the case of spherical 

colloids this is not possible due to the small number of neighbouring particles.55,56 In the 

latter case, phenomenological or empirical approaches provide a description of the 

dynamics of dense system. For example, for spherical systems near the glass transition, 
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Mode Coupling Theory provides an appropriate theoretical background for the 

interpretation of their structural and dynamic properties.56–59  

The dual polymeric/colloidal nature of star polymers definitely should be considered 

for understanding the dynamics of grafted nanoparticles, another class of soft colloids 

widely investigated due to their use as particles stabilizers, fillers, drug carriers or 

constituents for membrane applications.60–71 Notably, such polymeric and colloidal 

characteristics reflect also in the yielding mechanism.50–52,72  

It comes naturally to consider the unique features of star polymers as effective tools to 

manipulate the response of colloidal systems. Indeed, star polymers have been also used 

to manipulate the state of colloidal suspensions in a thermal solvent by using the 

temperature as a control parameter. To this end, it has been shown73–76 that upon 

increasing the temperature, a vitrification of a star polymer solution, initially below 

their overlap concentration, occurs. This originates from the fact that, as the temperature 

increases, solvency conditions increase and star polymers swell. Such a swelling 

necessarily reflects into a larger effective volume fraction which eventually reaches the 

glass transition value.73–76 

Modification of particle softness and or solvency conditions are not the only methods 

to tailor flow properties of colloidal systems. Indeed, mixtures of colloidal systems 

either in solution or in molten state have revealed effective ploys to obtain a broad range 

of state diagrams revealing rich rheological response encompassing linear and nonlinear 

viscoelastic regimes. Pioneering works are certainly represented by the experimental 

study of Imhof and Dhont77 where binary hard sphere mixtures with large particle size 

asymmetry lead to a wide state diagram including single glass, double glass and 

crystalline states as a function of the composition of the mixtures,77 as well as the 

experimental investigation of Dinsmore et al.78 on the crystalline states encountered in 

charge-stabilized polystyrene quasi-hard sphere mixtures. Various works have been 

conducted over the years on hard sphere mixtures79–86 and very recently experiments, 

simulations and theoretical predictions are combined together in order to relate the 

microscopic structure to the macroscopic rheological response of hard binary colloidal 

glasses.87 As a matter of fact, various investigations on colloidal mixtures concern also 

soft systems, mainly star polymers88–99 and recently also microgels.100,101 The 



 

 

 

 

9 

synergistic combination of osmotic shrinkage (due to particle softness), depletion 

interactions,102,103 caging effects and mixture compositions has revealed an extremely 

powerful tool to control the phase and rheological response of colloidal 

suspensions.89,90,95,99 

Notably, the effectiveness of blending different colloidal systems to tailor flow 

properties and phase diagrams exerts also in solvent-free conditions. Of particular 

interest are the works of Archer and co-workers on the phase stability and dynamics of 

polymer-nanoparticle composites60,61,104,105 as well as the major contributions of Kumar 

and co-workers62,63,106–111 on the spatial distribution of nanoparticles in a polymer 

matrix, their mechanical and optical properties, and their recent use for membrane 

applications in the absence of a polymer matrix.66 Theoretical and computational efforts 

have been also paid to understand the dynamics of grafted nanoparticles like for 

instance the works of Panagiotopoulos and co-workers112–114 as well as the very recent 

work of Ge and Rubinstein115 who have also developed a scaling theory for the motion 

of polymer-grafted nanoparticles in an unentangled linear polymer chain matrix.  

Blends in solvent-free conditions involve also linear polymer chains which have been 

used to study the effect of constraint release on the stress relaxation dynamics5,7,12 and 

provide new insights on the tube dilation.7,116–119 Marginally explored, yet rather 

interesting, are the symmetric (same molar mass) blends of ring and linear 

homopolymers experimentally investigated by Kapnistos et al.120 In such a case, a small 

amount of ring polymer promotes a slowdown of the dynamics and an increase of the 

shear viscosity of the blends (compared to that of pure linear polymer chains) attributed 

to the entropic interpenetration of rings by linear chains.120 Remarkably, the increase in 

viscosity is nonmonotonic with increasing ring polymer fraction and indeed, this 

represents one of the subjects of the present thesis. It is worth noting that ring polymers 

have been recently considered as soft colloid model systems by Likos et al.121, being 

much more effective colloidal depletants compared to their linear counterparts.    

Another control parameter for tuning the behaviour of colloidal systems, much less 

investigated compared to the previous ones, is the shape of the particle. In the realm of 

anisotropic colloids rod-like systems are the most extensively studied.122–124 fd-viruses, 

for instance, represent a model system to study phase diagrams,125–130 rheological 
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properties and flow instabilities of anisotropic colloidal suspensions.131–133 Gibbsite, 

hectorite and boehmite particles, which belong to the class of mineral colloids have 

shown a complex yielding behavior where a solid-to-liquid transition induced by shear 

flow was so rich and complicated that could not be described by a single yield stress 

parameter.134 Kramb et al.135–137 have investigated the linear viscoelastic behavior and 

yielding mechanisms of anisotropic systems with very small aspect ratio (slightly larger 

than 1). They have found a double yielding mechanism associated with the rotational 

and translational energetic barriers that the system must overcome to exhibit a liquid-

like response. Such findings have been also reported theoretically in several works.138–

142 As a matter of fact, there is a broad range of data regarding anisotropic systems but 

how exactly the particle shape affects the local and global dynamics of suspensions is 

still not fully understood and a generic picture cannot be drawn. The reason is simple: 

most of the systems have different chemistry, softness and therefore different interaction 

potentials, hence different colloids with different shape cannot be compared in a 

straightforward manner. 

The goal of this thesis is to explore a new range of control parameters on the structural 

and dynamic properties of soft colloidal systems. Such parameters include variation of 

particle internal microstructure by means of combining particle shape and softness, 

concentration regime, temperature and introduction of depletion forces or reinforcement 

effects via additives of different shape and softness. By using an interdisciplinary 

approach based on a broad range of experimental techniques (DLS, rheology, SAXS, 

SANS, piezorheology, TEM, Cryo-TEM) and Brownian Dynamics simulations, in 

synergy with chemistry which provides precisely controlled systems, we aim at 

providing the necessary ingredients for a material design recipe where elasticity, 

yielding, relaxation times and viscosity can be tailored at wish. For instance, one could 

select a specific shape of a colloidal particle if by keeping constant elasticity of the 

suspension only the structural relaxation time needs to be varied. Particle shape can also 

control yield stress and yield strain of suspensions due to different particles 

arrangement. 

A simplified representation of the soft systems investigated in this work is depicted in 

figure 1.1 in terms of chemistry of the colloid as a function of its internal 
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microstructure. Notably, in the case of polymer-grafted nanoparticles with different core 

shape, the chemistry was kept constant for a fair comparison. 

The thesis is structured around the above-mentioned themes and divided into different 

chapters addressing specific challenges as listed below. 

Chapter 2 presents materials and methods. 

Chapter 3 treats a thorough structural and dynamic experimental investigations of 

spherical micelle suspensions supported by Brownian Dynamics simulations. A new 

interaction potential has been defined to capture particle dynamics. 

Chapter 4 discusses the linear viscoelasticity of self-suspended polymer-grafted 

nanoparticles with the same grafting density but different degree of polymerization of 

the tethered chains. Simultaneous polymeric and colloidal responses are detectable in 

the viscoelastic spectra and eventually modelled by means of Branch-on-Branch model 

for star polymers and Mode Coupling Theory for spherical colloids. Chain 

conformation and brush regimes are also discussed. 

Chapter 5 shows how short and soft nanocylinders represent a significant alternative to 

spherical colloids to tune flow properties of suspension. They exhibit a broad linear 

viscoelastic response (from dilute regime to nearly molten state) as a result of the 

interplay between particles arrangement and softness. Preliminary simulation results 

seem to support the experimental findings. 

Chapter 6 deals with a comparison of polymer-grafted nanoparticles having same 

chemistry, same molar mass per arm, similar grafting density but different core shape. 

Rheological investigations in both linear and nonlinear viscoelastic regime lay the 

foundation for highlighting the effects of the shape of soft colloids on their yielding 

mechanism as well as on the relaxation times in quiescent state. Results are then 

compared with various soft spherical colloids present in literature. 

Chapter 7 discusses the state diagram of star polymer-hard sphere mixtures with large 

size asymmetry. Different states encountered upon addition of small hard additives into 

a star polymer suspension are investigated rheologically in both linear and nonlinear 

viscoelastic regime. 
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Chapter 8 involves star-linear polymer mixtures with size ratio nearly equal to one. In 

such case the confined-to-bulk dynamics of linear chains dispersed in a star polymer 

matrix is investigated. 

Chapter 9 discusses the arrested state of star polymer suspensions below the overlap 

concentration promoted by the addition of long linear polymer chains. Systems are the 

same as in chapter 8. 

Chapter 10 investigates star-star polymer mixtures in thermal solvents. Unlike the 

previous cases where athermal conditions were present, here the temperature constitutes 

a control parameter for the mechanical properties of both pure components and their 

mixtures.  

Chapter 11 presents the stress relaxation dynamics of symmetric linear-ring polymer 

blends in the limit of small fractions of ring polymers. Linear viscoelastic data are 

complemented by a theoretical model developed in order to describe them. The model is 

able to capture the nonmonotonic response of the shear viscosity observed in the 

experimental data. 

Chapter 12 summarizes the main findings of this thesis in terms of key conclusions and 

makes specific recommendations for future directions 
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Figure 1.1. Schematic representation of the soft colloidal systems used in this thesis in terms of 

chemistry and internal microstructure. Chemistries are: poly(3-(triethoxysilyl)propyl 

methacrylate) (PTEPM), SiO2-polymethylacrylate (SiO2-PMA), polybutadiene (PBD) and 

polystyrene (PS). 
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Chapter 2 

MATERIALS AND METHODS 

2.1.  Introduction  

In this chapter all the materials, instruments, techniques, experimental protocols and 

analysis are reported and described. Each experimental system investigated in this thesis 

was subjected to specific sample preparation and measuring protocol, therefore, a 

detailed description will be provided accordingly. Creep experiments and conversion of 

the creep compliance into dynamic moduli will be discussed as well.  

2.2.  Materials 

2.2.1. Polymer-grafted nanoparticles: spheres, cylinders and 

lamellae 

Polymer-grafted nanoparticles with different shapes were synthesized by means of 

microphase separation of diblock copolymers1,2 of poly(3-(triethoxysilyl)propyl 

methacrylate) (PTEPM) which represents the core, and polystyrene (PS) which 

represents the tethered chains, in the presence of oligomers of both o-TEPM and/or o-S, 

followed by cross-linking and dispersion in good solvent for polystyrene (see figure 

2.1). This technique goes under the name of Assembly Cross-linking and Dispersion 

(ACD) and it allows to obtain precisely tailored nanoparticles which include different 

shapes with identical PS shells, different core sizes but the same shell, and particles 

with fixed shape but varied PS shell. Thus, among the main advantages of this 

technique there is the possibility to obtain nanoparticles with different shape, same shell 

and very similar grafting density. For further details on the synthesis refer to Y. Ruan et 

al.3 Table 2.1 reports the molecular characteristics of spheres, cylinders and lamellae 

investigated in this work.  
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Figure 2.1. Synthesis scheme of polymer-grafted nanoparticles with precisely controlled 

structure.3 

Table 2.1. Molecular characteristics of the polymer-grafted nanoparticles 

Sample 
Rcore 

[nm]a 

Mn,PS 

[kg/mol]b
 

wt% core 

[wt%]c 
 

[chains/nm2]d 

Spheres 15 111 21 0.075 

Cylinders 13.5 111 21 0.101 

Lamellae 8 111 21 0.118 
a Core diameter of spheres and cylinders and thickness of the lamellae (core) calculated from SAXS 

spectra.3 b Molar mass of the polystyrene chains. c Weight fraction of the core.3 d Grafting density.3  

 

Suspensions of grafted nanoparticles were prepared in glass vials where a given 

amount of specimen was mixed with toluene or diethyl phthalate (DEP). The former is 

an athermal solvent for polystyrene whereas the latter is a thermal solvent with high 

boiling temperature (295 °C). It is worth noting that PS constitutes the highest weight 

fraction of the colloidal particle (~ 80 wt%) therefore, toluene as well as DEP reveal 

effective solvents to properly dissolve the investigated particles. Indeed, toluene was 

used as a co-solvent for suspensions in DEP in order to improve the dispersion. Just 

prepared solutions were gently stirred in a magnetic stirrer for a couple of days at room 

temperature until complete homogenization. For suspensions in DEP the evaporation of 

toluene was tracked by means of weight loss of the sample. This process was typically 

conducted inside a fume-hood with pressure slightly lower than the atmospheric one to 
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promote evaporation and reduce the possibility of contamination of the samples. The 

evaporation of toluene was also used in order to increase the concentration of samples 

dispersed in pure toluene. Both solvents and solutions were filtered with a 45m filter, 

reducing the possibility of contamination without retaining particles as they are at least 

10 times smaller than the filter pores.  

Spheres are used in Chapters 3 and 6, cylinders in Chapters 5 and 6 and lamellae only in 

Chapter 6. 

2.2.2. Silica-grafted nanoparticles 

Polymethylacrylate (PMA)-grafted silica (SiO2) nanoparticles (16±4 nm core 

diameter, 0.47 chains/nm2 grafting density) were synthesized by surface initiated 

reversible addition-fragmentation chain transfer polymerization (SI-RAFT) technique.4,5 

All chemicals were obtained from either Fisher or Acros and used as received unless 

otherwise specified. Spherical silica nanoparticles (16±4 nm diameter) were obtained 

from Nissan Chemical. Details on the synthesis process and reaction mechanisms can be 

found elsewhere.6 

Molecular characteristics of the investigated systems are reported in table 2.2 Errore. 

L'origine riferimento non è stata trovata.. Details on Small Angle X-rays Scattering 

(SAXS), Differential Scanning Calorimetry measurements and Thermal Gravimetric 

Analysis (TGA) are described in ref. 6. 

Table 2.2. Molecular characteristics of silica-grafted nanoparticles. 

Mn 

[kg/mol] 

Mw 

[kg/mol] 

Polydispersity 

linear chains 
core 

(SiO2 only) 

core 

(SAXS) 

core 

(TGA) 

Tg 

[°C] 

151 190 1.3 0.04 unavailable 

132 170 1.29 0.046 0.036 0.031 18.1 

101 130 1.28 0.060 0.051 0.043 unavailable 

78 94 1.2 0.080 0.07 unavailable 18 

41 48 1.16 0.147 0.139 0.12 18.1 

29 33 1.14 0.199 0.176 0.16 18.3 

Samples were all measured in molten state. To mold the samples, approximately 65-

75 mg of material was loaded into an 8mm diameter stainless steel vacuum mold to 
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yield disks of approximately 800-1000 µm in thickness. Vacuum was applied inside the 

mold by connecting a hose on the chamber to the inlet of an air compressor. The mold 

was then heated to 80°C for 20 minutes and then allowed to gradually cool to room 

temperature, still under vacuum conditions. Depending on the experiment, 4mm disks 

were also used. 

Silica-grafted nanoparticles are treated in Chapter 4.  

2.2.3. Star-hard sphere mixtures 

Investigated systems consist of two different multiarm 1,4-polybutadiene (PBD) stars, 

as soft and hard sphere respectively, by taking advantage of the well-known fact that 

their pair interaction potential depends on star functionality, f. In this way, we ensured 

that the mixture is purely entropic. On the other hand, the hard star is softer than 

experimental hard sphere systems (PMMA latex or silica particles), in fact, the volume 

fraction at the glass transition is higher than that one expected for monodisperse hard 

spheres, g=0.58 (see value in table 2.3). For soft systems the volume fraction 

(effective) is typically defined as the ratio between the actual and overlap concentration 

C*. This is typically represented with the symbol eff but sometimes the symbol  is 

used as well for simplicity. The overlap concentration C* is defined as c*=[(4π/3)RH
3]-1 

(fMarm/NA)  where RH is the hydrodynamic radius (from dynamic light scattering 

measurements) f is the functionality, Marm is the molar mass of the arms and NA 

represents the Avogadro number. Details about the synthesis of the stars can be found 

elsewhere.7,8 Their molecular characteristics are listed in the table 2.1 below. 

Table 2.3. Molecular characteristics of the star polymers 

Sample f 
Marm 

(g/mol)
 a

 

RH 

(nm)
b 

c* 

(mg/ml) SP 

Φeff,g

=cg/c*
c 

Mw/Mn (PDI) 
Mw 

(g/mol) 

Hard 1109 1270 11.5 375.1 >1 0.75 1.11 1.6×106 

Soft 212 67000 45 62.3 0.07 1.61 1.07 1.5×107 
a Average molecular weight of one single arm. 
b Hydrodynamic radius estimated from the diffusion coefficient (DLS) at 20°C, c*=[(4π/3)RH

3]-1 

(fMarm/NA). c cg represents the concentration at which stars vitrify. 
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The size exclusion chromatography (SEC) traces of both the soft and hard sphere 

(HS)-like star polymers are shown in figures 2.2 (A,B) and they are compared with the 

traces of the linear chains which are grafted to the cores. The SEC traces shown in 

figures 2.2 (panels A and B) demonstrate that both soft and HS-like star polymer 

samples have virtually no free chains. Nonetheless, a small shoulder in the molar mass 

distribution of the HS-like stars (f=1109) can be detected with high hydrodynamic 

volume. We fitted the mass distribution with two Lorenz functions and calculated the 

relative heights of the distributions to estimate the fraction of high molecular weight 

contaminant. We found that the mass fraction of contaminant is 0.036. We performed 

the same analysis of the SEC traces also in the case of the soft stars (f= 214) to estimate 

the fraction of low molecular weight contaminant that is possibly due, in this case, to 

the presence of stars with smaller functionality. From the relative height of the 

distributions (figure 2.2) we found that the molar fraction of contaminant is 0:12. SEC 

analysis served to determine also the polydispersity index (PDI = Mw/Mn) values for the 

branched polymers: PDI=1.07 for the soft stars and PDI=1.11 for the hard-sphere-like 

stars. 

A useful, yet approximate way to characterize the softness of the stars is by means of 

the Daoud Cotton model.9 In particular, we can use a softness parameter 𝑆𝑃 = 𝑅𝑐/𝑅𝑠, 

where Rs and Rc are the radii of the whole star and the core, respectively. In the context 

of the Daoud-Cotton model, for the soft star we are in the swollen regime 𝑁𝑎 > 𝑓1/2𝜐−2 

(where Na is the degree of polymerization of the arm and the excluded volume of the 

monomer) and the effective core represents the un-swollen regime, whereas its hard 

counterpart is in the limit 𝑁𝑎 ≈ 𝑓
1/2 without swollen region. The respective softness 

values are roughly 𝑆𝑃 = 𝑓3/10𝑁𝑎
−3/5≈ 0.07 and >1 for the soft and the hard star, 

respectively (see Table 1). A value for SP higher than 1 is just a sign of the ultra-

compact nature of our HS-like stars and is a common feature for stars with f>1000 and 

short arms (Na<30), whose description necessitates to go beyond the Daoud-Cotton 

scaling model. 
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Figure 2.2: Size exclusion chromatography trace of the soft stars (panel A) HS-like stars (panel 

B), along with their fits with two convoluted Lorenz functions. Respective insets: The resulting 

total fit is shown by the solid line (red curve online). 

Mixtures were prepared in squalene (nearly athermal solvent for polybutadiene) by 

following the same protocol as for spheres, cylinder and lamellae. This time though, 

cyclohexane was used as a co-solvent. Remarkably, the solution with the soft star at 

c=1.625c* (within the glassy state) was prepared first. Hard stars were subsequently 

added by keeping the concentration of the soft stars constant. It means that as soon as 

hard additives are added to the glassy system, more stars need to be added as well in 

order to keep their volume fraction constant. Indeed, there are other ways to deal with 

the mixing composition and an alternative is for instance, to keep the total composition 

constant.10 In the present case the priority was always to keep an effective volume 
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fraction for the soft stars to the same value that would correspond to a glassy state in 

additive-free conditions. Such mixtures are treated in Chapter 7.  

2.2.4. Star-linear polymer mixtures 

The multiarm polybutadiene (PBD) star used in the investigation, identified as S362, 

contained more than 90% 1,4-butadiene units, had a number-average branching 

functionality fn = 362 arms (weight-average branching functionality fw = 392), a weight-

average molar mass Mw
s = 9.8×106 g/mol, and a polydispersity Mw/Mn = 1.14. Each arm 

had Mw
a  = 24400 g/mol and (Mw/Mn)

a  = 1.06.11 Details on the synthesis and the size 

exclusion chromatography (SEC) analysis of that material are reported elsewhere.11,12 

According to the Daoud-Cotton model,13 a star polymer in a good solvent is 

characterized by a non-homogeneous monomer density distribution that comprises three 

regions: the inner melt-like core, the intermediate ideal region and the outer excluded 

volume region. The latter is involved in interactions with neighboring stars in crowded 

suspensions. The linear PBD used, identified as L1000, was obtained from Polymer 

Source (Canada) and had a weight-average molar mass Mw
L =1060000 g/mol and a 

polydispersity Mw/Mn =1.1. The hydrodynamic radii, determined through dynamic light 

scattering (DLS) measurements in dilute solution in squalene (athermal solvent) at 20 

°C, were Rh
s =39 nm and Rh

L =41 nm, yielding a size ratio close to 1. The respective 

overlap concentrations were Cs* = 60.6 mg/ml and CL* = 6.19 mg/ml. Table 2.4 collects 

all the molecular characteristics of the investigates systems. The sample preparation 

protocol and solvents used refer exactly to those described in the previous paragraph 

with the only remark that, when preparing mixtures with linear polymers, the same mass 

fraction of star polymers was maintained, i.e., the added linear chains replaced part of 

the solvent. However, complete solvent removal was never reached.  
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Table 2.4. Molecular characteristics of the star polymers 

Sample f 
Marm 

(g/mol)
 a

 

RH 

(nm)
b 

c* 

(mg/ml) Φeff,g=Cg/C*c Mw/Mn (PDI) 
Mw 

(g/mol) 

S362 362 24400 39 60.6 1.5-2 1.14 9.8×106 

L1000 1 / 41 6.19 / 1.1 1.06×106 
a Average molecular weight of one single arm. 
b Hydrodynamic radius estimated from the diffusion coefficient (DLS) at 20°C, C*=[(4π/3)RH

3]-1 

(fMarm/NA). c Cg represents the concentration at which stars vitrify. 

Such mixtures were used in both experimental works discussed in Chapter 8 and 9. 

The definitions of overlap concentration and effective volume fraction are the same as 

the previous paragraph. 

2.2.5. Star-star polymer mixtures 

The multiarm polybutadiene (PBD) stars used in this work, identified as 212-67k and 

362-24k, contained more than 90% 1,4-butadiene units, and their molecular 

characteristics are reported in table 2.5. Details about the synthesis and characterization 

are reported elsewhere.14,15 Star-polymers were dissolved in tetradecane, a thermal and 

non-volatile solvent.16 The hydrodynamic radii, determined through dynamic light 

scattering (DLS) measurements in dilute solution at various temperatures ranging from 

20 °C to 55 °C, are shown in figure 2.3 along with other polybutadiene star polymers 

from literature.16 Values are normalized by the hydrodynamic radii at 20°C, and at this 

temperature RH
67k =42.4 nm and RH

24k =29 nm, yielding a size ratio close to 0.7. The 

respective overlap concentrations defined as 𝐶∗ = 3𝑀𝑡𝑜𝑡𝑎𝑙/4𝜋𝑁𝐴𝑅𝐻
3 (𝑇) are C67k*=7.4 

wt% and C24k*=14.3 wt%, where 𝑀𝑡𝑜𝑡𝑎𝑙 is the total molar mass of the star-polymer. 

Hydrodynamic radii were also measured in athermal solvent, i.e. cyclohexane, where 

stars reached the maximum swelling.17 They are also reported in terms of normalized 

RH in figure 2.3. It is possible to define an effective volume fraction as =C/C*, with C* 

depending on the temperature. Both mass fraction and volume fraction will be used 

throughout the text according to the needs. 

According to the Daoud-Cotton model,9 it is possible to predict the size ratio between 

stars in good solvency conditions by using simple scaling. In fact, the ratio between the 
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radii of gyration yields 
𝑅𝑔
24𝑘

𝑅𝑔
67𝑘 =

𝑓24𝑘
1/5

𝑀𝑎_24𝑘
3/5

𝑓67𝑘
1/5

𝑀𝑎_67𝑘
3/5 = 0.6, which is close to the experimental 

value.  

Five solutions of 362-24k and six solutions of 212-67k were prepared in tetradecane 

(a thermal solvent for polybutadiene) at various concentrations in order to create a state 

diagram of the pure components as a function of concentration and temperature. Three 

star-polymer mixtures were also prepared in tetradecane. In all of them, the 

concentration of 212-67k was kept constant and equal to 16 wt% or =2.2 (at 20°C) 

implying glassy state, whereas the concentration of 364-24k assumed values of 14 wt% 

(=0.98 at 20°C), 20 wt% (=1.4 at 20°C) and 30 wt% (=2.1 at 20°C). In addition, 

solutions of pure components 362-24k and 212-67k at 30 wt% and 28 wt% respectively 

were investigated as well. 

Table 2.5. Molecular characteristics of star-polymer samples 

Samples 
Ma 

[kg/mol] 
f 

Mtotal 

[kg/mol] 
Mw/Mn 

RH 

[nm] 

C*(at 20°C) 

[wt%] 

212-67k 67 212 14,200 1.07 42 7.4 

362-24k 24.4 362 8,800 1.06 29 14.3 

 

In figure 2.3 the normalized hydrodynamic radius by that in tetradecane at 20 °C is 

shown as a function of temperature. Star polymers in tetradecane and cyclohexane from 

the work of Stiakakis et al.16 are also reported for comparison. The message of this 

representation is twofold: i) star polymers with different molecular characteristics 

exhibit very similar swelling (determined by the increase in hydrodynamic size), 

therefore similar response to the solvency condition changes by increasing the 

temperature. ii) the distance from the athermal condition (in cyclohexane) increases as 

the softness increases. Indeed, if the softness parameter (SP) estimated as in ref. 5 and 

reported in the paragraph 2.2.3, it follows that: SP64-80k=0.068, SP128-80k=0.083, SP212-

67k=0.11, SP362-24k=0.23. For the two systems investigated in this work, the athermal 
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condition is nearly reached at 55°C. The preparation protocol of pure star polymer 

solutions and their mixtures followed the same protocol as the previously mentioned 

colloidal mixtures. Cyclohexane was used as co-solvent for tetradecane to improve the 

dispersion. This work is discussed in Chapter 10. 
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Figure 2.3. Normalized hydrodynamic size by that in tetradecane at 20 °C against temperature. 

Open symbols relate to experiments in tetradecane whereas dashed horizontal lines represent the 

athermal limit in cyclohexane. Star polymers 128-80k and 64-80k are taken from literature.16  

2.2.6. Ring-linear polymer blends 

The polystyrene (PS) ring sample was synthesized by ring-closure of telechelic 

polystyrene which was prepared in THF by anionic polymerization using potassium 

naphthalenide as an initiator. The details of the synthesis, purification, and 

characterization schemes are described elsewhere.18–20 The weight-average molar mass 

of both ring and its linear precursor was 185,000 g/mol and its polydispersity 1.01. This 

is close to the highest-molar-mass stable polystyrene ring that has been synthesized so 

far.18 Its purification is demonstrated in figure 2.4.  



 

 

 

 

37 

 

16 18 20 22

 

 


n
 [

a.
u
.]

t
E
 [min]

 
 
Figure 2.4. Size exclusion chromatography trace spectrum (refractive index versus elution time) 

for linear precursor (green) and ring before (blue) and after (red) fractionation at the critical 

condition. 

Differential Scanning Calorimetry (DSC) traces are reported in figures 2.5 and 2.6 for 

the linear precursor and ring polymer, respectively. Cycles at different heating rates 

resulted in reasonably close (~ 1 °C difference) glass transition temperature (Tg) values 

for both systems as expected, given the same high molar mass and chemistry of the 

samples.   
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Figure 2.5. DSC curves for the linear polymer precursor. Two cycles are shown in order: i) 

heating/cooling rate of 10 °C/min from 40 °C to 150 °C and back (solid and dashed blue lines), 

ii) heating/cooling rate of 2 °C/min from 40 °C to 150 °C and back (solid and dashed green 

lines). Black lines indicate the region used for the analysis that gave a Tg=105.6 °C for the first 

cycle and Tg=103.0 °C for the second one. Arrows indicate the direction of the temperature 

ramp. 
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Figure 2.6. DSC curves for the ring polymer precursor. Two cycles are shown in order: i) 

heating/cooling rate of 10 °C /min from 40 °C to 150 °C and back (solid and dashed orange 

lines), ii) heating/cooling rate of 2°C/min from 40 °C to 150 °C and back (solid and dashed 

purple lines). Black lines indicate the region used for the analysis that gave a Tg=104.1 °C for 

the first cycle and Tg=102 °C for the second one. Arrows indicate the direction of the 

temperature ramp. 

In order to prepare homogeneous blends, appropriate amounts of the two systems 

were added to pre-weighted toluene in a glass vial under gentle stirring for 48 h. 

Subsequently, the solvent was slowly evaporated at room temperature in a hood over 

the course of 8 days and finally in a vacuum oven at 100 °C for 2 days in order to strip 

the residual toluene. Toluene removal was monitored by keeping track of the weight 

loss of the sample. In the final solutions the amount of residual toluene is less than 0.5 

wt%. Once the blends were ready, 8 mm diameter stainless steel vacuum mold was used 

to yield disks. Vacuum was applied inside the mold by connecting a hose on the 

chamber to the inlet of an air compressor. The mold was then heated to 150 °C for 20 

minutes and then allowed to gradually cool to room temperature, still under vacuum 

conditions. These blends are treated in Chapter 11.  
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2.3.  Methods 

2.3.1. Rheology  

Rheological investigations have been carried out in 5 different instruments according 

to the test to perform and state of the sample: suspended in a medium or in solvent-free 

conditions.  

Linear and nonlinear viscoelastic experiments on colloidal suspensions were 

performed on an ARES (ARES-HR form TA Instruments USA) strain-controlled 

rheometer with a force balance transducer (100FRTN1) where the temperature was 

controlled by means of a Peltier element with a precision of ± 0.1 °C connected to a 

recirculating water/ethylene glycol bath. Creep experiments on solutions were performed on 

an Anton Paar (Austria) MCR501 stress-controlled rheometer also equipped with a Peltier 

cell to control the temperature. Molten polymers were tested in an ARES (ARES-HR form 

TA Instruments USA) strain-controlled rheometer equipped with a force rebalance 

transducer (2KFRTN1) and a convection oven to control the temperature of the 

measuring area by means of continuous nitrogen gas flow ensuring inert environment to 

avoid thermal degradation of the systems. Creep experiments on molten polymers were 

conducted on an Anton Paar (Austria) MCR702 stress-controlled rheometer equipped with 

a CDT 180 convection oven and continuous nitrogen gas flow.  

High-frequency rheology was performed by A. Athanasiou on a piezorheometer realized 

by himself at FORTH (A. Athanasiou et al. 2019 submitted to Rheol. Acta). The device 

represents a revisited version of already existing piezorheometers.21,22 It consists of a set of 

identical piezo-ceramics PICATM (PI, Germany), one used as a shear actuator, and the 

other as a strain sensor. Excitation of the moving plate is exerted by the actuator which 

provides a sinusoidal voltage waveform with a certain amplitude. The sensing ceramic 

receives the stress waveform causing charge generation due to the inverse piezoelectric 

effect. The sensing cell will then output a proportional voltage waveform that can be 

correlated to the excitation one. The correlation between the two waveforms as input 

and output allows eventually to extract an amplitude ratio (directly proportional to the 

complex modulus) and the phase angle (A. Athanasiou et al. 2019 submitted to Rheol. 
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Acta.). High-frequency experiments were performed only for spheres and cylinders at 

C= 40wt%. 

2.3.2. Dynamic Light scattering  

Dynamic light scattering (photon correlation spectroscopy) experiments were 

performed in two different instruments depending on the suspension concentration and 

turbidity. For solutions completely transparent, an ALV-5000 goniometer/ correlator 

setup equipped with a Nd:YAG laser (130mW) at =532 nm, as the light source, was 

used. The experimental normalized light scattering intensity autocorrelation function23 

𝐺(𝑞, 𝑡) ≡ 〈𝐼(𝑞, 𝑡)𝐼(𝑞)〉/|〈𝐼(𝑞)〉|2 was measured over a broad time range (10-7–103 s) 

with at different wave vectors 𝑞 = (4𝜋𝑛/𝜆)sin (θ/2) where n is the refractive index of 

the medium and  the scattering angle was varied in the range between 30° and 150°. 

Under homodyne beating conditions, the desired concentration relaxation function is 

computed from the experimental 𝐺(𝑞, 𝑡): 𝐶(𝑞, 𝑡) = [(𝐺(𝑞, 𝑡) − 1)/𝑓∗]1/2 where 𝑓∗ =

0.36 is an instrumental coherence factor. In the dilute regime 𝐶(𝑞, 𝑡) is a single decay 

function, and the effective short-time diffusion coefficient is determined from the initial 

decay rate according to24  

𝐷𝑆ℎ =
Γ

𝑞2
= (

1

𝑞2
) lim
𝑡=0

(
𝑑[ln 𝑔(1)(𝑡)]

𝑑𝑡
) 

where 𝑔(1)(𝑞, 𝑡) is the normalized relaxation function 𝐶(𝑞, 𝑡).  

For turbid solutions, multiple scattering events represent an issue. To minimize such an 

undesired phenomenon we used a 3D Dynamic Light Scattering (3DDLS) instrument25–

28 equipped with a He-Ne laser (22.5mW) at =632.8 nm, as the light source. The 

scattering angle was varied in the range between 30° and 135°. The cross-correlation 

scheme provided by the 3DDLS results in the following cross-correlation function:  

𝑔𝑐
(2)(𝜏) =

3⟨𝐼1⟩⟨𝐼2⟩ + ⟨𝐼1
𝑖(0)𝐼2

𝑖𝑖(𝜏)⟩

⟨𝐼1
𝑖 + 𝐼1

𝑖𝑖⟩⟨𝐼2
𝑖 + 𝐼2

𝑖𝑖⟩
=
3

4
+
1

4
[1 + 𝛽2[𝐶(𝑞, 𝜏)]] = 1 + 𝛽𝑡𝑜𝑡

2 [𝐶(𝑞, 𝜏)] 
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where I1 and I2 represent the collected intensities by the first and second detector, 

respectively, and the superscripts indicate the first and the second laser beam, 𝛽𝑡𝑜𝑡
2 =

𝛽2𝛽𝑂𝑉
2 𝛽𝑀𝑆

2 𝛽𝑇
2 is the correction factor, with 𝛽2 being the “coherence factor”, which is 

related to coherence area and depends on the detection optics, 𝛽𝑂𝑉
2  the “overlap factor” 

that is connected to the fact that the scattering volumes seen by the two detectors are 

slightly different, 𝛽𝑀𝑆
2 =

(𝑔(2)(𝑞,𝜏=0)−1)
𝑐𝑜𝑛𝑐

(𝑔(2)(𝑞,𝜏=0)−1)
𝑑𝑖𝑙𝑢𝑡𝑒

=
𝛽𝑐𝑜𝑛𝑐
2

𝛽𝑑𝑖𝑙𝑢𝑡𝑒
2  the “multiple scattering factor” 

which is determined as the ratio of the amplitude of the cross-correlation function for 

the concentrated sample to the amplitude of the correlation function for a dilute sample 

and 𝛽𝑇
2 the “technique” factor connected to the “wrong” light collected by the detectors 

(𝛽𝑇
2 = 0.25 for the 3DDLS set-up used for the experiments). 

The bath temperature in both instruments was controlled via a heat exchanger coil 

which was connected to a recirculating water/ethylene glycol bath. The temperature 

range goes from 15 °C to 55 °C. 

2.3.3.  Neutron scattering  

Small Angle Neutron Scattering (SANS) experiments were performed at Laboratoire 

Léon Brillouin in Saclay (France). This technique was only used for four solutions of 

spheres in perdeuterated toluene ranging from the dilute to the concentrated regime (see 

Chapter 3). The solutions were contained into 1 mm thick Hellma quartz cuvettes; 

neutrons were used with a wavelength of =0.63 nm and 
∆𝜆

𝜆
≈ 0.18, at three detector 

distances (2, 8, and 20 m) in order to access the wave vector range 0.02<q (nm 1) <1.5. 

The scattered neutrons were detected with a two- dimensional 3He detector consisting of 

64 channels, each having a width of 0.8 cm. The count rate was controlled in a way that 

minimized the dead time effects. The isotropic raw data were radially averaged, 

corrected for background scattering, and the intensity was converted into absolute units 

(cm-1) by using a polyethylene sample of known incoherent scattering as standard 

(calibrated against vanadium). 
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2.3.4. X-ray scattering 

Small Angle X-ray Scattering (SAXS) were performed by Guy Ochbaum in the group 

of Prof. Ronit Bitton at Ben Gurion University, Department of Chemical Engineering. 

Experiments were carried out only on cylinders at several concentrations from dilute to 

concentrated regime (see Chapter 5), using a SAXSLAB GANESHA 300-XL 

instrument. Cu radiation was generated by a Genix 3D Cu-source with an integrated 

monochromator, 3-pinhole collimation and a two-dimensional Pilatus 300K detector. 

The scattering intensity I(q) was recorded in the interval of 0.003 < q < 3 Å-1 

(corresponding to the length range of 3-200 Å) where the scattering vector is defined as 

 𝑞 = 4𝜋 sin
𝜃

𝜆
, with 2휃 and 𝜆 being the scattering angle and wave length, respectively. 

The measurements were performed under vacuum at ambient temperature. Solutions at 

10-4, 10-2, 0.1, 0.13, and 0.2 g/ml were placed in a stainless-steel cell with entrance and 

exit windows made of mica. The scattering curves were corrected for counting time and 

sample absorption. No attempt was made to convert the data to an absolute scale.  

2.3.5. Transmission Electron Microscopy (TEM) 

TEM images were provided by Prof. Chen-Yang Liu and his group at the Institute of 

Chemistry – Chinese Academy of Science. Experiments were performed only on 

spheres, cylinders and lamellae using a JEOL-1011 TEM instrument operated at an 

accelerating voltage of 100 kV. The images were recorded by a digital camera. For 

observing the morphology of nanoparticles in dry state, a drop of dispersion was coated 

onto a copper grid. After evaporation of solvent at room temperature, the TEM analysis 

was taken. 

2.3.6. Cryo-Transmission Electron Microscopy (Cryo-TEM) 

Cryo-TEM images were provided by Prof. Oren Regev and his group at Ben Gurion 

University – Department of Chemical Engineering. Images of spheres, cylinders and 



 

 

 

 

44 

lamellae were collected using a FEI Tecnai 12 G2 (equipped with a Gatan 794 CCD 

camera) operating at 120 kV. The samples were prepared using a controlled 

environment vitrification system. A drop of the sample was deposited on a Cu TEM 

grid, coated with a holey carbon film (Lacey substrate 300 mesh, Ted Pella, Ltd.) at 25 

oC. The grid was blotted to remove excess fluid, resulting in a thin film (20–300 nm) of 

the solution suspended over the grid's holes. The samples were vitrified by rapid 

plunging into liquid ethane at its freezing point, then transferred to a cryo-holder (Gatan 

model 626). 

2.3.7. Differential Scanning Calorimetry (DSC) 

DSC measurements were performed on linear and ring polystyrene polymers by Dr. 

Salvatore Costanzo at the University of Montpellier with a DSC Q1000 (TA instrument, 

USA). The samples weighed approximately 4 mg. They were inserted in a standard 

aluminium pan-and-lid holder. The protocol used for the measurements was the 

following: 1) go from room 40 °C to 150 °C, 2) wait 5 min at 150 °C, 3) go from 150 

°C to 40 °C, 4) wait 5 min at 40 °C and 5) repeat the cycle. The glass transition 

temperature (Tg) was evaluated at the heating ramp of the second cycle, through the 

software TA Universal Analysis.  

2.4.  Solution rheometry 

2.4.1. Polymer grafted nanoparticles: spheres, cylinders and 

lamellae 

Oscillatory and start-up shear measurements were performed in the ARES rheometer 

equipped with a cone-and-plate configuration, where the cone was a home-made 

stainless steel of 8 mm diameter and cone angle 0.166 rad. whereas the plate was 

constituted by the Peltier unit. Spheres in toluene were measured at 20.00 °C and the 

measuring area was also sealed with a solvent trap containing the solvent itself to 

saturate the environment and reduce the evaporation. For spheres in DEP the range of 
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temperature investigated varied between 10 and 60 °C. Cylinders and lamellae were 

only measured at 25 °C. The samples were loaded on the rheometer and, after applying 

a well-defined pre-shear protocol which ensured that they were properly rejuvenated 

before testing, their linear dynamic response was measured at first. This means that the 

rejuvenated samples were in the liquid state at the end of pre-shearing (i.e., the stress 

nearly dropped to zero), and from then on it was possible to account for aging, and 

hence establish conditions for reproducible and virtually time-independent 

measurements. It is worth emphasizing the importance to establish a repeatable protocol 

when investigating metastable systems in order to obtain consistent results.12,14 The 

experimental protocol consisted of the following steps: (i) the sample underwent a 

dynamic strain amplitude sweep (DSS) at a fixed frequency (1 rad/s) in order to 

determine both the linear viscoelastic regime and the range of strains corresponding to 

liquid-like response. (ii) Then a dynamic time sweep (DTS) at a chosen strain (>200%) 

and =1 rad/s was performed in order to fully rejuvenate the liquefied sample, as 

judged from the time-independent apparent moduli (this typically lasted 300 s). (iii) 

After ii) a dynamic time sweep was performed in the linear regime, in order to follow 

the time evolution of moduli until nearly constant values were reached, corresponding 

to the aged sample. Typical aging time was about one hour. (iv), Small-Amplitude 

Oscillatory Shear (SAOS) frequency sweep tests (DFS) were subsequently carried out 

in a frequency range 0.1–100 rad/s. During step-rate experiments the rejuvenation 

protocol followed by aging was applied between each shear rate. Note that the 

rejuvenation-aging protocol was not applied in the case of spheres in toluene. The 

reason lies on the fact of minimizing the measuring time due to the high volatility of the 

solvent. Indeed, the scope of such an experiment was only to validate the rheological 

state of the suspension at a given concentration (see Chapter 3). In order to attempt at 

extending the low frequency region and reach the terminal flow, creep measurements 

were conducted with the MCR501 equipped with an 8mm cone with cone angle of 

1.028° and a Peltier cell. After having applied the above-mentioned protocol, different 

stresses were tested in order to ensure the linear response. Only for the suspension of 

cylinders at 0.76 g/ml a 4 mm plate was used. It is worth mentioning that the choice of 

the size of the geometry was mainly dictated by the limited amount of sample available. 
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2.4.2. Star-hard sphere mixtures 

Oscillatory and start-up shear measurements were performed in the ARES rheometer 

equipped with a cone-and-plate configuration, where the cone was a home-made 

stainless steel of 8 mm diameter and cone angle of 0.166 rad. whereas the plate was 

constituted by the Peltier unit. The experimental protocol was the same as the former 

systems: (i) dynamic strain amplitude sweep (DSS) at a fixed frequency (1 rad/s) in 

order to determine both the linear viscoelastic regime and the range of strains 

corresponding to liquid-like response. (ii) dynamic time sweep (DTS) at a chosen strain 

(200%) and =1 rad/s was performed in order to fully rejuvenate the liquefied sample, 

as judged from the time-independent apparent moduli (this typically lasted 300 s). (iii) 

After ii) a dynamic time sweep was performed in the linear regime, in order to follow 

the time evolution of moduli until nearly constant values were reached, corresponding 

to the aged sample. Typical aging time was about one hour for pure component 

solutions and roughly 5 hours for the mixtures. (iv) Small-Amplitude Oscillatory Shear 

(SAOS) frequency sweep tests (DFS) were subsequently carried out in a frequency 

range 0.1–100 rad/s. During step-rate experiments the rejuvenation protocol followed 

by aging was applied between each shear rate. Experiments were all conducted at 20 °C.  

2.4.3. Star-linear polymer mixtures 

Oscillatory and start-up shear measurements were performed in the ARES rheometer 

equipped with a cone-and-plate configuration, where the cone was a 25 mm diameter 

and cone angle of 0.02 rad. whereas the plate was constituted by the Peltier unit. The 

experimental protocol was the same as the former mixtures: (i) dynamic strain 

amplitude sweep (DSS) at a fixed frequency (1 rad/s) in order to determine both the 

linear viscoelastic regime and the range of strains corresponding to liquid-like response. 

(ii) dynamic time sweep (DTS) at a chosen strain (200%) and =1 rad/s was performed 

in order to fully rejuvenate the liquefied sample, as judged from the time-independent 

apparent moduli (this typically lasted 300 s). (iii) After ii) a dynamic time sweep was 

performed in the linear regime, in order to follow the time evolution of moduli until 
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nearly constant values were reached, corresponding to the aged sample. Typical aging 

time was about one hour for pure components and up to 48 hours for the mixtures. (iv), 

Small-Amplitude Oscillatory Shear (SAOS) frequency sweep tests (DFS) were 

subsequently carried out in a frequency range 0.1–100 rad/s. Experiments were all 

conducted at 20 °C. In order to attempt at extending the low frequency region and reach 

the terminal flow, creep measurements were conducted on MCR 501 (Anton Paar) 

equipped with a 25 mm cone with cone angle of 6.0° and a Peltier cell. After having 

applied the above-mentioned protocol, different stresses were tested in order to ensure 

the linear response. 

 

2.4.4. Star-star polymer mixtures 

Oscillatory shear and creep measurements were performed in the MCR-501 rheometer 

equipped with a cone-and-plate configuration, where the cone was a 25 mm diameter 

and cone angle of 6.011°. The experimental protocol of such mixtures slightly differs 

from the previous ones as pure components and mixtures were tested at different 

temperatures. Typical temperature range was 20 °C – 70 °C. The loading temperature 

was set to 20 °C and the rejuvenation-aging protocol applied for the former systems 

followed. In addition, a dynamic time sweep test was performed during the thermal 

transient between two different temperatures. Typical aging time was about one hour for 

pure components and of the order of days for the mixtures. (iv), Small-Amplitude 

Oscillatory Shear (SAOS) frequency sweep tests (DFS) were subsequently carried out 

in a frequency range 0.1–100 rad/s. During step-rate experiments the rejuvenation 

protocol followed by aging was applied between each shear rate. 
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2.5.  Melt rheology 

2.5.1. Silica-grafted nanoparticle 

Oscillatory shear experiments were conducted on an ARES stress-controlled 

rheometer using either 8, 4 or 2 mm parallel plate geometry. Creep experiments were 

performed on the Anton Paar MCR702 equipped with 8 mm parallel plates. After 

loading, typically at 80 °C, samples were allowed to equilibrate for at least 30 minutes. 

Strain sweep experiments were carried out in order to know the linear viscoelastic 

regime at each temperature. Dynamic time sweep experiments in the linear regime were 

also performed in order to ensure steady-state and thermal equilibrium conditions. 

Frequency sweeps were conducted from 100 – 0.1 rad/s at 5 °C intervals from 80 °C to 

30 °C and at 2-3°C intervals between 27°C to 18°C (corresponding to the glass 

transition temperature). 

2.5.2. Linear-ring polymer blends 

Oscillatory shear experiments were conducted on an ARES stress-controlled 

rheometer using either 8 parallel plate geometry. After loading, typically at 150 °C, 

samples were allowed to equilibrate for at least 30 minutes. Strain sweep experiments 

were carried out in order to know the linear viscoelastic regime at each temperature. 

Dynamic time sweep experiments in the linear regime were also performed in order to 

ensure steady-state and thermal equilibrium conditions. Frequency sweeps were 

conducted from 100 – 0.1 rad/s at 10 °C intervals from 160 °C to 130 °C. 

2.6.  Creep measurements 

Many experimental systems exhibit structural relaxation times or long-time dynamics 

that cannot be detected by dynamic oscillatory shear measurements, i.e. dynamic 

frequency sweep. There could be many reasons for this and with very different nature. 

Insufficient amount of sample forces the experimenter to use smaller geometries, 
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therefore low frequencies could be inaccessible due to the loss of torque signal. If the 

time-temperature superposition applies on a generic system, one may also consider to 

increase the temperature to explore slower dynamics. However, increasing the 

temperature is not always possible and most of the time the upper limit is dictated by 

sample degradation. Moreover, in certain cases, assessing low-frequency regions would 

take considerable time. Stress relaxation and creep experiments are often an order of 

magnitude more efficient than dynamic ones.29,30 Whereas the former implies the 

application of a step-strain (small enough so that the linear viscoelasticity holds) and the 

time evolution of the stress relaxation modulus is followed, the latter bases on the 

application of a step-stress and the time evolution of the deformation (compliance) is 

tracked. This paragraph concerns only creep experiments. The data generated by the 

latter look quite different from the frequency-dependent storage and loss moduli 

measured in oscillatory rheology. Nevertheless, as long as the measurements were 

performed in the linear regime, the two experiments probe exactly the same physical 

properties of the material, so that in principle the time dependent compliance and the 

frequency-dependent moduli contain the same information. One may erroneously think 

that a “simple” Fourier analysis of the time-dependent signal is enough to obtain the 

dynamic compliances J′ and J″, therefore the dynamic moduli. Unfortunately, the 

Fourier transform requires a continuous function that is defined for all values of t. The 

experimental compliance is not continuous for many reasons: 1) the measurements 

begin at short times but non-zero time due to the finite time resolution of the instrument, 

2) measurements are discrete (temporal resolution) and 3) the data have a finite 

duration. The creep conversion definitely represents a big challenge. Several methods 

have been proposed over the years.31–40 In this work the method of Honerkamp and 

Weese35,38 has been used to convert the creep compliance data into dynamic moduli. 

The creep compliance J(t) is related to the retardation spectrum by the equation29  

 𝐽(𝑡) = 𝐽0 +∫ 𝐿(𝜏)[1 − 𝑒−𝑡/𝜏]𝑑𝑙𝑛𝜏 + 𝑡/휂0

+∞

−∞

 (2.1) 
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where J0 is the elastic compliance and 0 the shear viscosity; L() is the contribution to 

the compliance from the retardation time interval between ln and ln and ln+dln; t/0 

represents the contribution to J(t) of the permanent deformation at time t and it is 

usually negligible compared to the other terms. If L(), J0 and 0 are known, the 

dynamic behaviour can be easily calculated 

 

 𝐽(𝜔)′ = 𝐽0 +∫ 𝐿(𝜏)
1

1 + 𝜔2𝜏2
𝑑𝑙𝑛𝜏

+∞

−∞

 (2.2) 

 

 𝐽(𝜔)″ =
1

𝜔휂0
+∫ 𝐿(𝜏)

1

1 + 𝜔2𝜏2
𝑑𝑙𝑛𝜏

+∞

−∞

 (2.3) 

 

 

By knowing 𝐽(𝜔)′and 𝐽(𝜔)″,  the complex dynamic compliance can be calculated as 

|𝐽∗(𝜔)|2 = 𝐽(𝜔)′
2
+  𝐽(𝜔)″

2
. As 𝐺∗(𝜔)𝐽∗(𝜔) = 1 the dynamic moduli become: 

 

 𝐺(𝜔)′ =
𝐽(𝜔)′

|𝐽∗(𝜔)|2
 (2.4) 

 

 𝐺(𝜔)″ =
𝐽(𝜔)″

|𝐽∗(𝜔)|2
 (2.5) 

As previously mentioned, finding L() represents the major issue because there exist 

not a unique solution for a discrete spectrum. Such a problem is typically defined as ill-

posed.41 For the solution of this problem regularization procedures together with the 

corresponding computer programs were developed by Weese and Honerkamp.35,38 The 

development of such mathematical tools is non-trivial and beyond the scope of this 

work, therefore ref. 36 can be consulted for a complete description. In short, the method 

bases on prescribing logarithmically equidistant values for the retardation times, and 

defining a function that has to minimize the relative error (relative to the observed 

value). In order to avoid negative retardation values an additional term must be added to 

the relative error. According to Tikhonov’s regularization method,42 such a term is the 
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product of a regularization parameter and the function of the spectrum to be determined. 

For our calculations the Nonlinear Regularization (NLREG) program was used.38 The 

following plots depict creep conversion steps applied on a silica-grafted nanoparticles 

coded 0.47-94k (see Chapter 4). 

Figure 2.7 shows the creep compliance experiment at 60 °C and 3 different stresses: 

50, 80 and 100 Pa. Remarkably, different stresses resulted in the same temporal 

evolution of the deformation. This corroborates the notion that the material is probed in 

the linear viscoelastic regime. The retardation spectrum obtained by means of the 

NLREG shows also a good agreement between different stresses (see figure 2.8). This is 

a confirmation that the method is independent on the range of data taken into account 

for the conversion as measurements at different stresses terminate at different times. 

Indeed, according to Honerkamp and Weese35,38 an incomplete spectrum can still be 

properly converted only if the material parameters J0 and 0 are estimated from 

extrapolating the observed value. Eventually, dynamic compliances and converted 

moduli are shown in figure 2.9 and 2.10 respectively. 
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Figure 2.7. Creep compliance versus time for silica-grafted nanoparticles 0.47-94k at 60 °C. 

Three different stresses have been applied in order to confirm the linear viscoelastic regime. 
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Figure 2.8. Retardation spectrum of the silica-grafted nanoparticles 0.47-94k at 60 °C. Three 

different stresses were applied in order to confirm the linear viscoelastic regime. Note that the 
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maximum in the retardation spectrum occurs in a time scale which goes beyond the typical 

frequency range probed in dynamic frequency sweep experiments.  
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Figure 2.9. Converted dynamic compliances of silica-grafted nanoparticle 0.47-94k at 60 °C and 

3 different stresses: 50, 80 and 100 Pa. 
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Figure 1.10. Converted dynamic moduli along with frequency sweep data of silica-grafted 

nanoparticle 0.47-94k at 60 °C and 3 different stresses: 50, 80 and 100 Pa. 
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Chapter 3 

STATIC AND DYNAMIC PROPERTIES OF SPHERICAL 

MICELLES INTERACTING VIA AN EFFECTIVE BRUSH 

INTERACTION POTENTIAL 

3.1.  Introduction 

Soft colloidal particles have received a lot of attention over the years and are present 

in many daily products and applications such as paints, inks, critical diagnostic tests,1 

nanostructured materials for photonic,2 phononic,3 optofluidic,4 and fillers for films 

employed in solar cells.5 Due to their unique microscopic structure, soft colloids can 

also be used as model systems to study fundamental physical phenomena of colloidal 

dispersions, as for example their flow properties which are very sensitive to changes in 

softness6 and external stimuli (temperature, solvency conditions, pH, magnetic field, 

etc..). The hybrid nature of soft particles confers them a dual character between 

polymers and hard colloids, offering a plethora of possibilities for obtaining systems 

with accurately designed response. Examples of spherical soft colloidal systems are 

vesicles, dendrimers,7 microgels,8,9 block copolymer micelles,10–13 polymer-grafted 

nanoparticles,14,15 and star polymers.16–18 Unlike hard spheres, for which the phase 

diagram has been exhaustively investigated,19 soft colloids are not fully explored. For 

instance, bridging the gap between star-like and polymer-grafted nanoparticles still 

presents some challenges. Pioneering in this field was the work of McConnnel et al.20 

who established the phase diagram of PS-PI diblock copolymers by means of small 

angle X-ray diffraction studies. Transition between face-centered cubic (fcc) and body-

centered cubic (bcc) lattices was observed as the ratio of coronal layer thickness to core 

radius increased. The resulting stable crystal structure was found to be strongly 

dependent on the length scale of interactions: short-range repulsion favors fcc lattice 

over bcc and vice versa, as it was also demonstrated through previous experiments21 and 

Monte Carlo simulations.22 Lately the attention has been focused on star polymers, 

whose density profile and conformation are described by the Daoud-Cotton model,23–25 
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that represent one of the widest investigated soft model systems, where the softness can 

be tuned by varying the number of polymer chains anchored to a common center 

(functionality) and/or their molar mass. An effective interaction between the stars was 

modeled by an ultrasoft pair potential that varies logarithmically with the core-core 

distance.26 In 1999 Likos et al.27 established the phase diagram of star polymer solutions 

in good solvent over a wide range of number densities and functionalities. The observed 

phases included bcc, fcc, body centered orthogonal (bco) and diamond crystals. In a 

limited range of number of arms, a reentrant melting of the bcc phase was observed as 

the packing fraction increased. Additionally, at relatively high functionality a fcc phase 

was detected instead, and the effect of increasing packing fraction translated into 

different ordered lattices until the diamond crystal was reached. Interestingly, this 

interaction potential was found to be suitable also for several star-like systems like 

diblock copolymer micelles,12,28–30 and flexible dendrimers of low generation.31,32 In 

2015 Gupta et al.33 presented a thorough, yet general, experimental and theoretical 

phase diagram of soft colloids by using a tunable block copolymer model system whose 

softness is adjusted by changing the solvophobic-to-solvophilic block ratio. An 

important finding relates to the threshold in functionality above which the crystalline 

phase is not formed and the non-ergodic state is characterized by a random distribution 

of the particles forming a glass. On the contrary, below the threshold value, fcc lattice or 

fcc-to-bcc transition is observed as the previous works mentioned above.  

However, there are cases where the particle architecture gives rise to completely 

different features with respect to the star polymers or star-like micelles. For instance, 

Ohno et al.34 and Morinaga et al.35,36 showed by means of confocal laser scanning 

microscopy in fluorescent mode, that for core-shell systems (silica core grafted with 

polymethylmethacrylate) the crystalline phase was strongly dependent on the brush 

length but the bcc crystalline structure was not found at all. Instead, a hexagonal close-

packed (hcp) structure was detected. When short chains are grafted, the probability of 

having a fcc lattice is the same as for the hcp organization. A nearly random stacking of 

fcc and hcp was formed. The authors called this region CPB (concentrated polymer 

brush) where the excluded volume region effect is unimportant. In a region of large 

chain lengths, the CPB is followed by the excluded volume region, or semidilute 
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polymer brush regime (SDPB), and its effect on the crystalline structure becomes 

important. Note that, the brush conformation regime proposed by Ohno et al.35 derives 

from the well-known Daoud and Cotton model for star polymers.23 The probability of 

finding a fcc increases sharply as the interaction potential softens due to the increasing 

in length of the brushes. However, during the crystallization process, some hcp 

arrangements might be frozen in an irreversible way. This non-equilibrium process is 

more likely to happen for systems with a shorter range of interparticle potential such as 

hard spheres and CPB systems. The theoretically deduced entropy difference between 

fcc and hcp phases may be too small to realize an equilibrium system experimentally. 

On the other hand, as the interparticle potential range becomes longer, not only the 

nearest-neighbor but also the second-nearest (and higher-order) interactions can play a 

role in crystallization, giving much larger energetic and entropic differences between 

fcc and hcp phases. Therefore, crystalline processes will be less likely to occur in 

systems with a longer range of interparticle potential.  

Soft colloids are also known to exhibit very rich dynamics. Different works, 

especially with scattering techniques, have been conducted over the years.37–45 In 1999 

Semenov et al.40 investigated the dynamics of polybutadiene multiarm star polymers in 

good solvency conditions by means of dynamic light scattering experiments. Three 

relaxation modes in the semidilute regime were probed: a fast cooperative diffusion 

related to the polymeric nature of the systems (star interpenetration, taking place at the 

overlap concentration c* and beyond), a slow self-diffusion of the stars (due to finite 

functionality polydispersity) and an intermediate structural mode which corresponds to 

the collective structural rearrangements of ordered stars. The fast-cooperative diffusion 

speeds up,46–48 whereas the slowest mode slows-down with increasing concentration. 

The collective structural mode is characterized by the nearly concentration 

independency. Multiple diffusion processes were also encountered in other model soft 

colloidal systems. Loppinet et al.42-37 investigated concentrated suspensions of cross-

linked block copolymer micelles and detected three relaxation modes, assigned to the 

cooperative diffusion, arm relaxation and collective diffusion.  

The dynamics of core-shell (silica-polystyrene) particles was studied by Voudouris et 

al.43. They demonstrated that by varying the molecular architecture (grafting density, 
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functionality, and molar mass of the grafted chains) it is possible to detect the same 

three relaxation modes in the intermediate scattering functions, provided that no 

isorefractive conditions are present. Importantly, for high-grafting density particles, 

their associated large osmotic pressure makes interpenetration more difficult and shifts 

the appearance of cooperative diffusion above c*. In addition, it was shown that the 

decoupling of the modes becomes more visible for systems with low grafting density 

and long brushes. 

Overall, the slowest mode, i.e., the self-diffusion of the particle, can be observed in 

hard-spheres, multiarm stars and core-shell particles. On the other hand, the cooperative 

diffusion and arm retraction modes represent unique signature of interpenetration. 

In spite of the numerous similarities in phase diagram and dynamics among soft 

spherical colloids, their realm remains quite broad and sometimes for those systems at 

the edge between hard-spheres and softer particles like star polymers, new tools need to 

be developed for a comprehensive physical understanding. In this work a new soft 

model system, namely polymer-grafted nanoparticles (PGNPs), with characteristics 

embracing core-shell particles, star-polymers and hard spheres is introduced. As a result 

of a new synthesis method, suspensions of PGNPS were firstly subjected to a thorough 

and systematic structural characterization by means of different techniques such as 

Transmission Electron Microscopy, neutron and light scattering, as well as rheology in 

the linear viscoelastic regime. Results from simulations by using the star interaction 

potential were obtained and compared with the observed static and dynamic properties 

of the PGNPs. While the static structure factor can be nicely captured by the star 

potential, major issues arise when the same potential is used to test the dynamic 

behavior. In fact, as the concentration increases, the star-polymer potential is not able to 

capture the experimental correlation functions. To this end, an interaction potential has 

been developed along the line of that for colloidal interfaces with adsorbed gelatin.49 

This turned to be very effective in capturing both static and dynamic properties 

observed in experiments conducted at various concentrations and length scales. In 

addition to the above-mentioned finding, it is also reported that: i) an arrested state is 

detected by means of static light scattering and rheology, ii) the solid-like behavior has 

features of a crystalline phase and given the polymer chain being in the SDPB regime, a 
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fcc structure is expected according to Morinaga et al.36 Indeed, MD simulations 

confirmed the presence of fcc structure. iii) Dynamic light scattering at various 

concentrations revealed three different modes assigned to the cooperative diffusion of 

the chain, center of mass motion (collective diffusion) and self-diffusion. By achieving 

nearly isorefractive conditions between core and solvent it was possible to verify and 

confirm the fast cooperative diffusion. iv) Rheological experiments at various 

temperatures revealed a response mainly dominated by the temperature dependence of 

the viscosity of the medium rather than the variation in particle size due to a weak 

thermal response (particle swelling).  

3.2.  Materials  

Different solvents such as toluene, diethyl phthalate (DEP), and chloroform, have 

been used. The choice was based on solvency conditions (mainly referred to PS given 

the larger mass fraction respect to PTEPM, see table 3.1), refractive indices and 

volatility, and they will be indicated throughout the text when needed. Structural 

characteristics, hydrodynamic sizes, and overlap concentrations in different solvents are 

reported in table 3.2. Concentrations are expressed in terms of effective volume fraction 

 (simply called volume fraction hereafter) estimated as the ratio between the actual and 

the overlap concentration defined as 𝐶∗ =
𝑀𝑤

4

3
𝜋𝑅𝐻

3𝑁𝐴
 where Mw is the total molar mass of 

the particle, RH is hydrodynamic radius and NA the Avogadro number. Given the soft 

nature of the particle, the effective volume fraction may reach values higher than the 

unit values due to its deformability and compressibility.  
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Table 3.1. Molecular Characteristics. 

Core sizea 

[nm] 

PDIa 

[-] 

Mn
b

 

[kg/mol] 

PS fraction 

[wt%] 

 

[nm-2] 

Nagg
d 

[-] 

Mw 

[kg/mol] 

30 1.04 111 80 0.108 212 3 104 

a Core size and polydispersity index estimated through Transmission Electron Microscopy (TEM) images in dry state. 
b Molar mass of the tethered PS chains. c Grafting density. d Number of grafted PS chains. See Y. Ruan et al.14 

Table 3.2. Hydrodynamic size and radius of gyration from light scattering. 

Solvent 
RH 

[nm] 

Rg 

[nm] 

Rg/RH 

[-] 

C*a 

[g/ml] 

Toluene 62 58 0.94 0.05 

DEP 49 42 0.86 0.1 

Chloroform 68 53 0.78 0.04 

a Overlap concentration C*=3Mw/(4RH
3NA) 

It is important to note that the ratio between the radius of gyration and the 

hydrodynamic radius decreases as the solvent is varied from toluene, to DEP and finally 

to chloroform. This reflects somewhat the softness of the particles as the limit for hard 

sphere is 0.77 in theta conditions and for monodisperse linear chains in good solvent is 

1.5.50 The lowest values belong to the solution with chloroform (good solvent for PS), 

where nanoparticles nearly approach the hard-sphere limit. However, in the latter 

condition the RH resulted in the highest value, more than that in toluene in spite the fact 

that toluene is a good solvent for PS. The rationale for this can be ascribed to the fact 

that perhaps chloroform favors better solvency conditions for the core promoting a 

slight swelling. Such an explanation is a pure conjecture as there is no direct evidence. 

The procedure adopted in order to estimate the hydrodynamic radius and the radius of 

gyration is reported in the Appendix 3.  
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3.3.  Results and discussion 

3.3.1. Static properties 

All experiments reported in this section were performed in toluene. At first, one 

should know the solvency conditions provided by the previously mentioned solvent. To 

this end, static light scattering tests were performed on solutions at different 

concentrations well below C*. In figure 3.1 the Zimm equation already extrapolated to 

zero scattering wave vector (q→0) is plotted against the concentration. The equation 

used has the following form 

𝐶

𝑅𝜃
=
1

𝐾
(
1

𝑀𝑤
+ 2𝐴2𝐶) (3.1)  

where C is the concentration in g/ml, K the contrast constant, R the excess Rayleigh 

ratio in cm-1 and A2 the second virial coefficient. Trivially, K can be found by 

extrapolating the experimental data to zero-concentration and the second virial 

coefficient through the slope (see figure 3.1). The A2 quantity resulted positive, 

implying good solvency conditions, but its value 3.4 10-5 mol ml g-2 is almost one order 

of magnitude lower than that of pure PS chains in toluene at the same total particle 

molar mass, 1.1 10-4 mol ml g-2.51As expected, particle interactions are different from 

those between simple linear chains. This relates to the colloidal nature of the PGNPs.   
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Figure 3.1. Concentration normalized by the excess Rayleigh ratio against concentration. 

Findings: K parameter at c=0 and the second virial coefficient as slope. The refractive index 

increment is very close to the one of pure PS in toluene, 0.11.  

The effect of concentration was investigated through static light scattering 

measurements and the intensity, expressed in terms of R/KC is plotted against the 

scattering wave vector, as shown in figure 3.2. The smallest length scale that can be 

probed within the explored range of q is of the order of the particle size (~60nm). In 

figure 3.2 two regions can be identified: 1) in 0.045<<0.3 the weak q dependence of 

the intensity implies a non-interacting regime where particles are far apart between each 

other. 2) Above =0.3 a strong q dependence of the intensity is observed as a result of 

particle interactions and crowding. At even higher volume fractions (above 0.76), a 

further drop in the intensity occurs and this has been ascribed to an arrested state 

eventually probed by dynamic light scattering and rheology (see next paragraph). The 

question whether the arrested state has characteristics of a glass or of an ordered 

structure constitutes an important point. Whereas for soft systems as star polymers a 

glass transition has been found slightly above the overlap concentration (depending on 

functionality and arm molar mass)52–54, core-shell particles have been reported to exhibit 

crystalline states: fcc or bcc depending on the degree of polymerization of the tethered 
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chains,36 provided that the polydispersity of the system is negligible. To this end, small-

angle neutron scattering (SANS) experiments were performed on nanoparticle solutions 

in a higher range of q. The normalized intensity rescaled by the volume fraction is 

shown against q in figure 3.3. Light scattering data are also rescaled by the volume 

fraction and plotted along with the SANS data in order to extend the q range. At high q 

values, all  intensity curves overlap and the intensity decay follows a power-law having 

with an exponent of -2 which is reminiscent of Gaussian coils in good solvency 

conditions.55 At =0.034, still in the non-interacting regime, the particle form factor can 

be found and a good overlap with light scattering data is obtained, although there is a 

slight difference in concentration (concentrations are reported in the plot). As the 

volume fraction approaches 0.5, structural peaks appear. However, the solution is still in 

an ergodic state and the length scale at the peak (green triangles) is 2π/0.07=89nm, 

slightly larger than the hydrodynamic size of the particle in dilute regime (62nm). A 

further increase in volume fraction leads the system to an arrested state and the 

structural peaks shift towards higher q values or smaller length scales. In fact, the peak 

now corresponds to 2π/0.12=52nm, smaller than the RH, implying a strong packing of 

the particles (osmotic compression and interpenetration). Further, a pseudo-structure 

factor was estimated just by dividing the intensity at =1.26 by the form factor at 

=0.034 and plotted versus the scattering wave vector (figure 3.4). As the particles 

deform and reduce their size with concentration it does not seem appropriate to define 

such a ratio as the static structure factor of the system. Nevertheless, it turns to be very 

important, as it will be discussed later, to implement an effective interaction potential 

for simulations. The structural peak detected in figure 3.4 overcomes the Hansen-Verlett 

crystallization threshold value of 2.85,56 therefore an ordered state or a mixture of 

ordered states might be potentially possible to occur, given also the nearly negligible 

polydispersity of the system. As a matter of fact, it is not possible to distinguish among 

the crystalline order as shown by the fitting curves in figure 3.4, since the structure 

factors for an fcc, bcc as well as a hcp order would all fit reasonably well the 

experimental data. According to Ohno et al.,35 as it was previously discussed, the 

probability of finding an fcc structure increases as the degree of polymerization of the 

tethered chains increases. In fact, this occurs in the excluded volume region (semi-dilute 
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polymer brush regime). Based on this simple albeit useful approach, it is possible to 

determine the regime where the present particles belong to. By knowing the grafting 

density , the radius of core r0 (see table 3.1), and the monomer length lm (0.25nm57), a 

critical radius is estimated as 𝑟𝑐 = 𝑟0𝜌0
1/2
𝑙𝑚𝑣

∗ = 0.7𝑛𝑚 where 𝑣∗ is defined as 𝑣∗ =

4𝜋1/2𝑣 with 𝑣 being the excluded-volume parameter defined by Daoud and Cotton.23 

Assuming good solvency conditions, 𝑣 = 0.5. Given the condition r0>>rc
35 being 

satisfied, one may infer that the whole brush layer is in the semi-dilute polymer brush 

regime, hence, the most likely structure is represented by an fcc order. 
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Figure 3.2. Total static light scattering intensity in terms of R/KC versus q at various volume 

fractions. From a non-interacting regime to the “arrested state”. There are three regimes: (i) 

dilute, non-interacting (ii) ≥0.46, intermediate, where the intensity drops and strong q 

dependence appears. (iii)  ≥1.26, dynamically arrested state with sharp further drop of intensity 

and non-ergodic response. 
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Figure 3.3. Neutron Scattering experiment on four different volume fractions in toluene in terms 

of normalized intensity divided by the volume fraction against the scattering wave vector. 

Dashed lines represent light scattering data at similar volume fractions. Slope -2 represents the q 

dependence of the intensity for Gaussian chains in good solvent with screened excluded volume 

interactions. 
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Figure 3.4. Pseudo-structure facture obtained by dividing the scattered intensity at =1.6 by the 

form factor at =0.034. Black and red lines are the fcc and hcp crystalline structure factors 

respectively. According to the Hansen Verlett criterion the first peak overcomes the 2.85 

threshold value for crystalline structure.56  

3.3.2. Dynamic properties 

Dynamic light scattering tests on soft colloidal suspensions are known to exhibit very 

rich dynamics.40,42,43 The possibility for discriminating between different modes is given 

by the optical contrast between particles and the medium. When different materials are 

involved, all the refractive indices should be considered. Figure 3.5 illustrates the 

refractive index contrasts between the core, shell and the different solvents used. No 

mixture of solvents was used in any case. The maximum refractive index contrast is 

always obtained between the shell and solvent, especially when the chloroform is used. 

Moreover, it is worth recalling that the PS in the shell constitutes the 80% in weight of 

the total particle. While toluene was used for most of the experiments, solutions in 

chloroform were tested only for a few concentrations in order to investigate the effect of 

different optical contrasts on the light scattering response, in particular in order to nearly 
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match the refractive index of the core and enhance the contrast between shell and 

solvent. The latter represented a ploy in order to highlight the polymeric mode as it will 

be discussed later in this section. 

Figure 3.5. Schematic representation of refractive indices of core, shell and solvents used. The 

maximum contrast between shell and solvent is obtained with chloroform, whereas between 

core and solvent with toluene. 

In figure 3.6A the time-autocorrelation functions at different fractions but at the same 

scattering wave vectors (=90°) are shown together with a double Kohlrausch-William-

Watts (KWW) fit. Stretched exponents are displayed in figure 3.6B. Whereas the slow 

mode at different concentrations exhibits a stretched exponent 1 always between 0.8 

and 0.9, the fast one, 2, displays values around 0.5. Whether to treat the fast mode as a 

one single broad relaxation mode or as two separate modes constitutes a crucial point. 

To this end, figure 3.7 shows a correlation function at a given angle and concentration. 

This time, the Contin algorithm58 was used in order to analyze the data and evaluate the 

relaxation time distribution. A broad fast relaxation time distribution covering almost 

three decades is displayed, alternatively the same relaxation mode is split into two. The 

slow mode was still considered as one single process. Based on the concentration 

dependence of both intensity (see Appendix 3) and diffusion coefficient (figure 3.9) of 

the single modes, the three-mode analysis was considered appropriate to describe the 

dynamics of such soft nanoparticles. In other words, as previously discussed in the 
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introduction for other soft systems, it is possible to identify a fast process, an 

intermediate mode and a slow mode. Whereas the two slowest modes are also captured 

by simulations (see next paragraph), the fast one is confirmed by enhancing the contrast 

between PS and solvent (chloroform) while nearly matching the refractive index of the 

core. Before assigning these modes to physical processes it is necessary to investigate 

their volume fraction dependence.  
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Figure 3.6. A) Normalized electric field correlation functions of three different volume fractions 

at the same scattering wave vector. Red lines represent fitting curves with a double KWW 

expression. Although the double stretched exponential function does not have any physical 

meaning, it is often used in light scattering to investigate the broadness of the relaxation time 

distributions. B) Fast (open squares) and slow (solid squares) stretch exponents as functions of 

the volume fraction. Values around 0.5 imply that the relaxation process is rather broad. 
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Figure 3.7. Normalized electric field correlation function and relaxation time distribution 

(normalized by the volume fraction) at a given volume fraction and scattering wave vector. One 

very broad fast relaxation time distribution is shown along with the two single exponential 

modes analysis. Different evidences suggest that two fast modes can be decoupled and assigned 

to two different relaxation processes (see text). 

Time-autocorrelation functions at an intermediate scattering vector are shown as 

functions of volume fraction in figure 3.8 along with the corresponding relaxation time 

distributions rescaled by the volume fraction. In the dilute or non-interacting regime 

(=0.076), a single decay process is present. As the volume fraction increases up to 

=0.46, three distinct modes are revealed. By further increasing the volume fraction, the 

fast process becomes faster resembling the polymeric cooperative diffusion, the 

intermediate mode is nearly concentration independent and appears associated with the 

collective mode, while the slow mode which slows down with  can be ascribed to the 

self-diffusion. The concentration dependence of the intensity is shown in Appendix 3. 

In figure 3.9 the normalized diffusion coefficient by that in dilute regime is plotted 

against the volume fraction. Until =0.3, within what it has been called non-interacting 

regime, the normalized diffusion coefficient is constant and equal to the unit value. As 

the volume fraction reaches =0.46, where also a strong q dependence of the intensity 

was previously observed, different modes appear. The fast mode speeds-up with 

concentration and follows the expected scaling for star and linear polymers in good 
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solvent.40,46–48 The diffusion of the collective mode remains constant with 

concentration, whereas the self-diffusion keeps slowering down but given the soft 

nature of the colloid, with a trend that is much weaker compared to the Batchelor 

prediction59 for hard-spheres. When chloroform is used the refractive indices of the core 

and the solvent are almost matched, whereas the contrast between the polymeric shell 

and the solvent is increased. The result is that only two modes are detectable (see 

correlation functions in appendix 3): 1) the cooperative diffusion and 2) the collective 

mode. The normalized diffusion coefficients resulted smaller than those in toluene (see 

figure 3.9) and the reason relates to the slightly larger particle size in chloroform as the 

viscosity of both solvents is almost the same and around 0.56 mPa at 25 °C 

(experimental conditions). 
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Figure 3.8. Normalized electric field correlation function at various volume fractions at a given 

q. In the right-hand y-axis the relaxation time distribution normalized by the volume is plotted. 

Transition from one single to three decay processes is shown. Data at =5.6 have not been 

analyzed because strongly in the non-ergodic state. Red lines represent Contin fitting curves. 
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Figure 3.9. Normalized diffusion coefficient (by that at dilute regime) versus volume fraction. 

In the non-dilute regime (topological interactions) three diffusive processes are detected. The 

fastest one represents the cooperative diffusion due to interpenetrating arms. Dashed and solid 

lines are the Batchelor predictions59 for self-diffusion and collective diffusion respectively. 

Black solid symbols are measured in chloroform where the refractive index of the solvent nearly 

matches that of the core. Black dashed region represents the non-ergodic region detected by 

means of static light scattering and confirmed rheologically. 
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Figure 3.10. Dynamic moduli G′ (solid symbols) and G″ (open symbols) as functions of the 

oscillation frequency in linear viscoelastic shear measurements in toluene at 25°C. Proof of 

dynamic arrest. 

Figure 3.10 depicts data from dynamic frequency sweep tests in toluene at two 

different volume fractions, =0.4 and =1.4. The choice for those fractions is based on 

the arrested state identified in figure 3.2. Indeed, it was rheologically observed that in 

the region where a significant drop in intensity occurred, a liquid-to-solid transition is 

present. The frequency-dependent moduli of the viscoelastic liquid at =0.4 do not 

exhibit the expected 1 and 2 slopes for a fully relaxed system in the terminal behavior. 

The reason for that can be ascribed to the lack of rejuvenation protocol applied, hence, a 

non-perfectly homogeneous system. In fact, due to the extremely high volatility of the 

solvent, the experiments were performed immediately after the loading (see chapter on 

methods). Nevertheless, the purpose of this measurement was to probe the state of the 

system within that range of volume fractions previously investigated with light 

scattering.  
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Frequency sweep tests were also performed in DEP, and given its low volatility, creep 

experiments to extend the low-frequency region were possible (see chapter on methods). 

Figure 3.11 depicts a comparison in terms of normalized moduli versus normalized 

frequency between solutions in toluene and in DEP at the same volume fraction 

(=) and temperature (25 °C) he idea is that by changing solvent one should take 

into account both solvency condition, therefore particle interactions and viscosity. To 

this end, the moduli are normalized by the thermal energy per unit particle kBT/RH
3, 

where RH is the particle hydrodynamic radius, different in the two solvents, and the 

frequency is normalized by the Péclet number defined as 𝑃𝑒 =
6𝜋η𝑅𝐻

3

𝑘𝐵𝑇
(𝜔𝛾0) where  is 

the viscosity of the solvent and 𝛾0 is the oscillatory strain amplitude. In other words, 

this scaling implies that the magnitude of the moduli is dictated by the particle size as 

the temperature is the same, and the time scale depends on solvent viscosity and particle 

size (volume). By doing so it is possible to superimpose the rheological response of the 

same system by using two different solvents. The advantage is straightforward as a less 

volatile solvent allows long-time measurements, therefore the use of more appropriate 

measuring protocols and at the same time, properties can be rescaled for athermal 

solvency conditions. Indeed, the above-mentioned normalization works for entropic 

glasses and might lose its validity in the jammed state60 where particle deform and RH 

does not represent a characteristic length anymore. 

Since DEP represents a thermal solvent for the system, the effect of temperature on 

the mechanical properties was also investigated and reported in figure 3.12. For the 

variation of the hydrodynamic radius with the temperature refer to Appendix 3. The 

range of temperature investigated goes from 10 °C to 60 °C. Pure polystyrene chains in 

DEP are known to be in good solvency conditions around 20 °C.61 The temperature 

does affect the rheology, especially the viscous response at high frequencies. The elastic 

contribution is not much affected. The hydrodynamic radius has a weak dependence on 

temperature: it increases by about 8% when the temperature is varied from 10 °C to 60 

°C. The effective volume fraction though varies from (=C)=1.2 to 

=1.7(= C), which reflects the fact that the storage modulus does not increase 

significantly. Much more important in the dynamic response is the effect of the 
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viscosity of the medium where particles are suspended. Indeed, the viscosity of DEP 

increases from 3 mPa at 60 °C to 19 mPa at 10 °C. When the normalization proposed in 

figure 3.11 is applied (see figure 3.12B) only the viscous modulus G″ is affected by the 

rescaling and data at various temperatures nicely superimpose. Overall, the horizontal 

shift is mainly dominated by the change in viscosity and only partly affected by the 

increase in particle volume. Worth noticing that the value of Pe is always far below 1, 

meaning that the diffusion contribution in the dynamics prevails against shear forces.  
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Figure 3.11. Normalized dynamic moduli in toluene (black solid symbols) and diethyl phthalate 

(black open symbols) at an effective volume fraction of 1.4 against Péclet number. Low 

frequency region extended with creep (red open symbols) in diethyl phthalate. Corrections for 

size, temperature and viscosity are enough to superimpose data of the two different solvents 

used. 
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Figure 3.12. A) Effect of temperature on the dynamic moduli G′ (squares) and G″ (circles) as 

functions of frequency. B) Normalized moduli versus Péclet number. Scaling works well for the 

viscous contribution.  

 

3.3.3. Simulations 

Most of the computational works investigating the static and dynamic properties of 

soft spherical system use the star polymer potential developed by Likos.26 The latter 

represents a coarse-grained potential for long-ranged repulsive interactions that only 

depends on the functionality. In this paragraph it is shown that the star-polymer 

potential cannot be extended to the case of PGNPs with repulsive interaction at shorter 

range, therefore an alternative interaction potential is proposed. Likos at al.49 developed 

a static interaction potential (hereafter called brush potential) between colloidal surfaces 

with adsorbed gelatin through the naïve superposition of a simple electrostatic repulsion 

with an equally simple model for polymer steric stabilization. By only adopting the term 

that considers the steric repulsion, in the specific case given by the polymeric shell, it is 

possible to reproduce with good agreement the static and dynamic properties of the 

systems considered in this work. In the next set of equations, the brush and the star-

polymer potential are reported. 
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𝛽𝑉𝐵𝑟𝑢𝑠ℎ(𝑟) = {

∞ 𝑟 < 2𝑅𝑐
𝑓(𝑦) 2𝑅𝑐 < 𝑟 < 2(𝑅𝑐 + 𝐿) 

0 2(𝑅𝑐 + 𝐿)  < 𝑟
 

 

 

(3.2) 

 

 

where y=(r-2Rc)/(2L) and 

𝑓(𝑦) =
16𝜋𝑅𝑐𝐿

2

35𝑠3
[28(𝑦−1/4 − 1) +

20

11
(1 − 𝑦11/4) + (𝑦 − 1)] (3.3)  

 

𝛽𝑉𝑆𝑃(𝑟) =

{
 
 

 
 5

18
𝑓3/2 [− ln (

𝑟

𝜎
) + (1 +

√𝑓

2
)

−1

] 𝑟 ≤ 𝜎

5

18
𝑓3/2 (1 +

√𝑓

2
)

−1

(
𝜎

𝑟
) 𝑒𝑥𝑝

−√𝑓(𝑟 − 𝜎)

2𝜎
𝑟 > 𝜎

 

 

 

(3.4) 

 

 

 

In equations 3.2 and 3.3, Rc is the radius of the core, L the thickness of the brush layer 

and s the square-root of the inverse of the grafting density defined as 𝑠 = √𝐴/𝑁𝑎𝑔𝑔, 

with A being the core surface and Nagg the aggregation number reported in table 3.1. For 

distances smaller than 2Rc the potential resembles that of hard-spheres, whereas the 

interpenetration of the brush layer for 2𝑅𝑐 < 𝑟 < 2(𝑅𝑐 + 𝐿) is modelled by a smooth 

function f(y). In such a potential the total particle size 2(𝑅𝑐 + 𝐿) is called   In 

equation 3.4 f is the functionality and  is the radius of the particle.12 In both potential  

represents the thermal energy 𝑘𝐵𝑇, with 𝑘𝐵 being the Boltzmann constant.  

Figure 3.13 depicts a comparison between star-polymer and brush potentials at various 

 values but with the same number of arms, highlighting the smoother divergence of the 

former as particles reduce their distance. The polymer brush potential behaves slightly 

smoother compared to the wall-like interaction potential of hard-spheres.  
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Figure 3.13. Comparison between star-polymer and brush potentials, each one rescaled by the 

appropriate  in nm units. For the star-polymer potential  is of the order of the particle 

radius.12 

As for the experimental dispersions, an effective packing fraction has to be defined for 

the simulations as well: 
sim

=
π

6
σ2

N

LBox
3 , where N is the number of particles, and LBox 

the size of the simulation box. Brownian Dynamics (BD) simulations were all 

performed with N=2000 and polydispersity of 10% to avoid crystallization unless 

specified otherwise. Mass, length and energy are measured in units of m,  and 𝑘𝐵𝑇 and 

thus, the simulation time is in units of 𝑡 = √(𝑚𝜎2)/(𝑘𝐵𝑇). The radius cutoff is rc=1.5 

and rc=3 for the brush and star-polymer potentials, respectively. In both potentials, as 

in experiments, the temperature was kept constant to the value 𝑘𝐵𝑇 = 1. The static 

structure factor S(q) have been calculated for both interaction potentials solving the 

Ornstein-Zernike equation (OZ).62 The latter consists of an iteration procedure where 

different  values (hence, packing fractions) are tested in order to match the 

experimental pseudo-structure factor at =0.5, in the ergodic regime. It has been 

identified that  assumes values in the range between 90nm and 110nm, recalling the 
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experimental hydrodynamic particle size in dilute regime being 2RH=124nm. Next 

figure shows the comparison between the experimental and the calculated static 

structure factor by using both star polymer and brush potential. The reported fractions 

and  represent optimized values to match the experimental pseudo-structure factor. 

Remarkably, the definition of  for star polymers differs from that of core-shell 

systems, in fact, in the former case  relates to the radius of the particle.12 Both 

interaction potentials provided good agreement with the experimental results, with that 

of the star polymers better capturing the first peak. Nonetheless, we will show that this 

is not a sufficient condition to select the proper interaction potential for our systems.  
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Figure 3.14. Experimental pseudo-structure factor at =0.5 along with the calculated ones by 

using both star-polymer and brush potentials. Values of  and  are optimized to match the 

experimental results. 

Major differences arise when these potentials are used to investigate particle 

dynamics. Molecular dynamics simulations were performed in order to obtain the 

autocorrelation functions to be compared with experiments. The concentration range is 

appropriate for investigating the experimentally observed ergodic-to-non-ergodic 

transition. The following figures 3.15, 3.16 and 3.17 compare the correlation functions 
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along with the relaxation time distributions obtained with both potentials at three 

different volume fractions: =0.46, =0.76 and =1.26. As the experimental correlation 

functions were obtained at different angles between 30° and 150°, 90° represents an 

intermediate angle or scattering wave vector which has been chosen for the comparison. 

In order to compare experiments and simulations, the following condition must be 

satisfied: (𝑞𝜎)𝑒𝑥𝑝 = (
𝜋

𝐿𝐵𝑜𝑥
𝑞)

𝑠𝑖𝑚
, where q is the experimental scattering wave vector 

(q=0.025nm-1 at 90°C). The experimental time is normalized by an arbitrary factor (1.5 

10-4) to match the dimensionless time obtained in simulations. This value was kept 

constant for all volume fractions and scattering wave vectors for consistency. The key 

finding is represented by the concomitant failure of the star polymer potential at high 

volume fractions and the good agreement exhibited by the brush potential at any 

concentration regime. As previously shown in figure 3.13, the star polymer potential 

overestimates the softness of the PGNPs, resulting in a much smoother repulsion as 

soon as particles approach each other. The presence of a highly cross-linked core 

shortens the range of repulsion between particles, making them conceptually closer to 

hard-spheres (see Rg/RH ratio in table 3.2). Given the limitations shown by the star 

polymer potential in describing the dynamics of the grafted particle system in this 

investigation, only the brush potential will be considered hereafter. Attempts at 

matching the experimental data with the star-polymer potential by varying  and  are 

shown in the Appendix 3. 

Relaxation time distributions were also estimated for the simulated correlation 

functions and reported along with the experimental ones in figure 3.15, 3.16 and 3.17. 

The same CONTIN analysis as the experimental correlation functions was used for a 

fair comparison. The self-diffusion is reasonably and qualitatively well captured by the 

simulated relaxation time distributions at any volume fraction. Surprisingly, the two fast 

processes seem to be present also in the simulated data at =1.26. However, it would be 

unreasonable to consider these two processes separately and associate the fastest mode 

to the cooperative motion of linear chains in the coarse-grained model used for 

simulating the polymer-grafted nanoparticles. To this end, it seems more appropriate, 

and actually more consistent with the simulation model, to consider only two relaxation 
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processes, the self-diffusion and the collective one. The presence of a broad (at =0.46 

and =0.76) and double-peak (=1.26) in the fast mode is due to the effect of 

polydispersity in the simulated system (to avoid crystallization). In fact, when the same 

simulations are performed without polydispersity, only one fast narrow relaxation 

process can be observed (see Appendix 3). 
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Figure 3.15. Experimental and simulated correlation functions along with the relaxation time 

distribution for A) brush potential and B) star-polymer potential. The experimental volume 

fraction is =0.46. The relaxation time distribution is obtained by CONTIN analysis and 

subsequently divided by the volume fraction. 
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Figure 3.16. Experimental and simulated correlation functions along with the relaxation time 

distribution for A) brush potential and B) star-polymer potential. The experimental volume 

fraction is =0.76. The relaxation time distribution is obtained by CONTIN analysis and 

subsequently divided by the volume fraction. 
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Figure 3.17. Experimental and simulated correlation functions along with the relaxation time 

distribution for A) brush potential and B) star-polymer potential. The experimental volume 

fraction is =1.26. The relaxation time distribution is obtained by CONTIN analysis and 

subsequently divided by the volume fraction. 

Star polymers are known to undergo osmotic de-swelling in a crowded environment 

just due to the presence of neighboring stars.63 The effect can be more or less 

pronounced depending on the functionality of the stars. In fact, for stars with low 

functionality (f~100) the osmotic de-swelling, quantified with the size reduction, 

resembles that of linear polymer chain solutions with R(C)~C-1/8, with R being the star 

radius and C the concentration.64 As will be shown in Chapter 8, star polymers with 

higher functionality (f~362) are more efficient osmotic compressors than linear chains 

since the osmotic pressure increases with functionality.65 In the present case, the 

shrinkage of the particles was estimated through the reduction of  needed to attain 

good agreement between the simulated and experimental correlation functions. Figure 

3.18 depicts the shrinkage or the particles as a function of the volume fraction along 

various data on star polymers from literature28 and from stars discussed in Chapter 8. 

Although only few data points are available, the dependence of  on  resulted much 

stronger for PGNPs compared to low-functionality stars, and very similar to high-

functionality star polymers with a slope around -0.2.  
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Figure 3.18. Normalized particle size by the plateau or not-shrunken value against the volume 

fraction. Dashed black lines represent the -1/8 slope predicted for linear polymer chains and 

low-functionality star polymers in solution, and -0.2 the slope found for high-functionality star 

polymers and PGNPs.  

When the polydispersity is not introduced in the system, crystallization occurs. To 

identify the crystalline state the local bond-order analysis introduced by Steinhardt et 

al.66 was employed. The latter represents a standard analysis procedure used with 

colloids in order to identify crystalline states.67–69 Briefly, the method consists of 

calculating the first and second rotationally invariant bond order parameters �̅�𝑙(𝑖) and 

�̅�𝑙(𝑖), respectively. In order to define these two parameters, it is necessary to compute 

the averaged local bond order parameters as follows:  

 

�̅�𝑙𝑚(𝑖) =
1

�̃�𝑏(𝑖)
∑ 𝑞𝑙𝑚(𝑖)

�̃�𝑏(𝑖)

𝑗=0

 

 

 

(3.5) 
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Where �̃�𝑏(𝑖) is the number of neighbours including the particle i itself, and 𝑞𝑙𝑚(𝑖) is 

the complex vector of particle is defined as: 

𝑞𝑙𝑚(𝑖) =
1

𝑁𝑏(𝑖)
∑ 𝑌𝑙𝑚(�̂�𝑖𝑗)

𝑁𝑏𝑖(𝑖)

𝑗=𝑖

 

 

 

(3.6) 

 

 

with 𝑁𝑏𝑖(𝑖) the set of bonded neighbours to the particle i and the spherical harmonics 

𝑌𝑙𝑚(�̂�𝑖𝑗) with �̂�𝑖𝑗 being the unit vector specifying the orientation of the bond between 

particles i and j. Typically a solid-like behaviour is identified when the particle i has 6 

or more solid connections with its neighbouring particles, in this case one should 

consider the complex vector 𝑞6𝑚(𝑖).
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The first invariant order parameter writes:  

�̅�𝑙(𝑖) =
4𝜋

2𝑙 + 1
∑ |�̅�𝑙𝑚(𝑖)|

2

𝑙

𝑚=−𝑙

𝑞𝑙𝑚(𝑖) =
1

𝑁𝑏(𝑖)
∑ 𝑌𝑙𝑚(�̂�𝑖𝑗)

𝑁𝑏𝑖(𝑖)

𝑗=𝑖

 

 

 

(3.7) 

 

 

while the second one is defined as: 

�̅�𝑙(𝑖) =
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𝑙 𝑙 𝑙
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(∑ |�̅�𝑙𝑚(𝑖)|2
𝑙
𝑚=−𝑙 )

3/2
 

 

 

(3.8) 

 

 

where the term in parenthesis is the Wigner 3-j symbol. Integers m1, m2 and m3 assume 

values between -l and l but only the values meeting the requirement m1+m2+m3=0 are 

considered. Further, by using l=4 and l=6, it is possible to discriminate between bcc, fcc 

and hcp structures.67 Figure 3.19A shows that for two different volume fractions in the 

crystalline state (see S(q) in the Appendix 3) the probability of finding either an fcc/hcp 

structure is higher than that of a bcc. Additionally, figure 3.19B unambiguously shows 

that the most likely crystalline structure is an fcc particle arrangement, i.e., the same that 

was previously assessed, based on the brush conformation model proposed by Ohno et 
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al.35 In this regard it is important to remind that even star-polymer with the same 

functionality as the PGNPs would exhibit a fcc crystalline structure.71 
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Figure 3.19. Rotationally invariant bond order parameter distribution 𝑃(�̅�6) and 𝑃(�̅�4). 

3.4.  Conclusions 

A new soft spherical model system with features between a hard-sphere and a star-

polymer was introduced and thoroughly characterized by means of a broad variety of 

experimental and simulations techniques. Given their negligible polydispersity and 

precisely controlled structure, PGNPs were used in order to investigate possible 

crystalline structures, test the limits of the star-polymer interaction potential and obtain 

a better understanding on the dynamics of soft spherical colloids. The ergodic-to-non-

ergodic transition upon increasing concentration was probed by light scattering and 

rheology. Neutron scattering experiments revealed that the arrested state has features of 

a crystalline structure, however, experiments alone are not sufficient to differentiate 

among bcc, fcc and hcp. Nevertheless, when the tethered chains belong to the semi-

dilute polymer brush regime, the probability of having an fcc structure becomes higher 

than a hcp because the excluded volume interactions enhance the energetic and entropic 

differences between fcc and hcp phases. In spite the relatively long-ranged repulsive 

interactions of the PGNPS compared to hard-spheres, the star-polymer potential was 
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shown to be ineffective to capture their dynamics. The reason is that particle 

interactions of the investigated systems are not long-ranged as those of star polymers. 

The consequence is necessarily related to the use of an alternative effective interaction 

potential.49 Such a potential can capture reasonably well both static and dynamic 

properties of the PGNPs at various concentrations and length scales. The possibility of 

having an effective potential that describes the behavior of the grafted nanoparticles 

with accuracy allowed access to new insights on soft spherical nanoparticles. It is 

reported that: i) particle shrinkage due to osmotic pressure exerted by particles 

themselves has a stronger dependence on fraction compared to simple linear chain 

solutions or star-polymer with relatively low functionality. Based on results reported in 

literature28, a star with 163 arms still exhibits a particle shrinkage that varies with -1/8. 

Star-polymers with higher functionality (f~362), hence, with significant colloidal 

nature, show a stronger de-swelling with increasing volume fraction (see Chapter 8). 

For the latter, as well as the PGNPs treated in this Chapter, the dependence of the 

particle shrinkage on the volume fraction is about -1/5. ii) Collective diffusion and self-

diffusion were also observed in simulations with similar qualitative dependence on the 

volume fraction as in experiments. The cooperative or polymeric mode cannot be 

captured by simulations but it was found experimentally and confirmed by increasing 

the optical contrast between shell and solvent (chloroform in this case). iii) Simulations 

performed on a monodisperse system allowed the study of the crystalline structure by 

using a local-bond order analysis. Together with the neutron scattering data and 

conjectures based on simple brush arguments, computational results confirmed the 

possibility of having an fcc structure. Despite the extensive work that has been already 

done on soft and hard-sphere colloids, this work provides a powerful toolbox to 

investigate state diagrams and dynamic properties in relation to particle interactions.  
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Chapter 4 

SELF-SUSPENDED GRAFTED NANOPARTICLE MELTS: 

SOLID-TO-LIQUID TRANSITION AND DECOUPLING OF 

COLLOIDAL AND POLYMERIC DYNAMICS 

4.1.  Introduction 

Nanoparticles are important for advancing our understanding in colloid physics and 

nanocomposite engineering and pertinent in technological applications, being central to 

the development of new structural materials with improved properties ranging from 

mechanical to fire resistance and defect self-healing.1–6 To overcome issues concerning 

miscibility and homogeneity of the dispersion, the ploy of functionalization by grafting 

polymer chains on the nanoparticle is typically adopted.7–10 These systems are also 

known as core-shell particles, typically comprising a hard inorganic core and an organic 

(polymeric) shell. Their hybrid nature makes them highly attractive for creating hybrid 

building blocks for hierarchical assemblies and new functional materials. The presence 

of grafted chains prevents nanoparticle aggregation due to van der Waals attractions, 

although this strongly depends on the degree of surface coverage of the core, usually by 

means of the linear polymer chains. By changing the degree of polymerization of the 

tethered chains, the grafting density, and the size of the core, interparticle interactions 

can be strongly affected and tuned. This, in turn, translates into properties that span 

from glasses to stiff waxes, to gels, to simple liquids.  

In the majority of cases, grafted nanoparticles are dispersed in a polymer chain matrix 

having the same chemistry with the grafted chains. For such systems, several 

theoretical, experimental and computational approaches have been used in the last 30 

years in order to investigate their structural properties and dynamics.9,11–16  

When grafted nanoparticles are self-suspended (or in solvent-free conditions9,17–19,19–21), 

they interact in a completely different way compared to when a chain matrix or a 

solvent is present (see also Chapter 3). In fact, for high enough grafting density the 

nanoparticles are well dispersed and they can only interact via their coronas (wet layer) 
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which may overlap or interpenetrate.22 It was shown10 that such suspensions exhibit 

multiscale structural transitions and enhanced conformational stability as a result of 

enhanced steric repulsion between grafted chains and space-filling constraints on the 

tethered chains in the single-component self-suspended material.  

Recent simulations12 have shown that the structural relaxation time of self-suspended 

grafted nanoparticles with short chains (having few or no entanglements) resembles that 

of hard spheres but with enhanced particle size that includes the stretched portion of the 

polymer brush close to the core. Longer chains (marginally or moderately entangled) 

form a softer corona that controls the overall dynamics and weakens the caging effects 

from the neighboring particles, rendering particle ordering more difficult (unlikely). 

Overall, when the corona is small, the nanoparticle behavior resembles that of hard-

spheres, whereas for large corona it resembles that of a star polymer where the core acts 

as a branching point for all chains (arms). Depending of the molecular characteristics 

and operating temperature, the segments of the grafted chains near the particle surface 

can be effectively frozen, forming the so-called glassy layer, which remains a debatable 

topic. Nevertheless, this inner part of the corona could be responsible for the formation 

of particle clusters which may percolate the nanocomposite and yield a gel-like 

response.23  

Very recently, grafted nanoparticles were proposed as promising candidates to be used 

as membranes for gas separation.24–27 It was shown that membranes of matrix-free 

polymethylacrylate-grafted silica nanoparticles exhibit elevated gas permeability with 

respect to linear entangled polymer chains, and their effectiveness depended on the 

molecular weight of the tethered chains in a non-monotonic way. This was linked to the 

increase of effective free volume, which was defined as the unoccupied volume 

subjected to spatiotemporal fluctuations and depended on the grafted nanoparticle 

conformation, which in turn depended on the grafting density and graft molecular 

weight17,28. These interesting developments pose a fundamental question: how does the 

dynamics of self-suspended grafted nanoparticles depend on the internal microstructure 

of the nanoparticles?  

In the present work, the same set of grafted nanoparticles was used. An important 

asset of the series used in this work is the fact that the nanoparticles have the same size 
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of the core, same grafting density but different degree of polymerization of the tethered 

chains. The following questions are addressed: 1) are there any signatures of structural 

or dynamic transition in the linear viscoelastic response of these nanoparticles when 

varying the degree of polymerization of the grafted chains? 2) given the hybrid nature 

of this system, colloidal and polymeric, is it possible to discriminate and decouple the 

two contributions on the relaxation dynamics? 

A liquid-to-solid transition is detected in the long-time dynamics as the grafted chains 

become shorter and the content of silica (core) increases. A simple, albeit effective, 

brush conformation model developed ad-hoc, albeit based on known scaling, allows to 

detect quantitatively the threshold of such transition.  

Arm retraction and cage-escape dynamics occur at different time scales, therefore 

offering in principle the possibility to decouple polymeric from colloidal relaxation 

processes. The Branch-on-Branch (BoB) model29 was used in order to model the 

polymeric response. On the other hand, the Mode Coupling Theory (MCT)30–32 was 

implemented in order to model the long-time colloidal response. A non-monotonic trend 

of the zero-shear viscosity as function of the number of entanglements per grafted chain 

was observed as well. For short chains, the viscosity of the nanoparticles was found to 

be several orders of magnitude higher than that of simple linear chains with the same 

degree of polymerization of the grafted chain, and decreased as the chain molar mass 

increased, and eventually for long enough chains, the star-polymer dynamics was 

recovered. 

 

 

 

 

 

4.2.  Materials  

Main molecular characteristics of the samples are recalled from Chapter 2 and reported 

in table 4.1 
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Table 4.1. Molecular characteristics of used grafted PMA-g-SiO2 nanoparticles 

Mn 

[kg/mol] 

Mw 

[kg/mol] 

Polydispersity 

linear chains 
core 

(SiO2 only) 

core 

(SAXS) 

core 

(TGA) 

Tg 

[°C] 

151 190 1.3 0.04 unavailable 

132 170 1.29 0.046 0.036 0.031 18.1 

101 130 1.28 0.060 0.051 0.043 unavailable 

78 94 1.2 0.080 0.07 unavailable 18 

41 48 1.16 0.147 0.139 0.12 18.1 

29 33 1.14 0.199 0.176 0.16 18.3 

 

4.3.  Results and discussion 

4.3.1. Linear viscoelasticity 

The storage and loss moduli, G′ and G″ respectively, are plotted against the shifted 

oscillatory frequency in figure 4.1 at a reference temperature of 60°C. The mechanical 

spectra, obtained by means of a combination of time temperature superposition 

principle (TTS) and creep conversion into dynamic moduli, cover nearly 16 decades in 

frequency: from the glassy regime to the structural relaxation of the system. Whereas 

the frequency response of linear and star polymers33–38 as well as hard colloidal 

glasses39–42 has been thoroughly studied separately, the systems investigated in this 

study exhibit very rich relaxation dynamics where the polymeric and colloidal 

contributions are both present and occur at different time and length scales, therefore, 

they are observable in the same rheological spectrum. Indeed, starting from the glassy 

regime (or high-frequency region) and increasing the deformation time, all the 

specimens display a Rouse region always followed by a polymeric plateau, in 

correspondence of the expected plateau modulus for pure PMA chains which amounts 

to 0.25 MPa (green dashed line in figure 4.1).43 However, as it will be discussed later, a 

small increase of the latter is detected as the content of silica in the sample increases (or 

the degree of polymerization of the tethered chain decreases). The chain entanglement 

plateau extends in frequency scale as the degree of polymerization of the grafted chains 

increases. This is reminiscent of the arm retraction relaxation mechanism44 reported in 

several experimental studies with star-like polymers.45,46 As a matter of fact, if one 
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imagines to graft an extremely long chain, so that the core becomes relatively negligible 

in size, the star-polymer limit should be reached, which is nearly the case for the sample 

195k (orange line). Reducing further the oscillation frequency it is possible to detect a 

liquid-to-solid transition where a colloidal behavior can be observed as soon as the 

molar mass of the grafted chain decreases to about 94k. A magnification of this region 

of the spectrum is shown in figure 4.2 for some selected nanoparticle systems. The 

liquid-to solid transition is characterized by three important changes in the rheological 

response: i) decrease of the moduli (by one order of magnitude) when the chain length 

is reduced from 195k to 130k, ii) appearance of a low-frequency colloidal plateau at 94k 

with much lower value of the modulus compared to its entanglement value, iii) 

slowdown of the relaxation dynamics. These findings suggest that upon the mentioned 

transition, the polymer-dominated response is replaced by a hierarchical relaxation 

mechanism where the arm retraction is followed by the colloidal or cage-escape47,48 

dynamics until the structural relaxation of the system takes place. It is important to 

remark the fact that the last four decades in frequency are not accessible by means of 

TTS, as the temperatures would prohibitively high and the samples would degrade. In 

order to overcome this issue creep experiments were performed and the measured 

compliances were converted into dynamic moduli (see chapter on methods). It is 

important to remark that master curves in figure 4.1 are compared at iso-friction 

conditions as the there is no variation in Tg based on DSC experiments (see table 4.1). 

However, a progressive horizontal shift towards lower frequency was observed with 

increasing the silica content. This apparent discrepancy will be discussed later. 

The horizontal (aT) and vertical (bT) shift factors are reported in figure 4.3 along with 

those of pure PMA linear chains. The aT values of the grafted nanoparticles do not differ 

from those of the pure PMA chains and their temperature dependence can be nicely 

described by the William-Landell-Ferry (WLF) empirical equation49 with constants 

C1=6.9 and C2=93.2 K at Tref=60°C.  

The vertical shift factors uniquely depend on the temperature variation of the density 

of PMA. The latter is empirically represented by a polynomial function of the absolute 

temperature as reported in literature50. In the range of temperatures investigated the 

density varies by less than about 20%. One may argue that the experimental samples 
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contain a large fraction of silica, hence, this should be also taken into account for the 

density variation. However, significant density differences of silica can only be 

appreciated above 2000 K51, well above the range probed by experiments.  
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Figure 4.1. Linear viscoelastic master curves in terms of G′ and G″ as functions of oscillatory 

frequency. The reference temperature is 60 °C. The four lowest decades in frequency are 

obtained by means of creep data conversion into dynamic moduli (see chapter on methods 

regarding creep conversion).  
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Figure 4.2. Magnification of the low-frequency region reported in figure 4.2. A solid-to-liquid 

transition is observable between samples 94k and 130k. The reference temperature is 60 °C. 
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Figure 4.3. Horizontal and vertical shift factors as functions of temperature. Red solid line 

represents the WLF fit. Constants are reported in the figure. The reference temperature is 60°C. 

To validate the accuracy of the TTS principle, a frequency-independent plot can be 

used, the so-called van Gurp- Palmen plot (vGP)52, where the phase angle is plotted 

against the complex modulus. This representation is very sensitive in detecting 

rheological complexities. The vGP has been shown to be particularly useful indicator of 

thermorheological complexity in a variety of branched and polydisperse 

macromolecular systems.53–56 The applicability of the TTS reflects a homogeneous 

distribution of monomeric friction in the system, as in the case of linear polymer melts, 

for which the monomeric time is a kind of internal clock in the system and any 

relaxation time is in effect a superposition of different times, all dependent on 

monomeric friction: τ(Τ)~∑𝜏𝑖(𝑇)~∑휁𝑖(𝑇), where i is the relaxation of the ith mode of 

the chain, and i =i0 its friction coefficient with i the number of monomers per mode 

and 0 the monomeric friction. Typically, time and friction are related by 
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τi(T)≈
𝑅2

𝐷𝑖
≈
𝑅2

𝑘𝐵𝑇
ζi(T), where Di is the diffusion coefficient of segment i, R is its end-to-end 

distance and kBT is the thermal energy.44 Hence, the temperature dependence of the 

relaxation time is directly proportional to the temperature dependence of the monomeric 

friction coefficient.  

Figure 4.4 shows the vGP plot of the systems investigated. The first four lowest 

decades in complex modulus are obtained through creep conversion so that those data 

were not subjected to the time-temperature superposition. Above about 105 Pa, TTS was 

applied and no signature of thermorheological complexity can be observed, implying 

that despite the colloidal nature of the system, particle-particle friction is still controlled 

by the polymer chains and it is homogeneously distributed to the system. In the decade 

between 105 and 106 Pa it is possible to observe a minimum in all curves which 

corresponds to the polymeric plateau modulus. Interestingly, the coordinates of the 

minima differ from sample to sample. In fact, as the content of silica is increased, or 

analogously the molar mass per chain is decreased, there is an observable increase of 

the elastic modulus and the phase angle. The former is reminiscent of a reinforcement 

effect with a much weaker silica volume fraction dependence compared to the Guth-

Gold prediction57, whereas the increase of the phase angle relates to the weakening of 

the polymeric network as the size of the grafted chains, or the number or entanglements 

per chain, is reduced. It is worth pointing out that a stronger reinforcement effect was 

observed in a nanocomposite comprising poly(2-vynilpiridine) matrix filled with fumed 

silica,58 but in that case the nanoparticles were strongly bridged by the adsorbing 

polymer chains, forming a percolated network even at low silica volume fractions. A 

liquid-to-solid transition is also appreciable in the low-G* values region (<105 Pa); as 

the molar mass per grafted chain decreases from 195k (orange line) to 170k (purple 

line), an inflection in the curve appears and in turn becomes a minimum at 130k (green). 

Upon a further decrease of the degree of polymerization of the chain up to 94k (blue 

line), a clear transition to a solid-like behavior is observed, where the minimum of the 

phase angle drops to 15°. Shortening further the tethered chains induces a further 

decrease of the phase angle and an increase of the complex modulus or, referred to the 

minimum, an increase of the elastic modulus. 



 

 

 

 

107 

 

10
2

10
4

10
6

10
8

10
10

0

15

30

45

60

75

90

G
*
 [Pa]

P
h

as
e 

an
g

le
, 


 [

]
 

 

 

Figure 4.4. Phase angle as a function of the complex modulus (van Gurp-Palmen 

representation). The reference temperature is 60°C. Color code is the same as figure 4.1. 

An important aspect of the dynamic response relates to the fast (or segmental) 

dynamics, shown in figure 4.1 as previously anticipated. As the experimental 

temperature approaches the glass transition temperature (Tg), the relaxation dynamics 

are spatially localized and eventually probe the characteristic time associated to a Kuhn 

monomer (0)
44 when the dynamic moduli exhibit a crossover at the onset of the glassy 

regime. Often this characteristic time is associated to the inverse of the frequency 

corresponding to the maximum of the loss factor. As long as the Tg is the same for the 

different samples, one should expect the same friction coefficient, hence, the same 𝜏0 =

𝜁0𝑏
2

𝑘𝑇
, where 휁0 is the friction coefficient of a Kuhn monomer and b is the Kuhn monomer 

length. Indeed, a small horizontal shift of this characteristic time is conceivable for the 

samples containing more the 5% in volume of silica, namely 94k, 48k, and 33k. The 
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horizontal shift increases with the content of silica towards lower frequencies, as 

expected for systems exhibiting higher Tg. By horizontally translating the master curves, 

of the above-mentioned three systems, until the overlap of 0, it is possible to estimate 

the ∆𝑇 = 𝑇 − 𝑇𝑟𝑒𝑓(60°𝐶) from the shift factors found previously, and applying the 

WLF equation. The deviation from the reference temperature, therefore the increase in 

Tg, amounts to 1.5°C, 2.5°C, and 3.7°C for samples 94k, 48k and 33k, respectively. The 

dynamic response appears very sensitive to small differences in Tg among the samples 

with different silica volume fractions. The apparent disagreement with DSC 

measurements for determining the Tg is well known and reported in several works.59–62 

The reason is the different sensitivity of different detection techniques: DSC is sensitive 

to heat capacity changes associated with the glass transition, whereas dynamic 

oscillatory measurements are sensitive to modulus and damping coefficient (phase 

angle). In general, changes in mechanical properties through a transition are 

proportionally larger compare to changes in specific heat. In these dynamic mechanical 

analysis (DMA) measurements, besides the differences in the temperature profile, which 

already plays an important role the glass (quasi)transition, another variable needs to be 

taken into account: the observation time. This is the reason why the glass transition 

temperature obtained through dynamic measurements is usually called dynamic Tg.63–65 

A recent work from Garcia-Fernandez62 confirms that, if different dynamic techniques 

(DMA and Temperature Modulated DSC) with the same frequency response and 

temperature profile are used to determine Tg, the obtained values are exactly the same. 

All shifted master curves are shown in figure 4.5 at the same distance from Tg. 
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Figure 4.5. Linear viscoelastic master curves in terms of shifted G′ and G″ as functions of 

shifted oscillatory frequency. Curves are shifted at the same distance from the glass transition 

temperature. The four lowest decades in frequency are obtained by means of creep data 

conversion into dynamic moduli (see chapter on methods regarding creep conversion).  

In figure 4.6 the complex viscosity * is plotted against frequency. Such an 

alternative way to represent the viscoelastic spectra turns out to be very useful for 

estimating the zero-shear rate viscosity. Even if the zero-shear plateau was evident 

thanks to the creep extension, the phenomenological expression η(�̇�) = η0/(1 + 𝑘�̇�)
𝑛 

was used to extract zero-shear viscosities, where k is the inverse of a characteristic shear 

rate which determines the onset of the viscosity plateau and n is the shear thinning 

exponent. Values of the zero-shear viscosities are reported in the table below.  
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Table 4.2. Zero-shear viscosities of the different samples investigated 

Mw 

[kg/mol] 
0 

[Pa s] 

33 6 109±1 107 

48 2.6 109±1 107 

98 2.2 109±1.3 107 

130 3 108±5.02 106 

170 3.8 108±3.06 106 

195 4.1 108±6.2 105 

 

It can be easily seen that the viscosity exhibits a non-monotonic dependence on the 

molecular weight of the tethered arm or alternatively, the silica fraction which decreases 

as the arm molecular weight increases. This provides a further evidence of a colloidal-

to-polymeric transition at a chain molar mass of around 130000 g/mol. As a matter of 

fact, the limiting case of having very long arms, hence, a low content of silica (core), 

corresponds to a star-polymer rather than a core-shell particle. Figure 4.7 shows the 

normalized (by the linear counterparts) zero-shear viscosity plotted against the number 

of entanglements per grafted chain. Data of star polymers from the literature33,45,46,66,67 

with different molecular characteristics are also included in this figure. It is known that 

the dependence of the viscosity of entangled linear chains on the number of 

entanglements (Z) is proportional to Z3.4, whereas star polymers follows an exponential 

growth with a prefactor equal to Z3/2. It follows that the ratio between the viscosities 

reported in figure 4.7 has to take into account such a different Z dependence. This is 

done by multiplying the ratio Z3/2/ Z3.4=Z-1.9 to the normalized viscosity. Remarkably, 

the exponential growth of the normalized viscosity dominates over the linear chain 

power law above Z~5. Interestingly,  stars with high functionality and low degree of 

polymerization of the arms (typically when only few entanglements are present) display 

a clear departure from the softer star polymers, resembling more the behavior of hybrid 

core-shell particles68. For those systems, the overall relaxation involves fast arm 
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retraction and slow colloidal motion (like cage escape). The current nanoparticles 

exhibit a dual nature: below 10 entanglements per chain the response is predominantly 

colloidal, with the viscosity being several orders of magnitude higher than the 

corresponding linear chains. However, as the length of the arm increases, and the silica 

volume fraction reaches values around 5%, the normalized zero-shear viscosity seems to 

approach the star polymer limit. It is important to note that in figure 4.7 the full length 

of the grafted chain was used in order to estimate the number of entanglements. As it 

will be discussed in the next paragraph, this is not entirely true as the grafting chain and 

the size of the core play a significant role in chain conformation, therefore in the 

fraction of the chain available to form entanglements.  
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Figure 4.6. A) Linear viscoelastic master curves in terms of complex viscosity as a function of 

shifted oscillatory frequency. Curves are shifted at the same distance from the glass transition 

temperature. Magnification of the low-frequency region is reported in panel B. Red solid lines 

represent the fit with a phenomenological equation reported in the main text.  
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 Figure 4.7. Normalized zero-shear viscosity (by the corresponding linear chains) as a function 

of the number of entanglements per chain. The fraction of silica is also reported in the top 

horizontal axis (the left-pointing arrow indicates the direction of increasing core fraction). Star 

polymer data from the literature are included in this plot (see text). The dashed line is drawn to 

guide the eye (exponential dependence).  

4.3.2. Brush conformation model  

Several approaches to describe the brush regime of densely grafted spherical particles 

either in solvent or in the presence of a matrix of linear polymer chains have been 

discussed in the literature.69–74. In the present case, nanoparticles are in a solvent-free 

state, therefore incompressibility and space-filling conditions represent the key elements 

for the simple model that was developed ad-hoc in order to examine the potential 

transition from dry to wet brush. The former represents the portion of the generic 

grafted chain which is close to the core and is relatively stretched because of the steric 

hindrance due to the presence of neighboring chains grafted in the core (one may think 

of this section as containing virtually no solvent, hence “dry”), whereas the latter 
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constitutes the “active”, swollen chain which is able to form entanglements with those 

of neighboring particles. The concept of this model is sketched in figure 4.8, where the 

generic grafted chain contains N Kuhn monomers and only g monomers of those belong 

to the dry layer. The radius R, which includes the core and the dry layer, determines the 

transition between dry and wet regime, beyond which entanglements with neighboring 

particle chains can be formed.  

 
Figure 4.8. Schematic representation of a (half is shown) single nanoparticle with grafting 

density  radius of the core Rc, thickness of the dry layer hDRY up to the radius R containing g 

Kuhn monomers, total radius Rtot containing N Kuhn monomers.  

Because of the incompressibility condition, the volume which includes the core and 

the dry layer can be written as  

 

 4

3
𝜋𝑅3 =

4

3
𝜋𝑅𝑐

3 + 𝑔𝑣𝑓 (4.1) 

 

 

where  is the monomer volume (l0
3=0.343 nm3, with l0 being the monomer size, 

assumed as the reported Kuhn monomer size b=0.7 nm75,76) and f=378 is the 

functionality. Since R= Rc+ hDRY, the above equation becomes: 

 4

3
𝜋(𝑅𝑐 + ℎ𝐷𝑅𝑌)

3 =
4

3
𝜋𝑅𝑐

3 + 𝑔𝑣𝑓 (4.2) 
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From this equation we can determine the dry layer thickness:  

 
ℎ𝐷𝑅𝑌 = (𝑅𝑐

3 +
3

4𝜋
𝑔𝑣𝑓)

1
3 − 𝑅𝑐 (4.3) 

 

 

At the dry-to-wet brush interface, the chains are assumed to adopt ideal statistics. 

Hence, the dry layer has a size of bg1/2 44. It follows that  

 
𝑏𝑔

1
2 = ℎ𝐷𝑅𝑌 = (𝑅𝑐

3 +
3

4𝜋
𝑔𝑣𝑓)

1
3 − 𝑅𝑐 (4.4) 

 

The latter yields g=67 Kuhn monomers, corresponding to ~33k which means that 

there is no wet layer in the lowest molar mass of the grafted chains. Note that, a similar 

result would have been reached by using the method proposed by Ohno et al.70 on the 

brush conformation and used in both Chapter 3 and Chapter 6. The results of these 

calculations for all nanoparticles investigated are reported in the table below. 

 

Table 4.3. Results of size analysis of nanoparticles 

Mw  

[kg/mol] 

N N-g 

Mw of swollen 

layer (N-g)  

[kg/mol] 

190 384.15 317.15 157 

170 344.08 277.08 137 

130 262.84 195.84 97 

94 189.25 122.25 61 

48 96.21 29.21 15 

33 66.80   

Once the two brush regimes are known, one may estimate the volume fraction of an 

effective hard-sphere, which is occupied by both the silica core and the dry layer. We 

define this volume fraction HS as: 

 HS=

4

3
𝜋𝑅𝑐

3+𝑔𝑣𝑓

4

3
𝜋𝑅𝑐

3+𝑁𝑣𝑓
 (4.5) 

Values are reported in table 4.4, along with those estimated by considering only the 

core, from SAXS and TGA experiments.77 Interestingly, the estimated effective volume 
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fractions are much larger compared to those based on silica core only. This has an 

important implication in the liquid-to-solid transition that was observed in the linear 

viscoelastic spectra (figures 4.1 and 4.2). In fact, the low-frequency plateau appears first 

for a chain Mw=94k, when the effective hard sphere volume fraction is already around 

40%, instead of 8% based on the silica core (see table 4.4). For the samples with the 

shortest chains, 48k and 33k, the estimated values of HS become unphysical because the 

dry layer would eventually embrace the whole length of the chain, implying that there is 

no wet layer at all, hence, the equivalent hard-sphere volume fraction tends to one; this 

in turn implies that the entire nanoparticle can be considered as an equivalent hard-

sphere, where the maximum expected volume fraction can be the random close packing 

64%, supported by the fact that in SAXS experiments no crystalline order was 

observed.77 Hence, the values of HS are indicative of the tendency of the nanoparticle to 

approach hard sphere behavior are the chain molar mass is decreased; they also imply 

that in reality some penetration or deformation/compression of the dry layer is possible. 

 

Table 4.4. Experimental silica core and effective hard-sphere volume fractions. 

Mw 

[kg/mol] 
HS 

(core+dry) 

core 

(SiO2 only) 

core 

(SAXS fit) 

core 

(TGA) 

190 0.210 0.04 unavailable 

170 0.232 0.046 0.036 0.031 

130 0.3 0.060 0.051 0.043 

94 0.406 0.080 0.07 unavailable 

48 0.740 0.147 0.139 0.12 

33 1 0.199 0.176 0.16 

 

4.3.3. Branch-On-Branch model (BoB) 

Several tube-model theories have been developed over the years to model the stress 

relaxation processes in entangled polymer melts78–80 and polymers with different 

architectures, including branched structures.81,82,82,83 In this work, we used the branch-

on-branch (BoB) generic algorithm of Das et al.29 in order to model the polymeric 

contribution of the grafted chains to the nanoparticles linear viscoelastic response (see 
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figure 4.5). The adopted model includes arm retraction and dynamic tube dilation in 

order to account for constraint release.84 Star polymer architecture was used for the BoB 

model and the brush conformation was also taken into account. For each polymer, the 

full and the estimated (N-g) length of the tethered chain were used as input parameters 

in order to assess the brush conformation discussed above. The polydispersity (see table 

4.1), the Kuhn monomer molar mass (M0=494.3 g/mol), the entanglement molar mass 

(Me=11000 kg/mol), and the Rouse relaxation time of an entanglement (e=0.0016s at 

60°C) are the additional input parameters for the BoB model.  

4.3.4. Mode Coupling Theory (MCT) 

The low-frequency colloidal plateau was modelled by using the Mode Coupling 

Theory (MCT).30–32,85 Although this theory was initially developed for concentrated 

hard-sphere suspensions up to the glass transition, it has been successfully extended to 

highly concentrated suspensions of latex particles,86 PNIPAM microgels,87,87,88 and star 

polymers.32 In the present study, by considering the equivalent hard-sphere volume 

fraction and size estimated through the brush conformation model above, in addition to 

the hard-spheres parameters, we were able to effectively capture the observed colloidal 

plateau. However, we emphasize that the use of MCT was nothing more than an attempt 

to consistently fit the experimental data as discussed below. MCT analysis leads to 

predictions of linear viscoelastic material functions. The set of expressions used to 

model the dynamic moduli in oscillatory shear are reported below.31 

  
𝐺′(𝜔) = 𝐺𝑃 + 𝐺𝜎 [Γ(1 − 𝑎

′) cos (
𝜋𝑎′

2
) (𝜔𝑡𝜎)

𝑎′

− βΓ(1 + 𝑏′) cos (
𝜋𝑏′

2
) (𝜔𝑡𝜎)

−𝑏′]

+ 𝐺′𝐷(𝜔) 

(4.6) 
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𝐺′′(𝜔) = 𝐺𝜎 [Γ(1 − 𝑎

′) sin (
𝜋𝑎′

2
)(𝜔𝑡𝜎)

𝑎′

− βΓ(1 + 𝑏′) sin (
𝜋𝑏′

2
) (𝜔𝑡𝜎)

−𝑏′]

+ 𝐺′′𝐷(𝜔) + 휂∞𝜔 

(4.7) 

 

 

 
𝐺′𝐷(𝜔) =  𝐺

′′
𝐷(𝜔) =  

6

5𝜋

𝑘𝐵𝑇

𝑎3
𝜙2𝑔(2𝑎, 𝜙)[𝜔𝜏𝐷]

1
2⁄  (4.8) 

 

where GP is the plateau modulus, G is the viscoelastic amplitude associated with the in-

cage relaxation process, t is the in-cage relaxation time, ∞ is the high-frequency 

suspension viscosity, a is the particle radius which is assumed to be equal to R (defined 

in the brush conformation model),  is the volume fraction, g(2a,) is the radial 

distribution function (g(2a,)=0.78/(0.64- )), D is the diffusion time a2/D. 

The parameters a′, B, b′ are fixed for hard spheres and equal to 0.301, 0.963, and 

0.545 respectively, and were not changed for the soft spheres reported in the literature; 

we used the same here. The G′D term incorporates the effects of energy storage due to 

Brownian motion by using the form calculated for a diffusional boundary layer, which 

ignores lubrication effects. This term was only included in the 94k sample since, as 

discussed above, for the two lowest molecular weights the effective hard-sphere volume 

fractions are unphysical. 

 

4.3.5. Modelling 

The result of the combined BoB-MCT modelling is shown in figure 4.9. Whereas for 

the samples 190k, 170k, 130k, and 94k (with the latter being slightly at the limit) the 

estimated wet layer chain length yielded a good agreement between the BoB model and 

the experimental polymeric response, this was not the case for the two lowest molecular 

weights, 48k and 33k, where the full length of the chain was used. In the former case, 

considering the full length of the chain would lead to an overestimation of the arm 

retraction process as a longer chain takes more time to disengage from the 
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interpenetration with a neighboring chain. As already discussed, the portion of the 

generic chain close to the core is relatively stretched (not fully stretched, because it has 

to be in any case space filling), therefore it is not expected to contribute in the formation 

of entanglements. Quantitatively, the system with the longest grafted-chains (190k) 

reduces its active portion of the arm to an equivalent chain of 157k. Along the same 

lines, sample 170k becomes 137k, 130k becomes 90k, and 94k becomes 60k. Thus, 

knowing the chain conformation in such systems reveals essential to model the 

observed results. On the contrary, for the 48k sample, considering only the section 

beyond the dry coat (N-g) severely underestimates the experimental polymeric 

response. Hence, in order to match the observed arm relaxation, the BoB fitting was 

applied by considering a larger molar mass of the grafted chain, actually the entire 

chain. The same approach was used for fitting the data for the 33k sample. Indeed, in 

the latter case the entire chain would be within the dry layer, which means that in 

principle no interpenetration and entanglement formation should occur, resulting to a 

lack of polymeric plateau in the mechanical spectrum. However, this is not what was 

observed in the experiments, and in fact, considering the full chain length it is possible 

to obtain a close match with the experimental result.  

Besides the practical aspect, the rationale for this approach is based on earlier work 

suggesting that for short arms (roughly at the Me level) their relaxation is slower than 

what would be expected by using the original modeling consideration based on the 

number of entanglements Z. This goes back to ideas of Frischknecht et al.89 and 

simulations of Zhou and Larson90 trying to explain the unusually slow relaxation of 

short arms in asymmetric star polymers and subsequently implemented in combs with 

short arms with reasonable success.91 Actually, for short chains (barely entangled), the 

entanglement spacing on time scales of e is roughly half of Me (estimated from the 

plateau modulus), which suggests that short chains exert a stronger frictional drag, 

appearing effectively more entangled than expected.92 Whereas we do not resolve this 

issue here (neither is this our intension), we show that we can consistently fit the 

polymeric relaxation mode. 

For a better insight on the comparison between model and observed values, the 

characteristic relaxation times of the investigated systems are reported in figure 4.10 
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against the number of entanglements. The arm relaxation times (both from experiments 

and BoB modelling) are calculated from the inverse frequency at the maximum of the 

loss modulus G″ around the polymeric plateau. The exact position of the maximum was 

determined through the fit of the loss modulus with a parabolic function. Another way 

would have been to consider the moduli crossover, which however is not always present 

and is strongly influenced by the transition to the low-frequency region, hence it was 

not pursued further. The terminal relaxation time was estimated from the crossover of 

the extrapolation of the G′~2 and G″~ 1 slopes in the terminal region. It is important 

to consider that the number of entanglements reported in the horizontal axis of figure 

4.10 accounts for the N-g number of monomers in the chain estimated through the brush 

conformation model (with the exception of samples 48k and 33k where the entire Z was 

considered). Data in figure 4.10 contain a twofold message: i) the arm relaxation times 

predicted by the BoB model for the given nanoparticle brush conformation, are in very 

good agreement with the experimental ones, ii) as the degree of polymerization of the 

arms increases (and equivalently the silica content decreases), the terminal relaxation 

time and the arm relaxation times tend to coincide. The latter conjecture is somewhat 

expected as the nanoparticle would be eventually dominated by the polymeric coat 

response.  
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Figure 4.9. Linear viscoelastic master curves in terms of shifted G′ and G″ as functions of the 

shifted oscillatory frequency. Curves are shifted at the same distance from the glass transition 

temperature. Solid red lines represent BoB model fitting curves with and without accounting for 

the brush conformation model (see text). In panel D, E, and F MCT fit is also reported, and the 

fitting parameters are reported in table 4.5. 
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Figure 4.10. Characteristic relaxation times of the self-suspended grafted nanoparticle melts 

against the number of monomers in wet layer. The full length of the chain was used for the 

samples 33k and 48k (see text). The vertical black arrow indicates the number of entanglements 

(or equivalently the silica fraction) at which the solid-to-liquid transition is observed, which 

corresponds to a silica content of 8% in volume.  

Once the arm relaxation process takes place, the remaining stresses relax by colloidal 

response. In fact, as it was previously mentioned, a liquid-to-solid transition occurs as 

the silica content increases (or the grafted chains shorten) up to 8% in volume, 

corresponding to the 94k sample. Whereas at first glance this value may seem too low 

to promote a solid-like response, it turns out that by considering an effective hard-

sphere volume fraction based on the brush conformation model, it reaches a value of 

about 40% (see table 4.4). When the silica content is increased further (or the grafted 

chains become shorter) the colloidal plateau results broader, its modulus increases but 

the structural relaxation time is not strongly affected (see figure 4.10). Indeed, the 

presence of slow relaxation mode is already detectable for the sample 170k, although no 

solid-like response is observed. For those systems where a long-time solid-like behavior 

was observed, the linear viscoelastic model based on MCT was applied and the obtained 

fitting parameters are reported in table 4.5. An interesting trend of the in-cage time, 

plateau modulus and viscosity was found as the content of silica varies in the systems. 
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Whereas the plateau modulus (low-frequency) increases with the silica content, as a 

result of an increase of the equivalent hard-sphere volume fraction, both the in-cage 

relaxation time and the ∞ increases when the tethered chains become longer. The latter 

can be rationalized by the fact that the retracted chain exerts a stronger frictional drag 

with respect to a shorter one, which eventually would slow-down the exploration of a 

generic particle inside its cage and increase the high-frequency (relative to the colloidal 

cage-escape time) suspension viscosity. 

Table 4.5: Mode Coupling Theory fit parameters 

Sample  [s] G [Pa] Gp [Pa] ∞ [Pa s] D s 

33k 14286 3268.3 18680 4.8E5 / 

48k 16667 3128.6 16031 2.46E6 / 

94k 64516 1876 4820 1.183E7 1404 

 

4.4.  Conclusions 

Self-suspended grafted nanoparticles in the melt state exhibit very rich and diverse 

dynamics, which was systematically studied as function of the degree of polymerization 

of the tethered chains by keeping constant both the grafting density and the core size. A 

solid-to-liquid transition at long times was detected when the number of monomers per 

grafted chains was increased. Such a transition resulted from the silica content reduction 

i.e., the reduction of the volume fraction of the effective hard-sphere particles 

comprising the silica and the highly stretched inner part of the chains in the core region, 

the so-called dry layer. Remarkably, without accounting for this extra layer formed by 

the chains, the silica volume fraction would not suffice explain a solid-like behavior at 

low frequencies. A simple, albeit quite robust, brush conformation model, based on 

incompressibility and space-filling constraints, was developed in oder to estimate the 

dry-to-wet layer transition. Knowing the number of monomers in the dry layer, it was 

possible to estimate the effective hard sphere volume fraction and the portion of the 
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chain that can interpenetrate and eventually entangle with chains of neighboring 

particles. The dynamics of the chain and the whole particle occurred at different time 

scales: arm retraction of the grafted polymer chains was followed by cage dynamics (in-

cage and out-of-cage motions). The existence of hierarchical dynamics suggested the 

possibility to decouple the polymeric and the colloidal contributions to the rheological 

response. Indeed, the BoB and MCT models were used in order to fit the experimental 

data for the polymeric and colloidal responses respectively, accounting for the brush 

conformation model.  

While for the longest grafted chains the BoB model fitted quite well the experimental 

results, some discrepancies were detected with the shortest ones. The latter should not in 

principle exhibit a polymeric plateau as they displayed either a very short (48k) or even 

no (33k) wet layer. However, the mechanical spectra in both cases did exhibit a 

polymeric plateau. The rationale behind this apparent discrepancy lies on the fact that 

short chains are characterized by a larger drag compared to what would be expected. 

Accounting for this, in fact by using the full chain length in the BoB model, it was 

possible to obtain a good agreement with the experimental results.  

The long-time colloidal behavior (when present) was well fitted by the MCT model. 

Both in-cage time and high-frequency viscosity were found to increase with the degree 

of polymerization of the grafted chains. To this end, the friction exerted by longer arms, 

after the arm relaxation process, was presumed to be the cause of the time increase 

needed by a generic particle to explore its cage.  

An intriguing non-monotonic trend of the zero-shear viscosity against the length of 

the grafted chain was found and eventually the expected viscosity exponential growth of 

star polymers was reached. This reflected the colloidal to polymeric transition in the 

dynamics of the nanoparticles. 

In conclusion, it is important to highlight that by simply varying the degree of 

polymerization of grafted chains in self-suspended nanoparticle melts, it is possible to 

obtain dramatic changes in the mechanical response, with structural relaxation times, 

viscosity and moduli that can be broadly varied. This opens new routes for material 

design with precisely controlled rheological properties. 
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Chapter 5 

SHORT AND SOFT: MULTI-DOMAIN ORGANIZATION 

AND TUNABLE DYNAMICS IN SUSPENSIONS OF 

GRAFTED COLLOIDAL CYLINDERS WITH SMALL 

ASPECT RATIO  

5.1.  Introduction  

Whereas spherical colloids undergo a transition from liquid to crystalline phase on 

increasing fraction (with possible intervention of a wide glass region, depending on 

polydispersity and softness1 which is often materialized via particle grafting with a 

polymeric coat2,3), long rods exhibit liquid crystalline mesophases before packing into 

fully hexagonal order. Interestingly, recent experimental evidence with fd-virus4–6 has 

demonstrated that on increasing the virus fraction, the rods form first nematic domains, 

which subsequently freeze into a glassy state characterized by two length scales (rod 

and domain) and then give rise to re-entrant liquid crystalline order. With the help of 

simulations, it has been shown that further increase of the fraction transforms the glass 

into extended nematic, small smectic and/or phase separated regimes, before eventual 

equilibration into order crystalline.7 Softness typically smears out crystal ordering 

transitions as shown repeatedly with spherical colloids such as star polymers.8 In such a 

case, at high volume fractions, overlapping of the polymeric coats plays a key role in 

structure and dynamics. The extent of mesophases and glassy regime, as well as their 

interplay with phase separation, strongly depend on the aspect ratio of the rods, as 

demonstrated with simulations7,9,10. The latter have revealed that complex multidomain 

structure of short hard rods: at high enough packing fractions they form multilayered 

crystalline clusters, whereas at higher concentrations small crystallites arrange into 

long-lived structures with local orientational order albeit kinetically arrested. At even 

higher particle fractions a colloidal glass transition at the scale of clusters takes place. 

Hence, at small (but not too small) aspect ratios, two distinct features are (i) the weaker 

mesophase transition, characterized by shorter range interactions (typically within the 
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clusters) and (ii) a tendency for kinetic arrest, which masks phase separation and 

crystallization. Introducing softness into these short cylinders (by means of polymer-

grafting) provides the means to alter their spatiotemporal response by coupling their 

multidomain structure with the polymeric features of the grafts, notably their 

interpenetration. This enhances our ability to tailor the flow properties of soft non-

spherical colloids, with substantial implications in processing applications.11–13  

In this chapter we address this challenge. By using well-characterized grafted 

cylinders with aspect ratio of about 6, we explore their structure and dynamics as a 

function of the concentration: from liquid to almost molten state. We show the 

respective transition from isotropic liquid to small domains with local orientational 

order, to a soft glass with local orientation and detectable terminal relaxation and 

eventually a hexagonally-like packed arrangement. We identify features of such short 

soft cylinders that make them unique. These include (i) multi-domain dynamic response 

with distinct scaling (ii) different packing arrangement reflected in stronger dependence 

of viscoelastic properties on fraction, iii) decoupled polymeric and colloidal response at 

high fractions and iv) jammed regime. Some Findings are also supported by preliminary 

simulation results performed by K. Silmore and J. Swan (MIT) shown in Appendix 5. 

5.2.  Materials  

Nanorods used it this work are characterized by the following properties. The number-

average molar mass of PS is 111 kg/mol, its graft density 0.12 chains/nm2 and its 

respective weight fraction 80%; the PTEPM core radius (Rc) is 13.5 nm (TEM); the PS 

shell (h) is 56 nm thick (see Appendix 5), leading to a total diameter (D) of 139 nm; the 

length (L) of the cylinder is 770 nm (TEM) (with polydispersity of 1.3), yielding an 

average aspect ratio of 6 with a prevalently stiff conformation (given the highly 

crosslinked core).14 The total weight-average molar mass (Mw) of a cylinder is 9.3x105 

kg/mol. Main molecular characteristics and sizes are summarized in the following table. 
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Table 5.1. Molecular characteristics and hydrodynamic properties of nanocylinders 

Sample 
Number 

of arms 

Mn 

[kg/mol]  

PDI 

[-] 

L 

[nm] 

D 

[nm] 

C*  

[g/ml] 

L/D 

[-] 

Cylinders 6597 9.3 105 1.3 770 139 0.02 6 

Details on the synthesis are reported in Chapter 2. Suspensions in diethyl phthalate 

(DEP) were prepared for cryo-TEM, x-ray, light scattering and rheology, whereas 

toluene (Tol) was used for cross-polarized imaging only. Both solvents provide good 

solvency conditions. DEP was used in long-time experiments (especially rheological) 

because it is much less volatile. A wide range of concentrations from dilute to the 

highly concentrated regime was investigated. 

5.3.  Results and discussion  

5.3.1. Structural properties 

The phase behavior from dilute to concentrated regime is mapped in figure 5.1 which 

depicts the zero-shear viscosity (DEP), translational diffusion coefficient (Tol), light 

transmission (Tol) and optical appearance through crossed polarizers (Tol) as a function 

of particle concentration. At very low concentrations in the dilute regime (up to 0.041 

g/ml in toluene), the system is isotropic and characterized by normalized translational 

diffusion coefficient and zero-shear relative viscosity being identical and concentration-

independent. As the concentration increases, the diffusion and inverse viscosity slow 

down by the same degree, as well as the transmitted light intensity from the overlap 

concentration value (C*=Mw/L2(2Rc+2h)NA, with NA being the Avogadro number) to 

0.041 g/ml. The latter suggests that the solution becomes more turbid, as corroborated 

by visual observation. Nevertheless, the cylindrical particles do not exhibit long range 

ordering as there is no evidence of birefringence. At higher concentrations, diffusion 

and viscosity exhibit a stronger (albeit same) dependence on concentration whereas a 

weak birefringence is also observed. The isotropic phase coexists with small domains 

where the cylinders are locally oriented as sketched in the cartoon (0.049 g/ml in 

toluene). Further increase in concentration at about 0.1 g/ml in toluene, leads to a non-
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ergodic state (detected with dynamic light scattering, see Appendix A5) where all the 

cylinders are kinetically trapped in locally favoured structures.15 In this situation the 

dynamics is dramatically slowed-down. Small aspect ratio and polydispersity in length 

are known to promote this arrangement.9,10,16  The dynamic arrest is accompanied by an 

abrupt drop in the inverse of the reduced viscosity and an increase in the light 

transmission. The latter is rationalized by the fact that, since the scattering intensity 

originates primarily from the contrast between the polymeric shell (80wt% of the total 

mass of the particle) and the solvent, its reduction upon increasing concentration reflects 

the approach of neighboring particle shells. Note that the highest refractive index 

difference is between the shell and the core, but since the latter constitutes the 20 wt% 

of the particle, its effect is rather small. Remarkably, the experimental light transmission 

values, measured in the arrested state at different positions of the vial, were nearly the 

same. This conforms to a macroscopically homogenous sample where cylinders are 

locally oriented in domains of random direction. Concentrations above 0.1 g/ml in 

toluene exhibit a non-monotonic variation in birefringence, which eventually tends to 

vanish at 0.29 g/ml. Along with the continuous increase of transmission, albeit weaker 

at the highest concentrations, this suggests that the system forms a multi-domain 

structure with a stronger shell-shell engagement between adjacent cylinders. The 

assignment of different phases is based on parallel SAXS measurements. 
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Figure 5.1. State diagram. Top panel: cross-polarized images at different concentrations in 

toluene. Bottom panel: normalized translational diffusion coefficient (), inverse relative 

viscosity (■), and light transmission (right y-axis) with green symbols (linked to the top panel 

images) against concentration. The overlap concentration in Toluene (the same as in DEP) is 

indicated by a red arrow (0.02 g/ml). Symbols next to the schematics refer to the corresponding 

concentration in the cross-polarized images. Dashed lines are to guide the eye. 

Indeed, the evolution of the SAXS 2D-intensity patterns with the concentration is 

shown in the top panel of figure 5.2. Overall, these patterns point to macroscopically 

isotropic solutions, consistent with figure 5.1, as well as results from simulations7 and 

experiments17 with short hard cylinders. The intensity curves superimpose at high-q-

regime (0.2-2 nm-1) when the intensity is normalized by the particle concentration. The 

probed region relates to the shell and the core where the terminal I~q-2 dependence is 
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reminiscent of Gaussian polymer chains in good solvency conditions. At lower q-

values, the intensity curves do not overlap so well anymore, reflecting the effects of 

interactions. The deviation is already apparent at 0.1 g/ml and becomes more marked at 

higher concentrations. Structural peaks appear and their position is affected by the 

concentration as the value of q at the first peak (q*) increases with concentration. 

Assuming that I(q)=S(q)P(q), the pseudo-structure factor S(q) calculated as the ratio of 

the intensity spectra at high and low concentration is depicted in the top inset of figure 

5.2 and reveals up to 4th order peaks at 0.13 and 0.2 g/ml. It represents a clear signature 

of a long-range positional order in the measured q-range. Such a long-range order with 

position of the peak equal to q*, 2q*, 3q*, and 4q* is reminiscent of a cubatic order.10 

Moreover, while polydispersity is known to destabilize crystalline phases, on the 

contrary it can favor the stabilization of a cubatic phase as demonstrated by Blaak.16 A 

similar particles arrangement can be assumed in our system, given also the fact that 

some polydispersity is present. As the concentration moves from 0.13 to 0.2 g/ml 

structural peaks slightly move to higher q values; cylinders get closer. Whereas in the 

static structure this does not seem an important variation, it has a dramatic impact on the 

dynamics as particle shells start to interpenetrate and linear chains form a polymeric 

network. At 0.1 g/ml structural peaks are not clearly detectable, indicating that the 

structure is not fully developed, whereas an isotropic-multi-domain phase coexistence is 

present instead. The transition detected by means of birefringence has been also 

confirmed through X-rays scattering. The absence of an ordered state at high 

concentrations have been also corroborated by simulations (see Appendix 5). 

TEM images are also shown as insets in figure 5.2. In the dry-state a multi-domain 

configuration of the nanocylinders is clearly observable with a coordination number, 

within the domain, that is random. The latter has an important implication on i) the 

difficulty encountered to determine, experimentally, a characteristic size of the domains, 

and ii) the absence of a clear relaxation dynamics of such domains as it will be 

discussed later. Due to the drying process, the structure visualized in the TEM image 

might be affected. For this reason, to corroborate the aforementioned scenario a cryo-

TEM image is shown as well. Although the contrast is not as high as the dry-TEM we 
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are able to validate the presence of a multi-domain arrangement of the soft nanocolloids 

where no preferential orientation is present. 

 

 
Figure 5.2 SAXS intensity normalized by the particle concentration against the scattering wave 

vector at different concentrations in DEP: from dilute to concentrated regime. Grey, black, blue, 

green and red circles correspond to 10-4, 10-2, 0.1, 0.13, and 0.2 g/ml respectively. 2D intensity 

patterns for few concentrations are shown above the plot. The insets represent respectively two 

TEM images: in solvent-free conditions and in DEP (0.01 g/ml), and the pseudo-structure factor 

at 0.1 g/ml, 0.13 g/ml, and 0.2 g/ml, where solid lines are to guide the eye and emphasize the 

multiple structural peaks. 
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5.3.2. Linear viscoelasticity 

The spectacular evolution of oscillatory shear response from liquid to a highly 

concentrated state is shown in figure 5.3. The mechanical spectra cover up to 9 decades 

in frequency by means of a combination of 3 different rheological techniques: high-

frequency piezorheometry, dynamic frequency sweep and creep measurements to 

extend the low frequency region. From 0.03 g/ml to 0.1 g/ml, a transition from liquid to 

dynamically arrested state (whose slow terminal regime is detected with creep and is 

assigned to structural relaxation) is observed, supporting the picture emerging from 

figure 5.2. Such a result can be also observed in simulations as in the transition between 

0.03 and 0.1 g/ml particles seem to form a structure (see Appendix 5). This arrested 

state is usually the result of particle crowding, well established in spherical colloidal 

glasses with the concept of caging18–20 and also observed in fd-viruses above the 

isotropic-nematic phase coexistence where nematic domains freeze kinetically.4–6 

The kinetic arrest of rods can be rationalized in the framework of Doi-Edwards 

theory21,22 (developed for infinitely thin rods) subsequently extended by Morse.23 Given 

that a test particle is constrained by the neighbors into a virtual tube, stresses can relax 

either by a fast fluctuation inside the tube or by means of multiple tube renewal events 

or long-time diffusion (tube longitudinal motion). Indeed, Morse has shown that for stiff 

rods the structural relaxation of a tightly entangled network of rods (rod) is larger than 

the time required for a tube renewal event (rep), time needed for a test cylinder to move 

of a distance equal to its length. One can interpret rod as the total time within which the 

test cylinder undergoes multiple tube renewal events in order to completely forget its 

initial orientation. In the present case, one can adopt the same concept of stress 

relaxation dynamics with the reservation of knowing that those interpretations originate 

mainly for long rods. The dynamics are then assumed to be controlled by the single 

particle motion and this is due to the fact that length scales associated to the elasticity of 

the suspensions are at the level of the single particle radius rather than a domain size, as 

it will be shown later. By estimating the number of particles per unit volume as 

v=CNA/Mw one can infer the concentration regime which the system, at a given 

concentration, belong to. Indeed, according to Doi and Edwards,21 if v is larger than the 
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pervaded volume that a single rod occupies while translating and rotating, 

v>1/L(2Rc+2h), the system overcomes the so-called isotropic concentrated regime and 

rods start aligning. Monodisperse long rods would eventually form liquid crystals.21 In 

the present case, both lowest suspensions at 0.03 g/ml and 0.1 g/ml overcome the limit 

of the concentrated isotropic suspensions, however, no macroscopic order has been 

observed neither in X-rays nor in simulations. The polydispersity, aspect ratio and 

softness are at the origin of a more complex particles arrangement where short cylinders 

exhibit the formation of locally favored structures which is also accompanied by particle 

ordering at local scale (as shown in the pseudo-S(q)), and domain formation. 

From 0.1 to 0.13 g/ml, where a significant difference in birefringence and the onset of 

structural peaks were observed, the elasticity of the system is strongly affected as G' 

increases by one order of magnitude but the terminal relaxation times are nearly the 

same. This can be rationalized by the increase of the translational diffusion coefficient 

when particles orient locally. Previous studies24–26 have shown that at the isotropic-

nematic transition the translational diffusion speeds-up with concentration as a result of 

an increase in orientational order parameter and effective free volume due to particles 

orientation. In the present case though, we postulate that this occurs at local scale due 

the presence of a multi-domain structure. The elasticity of the suspension increases with 

particle concentration, but the expected slowdown of the structural relaxation is 

compensated in part by a speed-up of translation due to the local orientation of the 

nanocylinders. 

A further increase in concentration (to 0.2 and 0.23 g/ml) leads to a slowdown of the 

terminal relaxation time, without appreciable change in the elastic modulus. At high 

enough concentration, the softness of the system comes into play and shells 

interpenetrate. At 0.2 g/ml shell interpenetration takes place and the long-time dynamics 

slows down dramatically (by two decades). Shell engagement results in an additional 

plateau at very high frequencies and an associated stress relaxation due to arm 

retraction.27,28 This shell relaxation mode is only present at concentrations of 0.2 g/ml or 

higher. So far, a clear decoupling between colloidal and polymeric dynamics was 

observed in star-polymer-linear chain mixtures.29 
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By increasing the concentration to 0.4 and 0.6 g/ml, moduli become higher and the 

terminal dynamics slower. The hierarchical dynamic becomes more evident as two 

plateau moduli are clearly distinguishable in the mechanical spectra. We attribute the 

high frequency plateau to the network formed by the strongly engaged shells, hence 

polymeric in nature, and the low frequency one to the colloidal response with modulus 

Gp. In fact, once engaged arms relax, the dynamic is exclusively controlled by the core 

diffusive motions: in-cage fluctuation and tube-renewal dynamic. At 0.4 g/ml, a high-

frequency crossover is found as well. We postulate that this very fast characteristic time 

of the system is purely polymeric in nature and can be attributed to the relaxation of an 

entanglement strand (e).
30 

At the highest concentration investigated (0.74 g/ml) the kinetically suppressed multi-

domain structure exhibits self-similar rheological response with moduli exhibiting a 1/3 

power-law dependence on frequency, identical to that of hexagonally packed cylinders 

from microphase separated block copolymers.31 Evidence of a probable hexagonal order 

has been also found in the X-rays pattern of the assembly films in dry state (see 

Appendix A5). Nonetheless, we refrain to ascribe this structure to a fully developed 

hexagonal order due to the presence of a non-negligible polydispersity in length.  

As previously anticipated, the value of the colloidal plateau modulus can be used to 

extract the associated characteristic lengths in the different regimes by adopting the 

concept developed for theory of rubber elasticity:32–34 ξ = (
𝑘𝐵𝑇

𝐺𝑝
)
1/3

, where kB is the 

Boltzmann constant, T the absolute temperature and Gp the colloidal plateau modulus. 

The obtained values of ξ are 66, 18, 17, 12 and 9 nm for 0.1, 0.13, 0.20, 0.4, and 0.6 

g/ml, respectively; they are of the order but smaller than the corona radius (core plus 

shell). This confirms the local (single particle) scale at which stresses are mediated 

throughout the system. The concept of rubber elasticity has been already used in other 

works on soft colloids,35,36 however, we refrain of considering it entirely appropriate for 

such systems. Remarkably, domains do not exhibit independent dynamic as the stress 

relaxation is entirely controlled by chain-disengagement and single particle motion, 

hence, they are mechanically inert.  
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Figure 5.3. Linear viscoelastic moduli, G′ (solid symbols) and G″ (open symbols) as functions 

of oscillatory frequency at different concentrations. Solid and dashed lines represent creep 

compliance converted into dynamic moduli. Frequencies above 100 rad/s are measured with a 

piezo rheometer. The 1/3 slope relates to the expected modulus dependence on frequency for 

hexagonally packed cylinders in block copolymers.31  

The structural and the inside-tube fluctuation times can, in analogy with the fast in-

cage and slow out-of-cage motion for caged spherical colloidal glasses,18,37 be obtained 

by the inverse of frequency corresponding to the low-frequency moduli crossover (rod) 

and the minimum in G″ () respectively. Analogously, the colloidal plateau modulus 

Gp can be estimated as the storage modulus at  Values as functions of the 

concentration are reported in figure 5.4.  

Interestingly, around C=0.1 g/ml a significant increase of both relaxation times is 

observable. This coincides with the isotropic to multi-domain structure transition, as it 

has been observed through birefringence and X-rays. Surprisingly, a further increase in 

concentration has no strong effect on the terminal time, as well as on the fluctuation 
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time inside the tube. Indeed, both characteristic times level off with increasing 

concentration. Note that having access to the structural relaxation times in soft colloidal 

suspensions represents a remarkable achievement as well as a big experimental 

challenge. Typically, the plateau modulus is considered instead, as a quantity with 

easier access. The latter is also depicted in figure 5.3. As the two relaxation times, the 

colloidal plateau modulus shows weak dependence on concentration. Such a behavior is 

reminiscent of the so-called jammed state recently observed in microgels38 and still 

object of debate in star-polymers. Nevertheless, it seems that the weak dependence and 

levelling off of the relaxation times as well as the linear trend followed by the plateau 

modulus, typical of jammed states,38–40 suggest a jammed regime also for the 

investigated soft and short cylinders. Such a finding certainly opens a new intriguing 

scenario of jamming in anisotropic colloids. 

0.1 0.2 0.3 0.4 0.5 0.6 0.7
10

-1

10
1

10
3

10
5

G
p  [P

a]

C [g/ml]

 ro
d
, 

 
 [

s]

 

10
1

10
2

10
3

10
4

 

Figure 5.4. Structural (rod) and inside-tube fluctuation () times (left-hand side axis) and 

colloidal plateau modulus Gp (right-hand side axis) as functions of concentration. The solid line 

is the best fit of the plateau modulus to a linear variation in the jammed region. The function has 

the form Gp=K(C-Cm)41 where K=9662±727.2 [Pa ml/g] and Cm= 0.11±0.02 [g/ml]. 
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5.4.  Conclusions 

Whereas rod-like systems exhibit a smooth transition between mesophases upon 

increasing the concentration of particles,17 short cylinders display much more complex 

characteristics. Experiments17 and simulations7,9 have reported cases in which, even for 

monodisperse cylinders, particles freeze into a macroscopically isotropic state but with 

local orientational order within domains. When softness is introduced to short cylinders 

by means of a polymeric shell, the structure and dynamics of such systems become even 

richer. It this work, it has been shown with the support of different experimental and 

computational techniques that the effect of concentration on the structure leads to 

several state transitions. These include: i) an isotropic to multi domain structure, ii) a 

multi-domain arrangement with shell interpenetration and iii) a structure reminiscent of 

hexagonally-packed cylinders, although the pure hexagonal phase is unlikely to achieve 

given the particles polydispersity in length. Such states translated into rich dynamics as 

well. From 0.1 to 0.13 g/ml the suspension increases its elasticity by one order of 

magnitude though without changing much the structural relaxation time. Indeed, the 

expected slowdown of the terminal time is compensated by particle alignment at local 

scale. While so far, the contribution of the softness relates only on the long-ranged 

repulsive interactions, a further increase in concentration promotes shells overlap. The 

interdigitation of the chains forms a polymeric network with independent dynamics. In 

other words, the system exhibits hierarchical stress relaxation dynamics involving 

different length and time scales. Hence, the colloidal dynamics is preceded by arms 

disentanglement and segmental motion (detectable at C=0.4 g/ml). The decoupling 

between colloidal and polymeric response in colloidal suspensions have been observed 

only in star-linear polymer mixtures.29 Notably, the analysis of the concentration 

dependence of the characteristic times and colloidal plateau modulus has shown 

evidences of a jammed state, so far, encountered only in soft spherical systems.  

The results presented in this work could provide insights for fundamental 

understanding in the realm of non-spherical colloids as well as opening new routes for 

tailoring flow properties of suspensions at molecular scales.  
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Chapter 6 

CORE SHAPE EFFECTS ON THE DYNAMICS OF 

CONCENTRATED SUSPENSION OF SOFT COLLOIDS 

6.1.  Introduction  

Colloidal systems have been studied extensively because of their importance in a vast 

array of products including slurries, foams, inks, emulsions, pastes, gels and many other 

assemblies. Many advances for new material formulations have been achieved thanks to 

the synergy of theoretical, numerical and experimental studies. Such efforts embrace a 

broad variety of concepts gained over the years, ranging from the very first phase 

diagram of hard-spheres1 to that of soft colloids,2–6 from the role of particle size and 

particle interactions to polydispersity effects,7–10 from the effect of external stimuli such 

as shear and temperature on the systems behavior11–16 to flow-induced instabilities and 

yielding.17–26 The common denominator of these works is the shape of the particles: 

they are all spherical systems.   

As a matter of fact, a broad variety of studies has also involved rod-like systems.27–29 

fd-viruses, for instance, represent a model system for rods extensively used to study 

phase diagrams,30–35 rheological properties and flow instabilities of anisotropic colloidal 

suspensions.36–38 Mineral anisotropic colloids such as gibbsite, hectorite and boehmite 

particles have shown a complex yielding behavior where a solid-to-liquid transition 

induced by shear flow was so reach and complicated that could not be described by a 

single yield stress parameter.39 A yield space was defined instead, which required a 

range of parameters and timescales to describe it and which was a function of both the 

current structural state of the material and its stress-strain-time history.39 More recently 

Kramb et al.40–42 have investigated the linear viscoelastic behavior and yielding 

mechanisms of anisotropic systems with very small aspect ratio (slightly larger than 1). 

They identified a double yielding mechanism associated with the rotational and 

translational energetic barriers that the system must overcome to exhibit a liquid-like 

response. Such findings have been demonstrated theoretically in several works.43–47 
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Indeed, a double yielding mechanism has been also observed in spherical colloidal gels 

and glasses but for different reasons and should not be confused.23,48–50 

Many interesting features are associated with rod-like systems. For instance, it has been 

reported that they have the ability to enhance shear thinning, electrical and mechanical 

properties of suspensions and composites, extensional viscosity without imparting 

significant normal stresses. They are also present in biological systems as reinforcement 

constituent of the cytoskeleton in cells.31,51–56 Overall, anisotropic colloids are widely 

used in a range of applications, from personal care products to industrial 

processes.39,57,58  

However, whether suspensions of anisotropic particles offer unique advantages over 

spherical colloids is still an open question. The reason lies on the fact that systems with 

different shape have typically different chemistry, softness and interaction potentials. 

Comparison is not straightforward.  

In this work, grafted nanoparticle such as spheres, cylinders and lamellae with the 

same molar mass of the tethered chains, similar grafting density, and same core/shell 

weight fraction are used in order to address the following questions: i) How does the 

particle shape affect the viscoelastic properties and yielding behaviour of dense 

colloidal suspensions? ii) Which are the similarities with/ and differences from the 

spherical counterparts? iii) Is it possible to lay the foundations for generic picture in the 

realm of colloidal systems in terms of softness, shape and concentration? 

We report that the elasticity and structural relaxation time of such dense suspensions 

can be tailored independently just by intervening on the core shape by keeping the same 

mass fraction. The presence of a polymeric shell is associated with a rich rheological 

response in both linear and nonlinear viscoelastic regime and in certain cases 

anisotropic systems due to their different structure and particles arrangement, exhibit 

higher elasticity and slower dynamics compared to spheres (at the same mass fraction). 

This originates from the fact that interpenetrated shells give birth to a larger 

entanglement density when chains belong to a cylindrical surface rather than a spherical 

one. Anisotropic systems show exhibit very complex nonlinear response especially in 

terms of yielding mechanisms, anisotropies in the structure induced by the flow and 

stress relaxation upon flow cessation. However, in spite the differences in the 
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rheological response of anisotropic particles compared to that of spherical colloids, it is 

possible to highlight some common features such as: the presence of a jammed state, a 

nonmonotonic trend of the yield stress/steady-state stress ratio with the shear 

deformation rate, and the presence of residual stresses. Indeed, the above-mentioned 

features embrace a vast array of repulsive colloidal systems, which make these findings 

of general character providing new ingredients for new material formulations.  

6.2.  Materials  

Concentrated suspensions of spheres, cylinders and lamellae in diethyl phthalate 

(DEP) were used in this work. Molecular characteristics of the systems known from the 

synthesis59 are reported in Chapter 2. Given the complexity of the systems due to their 

shape and size, different experimental techniques and brush conformation analysis are 

needed to properly characterized them. Details are described below and table 6.1 

summarizes all the findings. 

Figure 6.1 shows Transmission Electron Microscopy (TEM) images of the three 

systems in dry state. Polydispersity (PDI), core diameter and shell-thickness for spheres 

and cylinders, length of cylinders and lamellae can be estimated through imaging 

analysis (analysis involved several images per specimen). However, one should mind 

that those are dried conditions and sizes might be affected. 
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Figure 6.1. Transmission Electron Microscopy (TEM) images in dry state. Columns starting 

from the left report spheres, cylinders and lamellae respectively.  

In order to investigate particle shape and stability of the systems in solution, Cryo-

TEM experiments were performed and images are shown in figure 6.2. Despite the 

lower contrast compared to TEM in the dry state, it is possible to confirm particle shape 

even in solution. For spheres and cylinders Cryo-TEM images yield a core diameter of 

34±5 nm and 35±7 nm respectively, which within the error, are very similar to those 

estimated through SAXS experiments and reported in Chapter 2. The corresponding 

values estimated through TEM (dry state) are smaller: 23±0.5 nm and 22±3 nm. The 

total diameter (D) of the particle (core and shell) can also be roughly (due to the low 

contrast) estimated through Cryo-TEM imaging analysis for spheres and cylinders: 

Dspheres=73±12 nm and Dcylinders=80±13 nm. From TEM, Dspheres=58±3.8 nm and 

Dcylinders=118±3 nm. While for the core size different techniques provide comparable 

values, establishing the total diameter results a bit more challenging. A reasonable value 

can be considered for the spheres where the hydrodynamic diameter of the spherical 

system in DEP is 98 nm (see Chapter 3). A simple, yet useful, way to determine the 

shell thickness, therefore the total diameter (or thickness for the lamellae), relates to the 

brush conformation. The case of the spherical system was already discussed in Chapter 

3, where the critical radius rc was found smaller than the radius of the core, meaning 
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that the brush belongs to the semi-dilute polymer brush regime. For this specific case, it 

is possible to estimate the shell thickness by following the model proposed by Ohno60: 

 (ℎ + 𝑟0)
5/3 − 𝑟0

5/3
= 𝐴 (6.1) 

where h is the shell thickness, r0 the core radius and A writes as 

 𝐴 = (5/3)𝑎𝐿𝑐𝑟0
2/3
𝜎0
∗ 1/3

𝑣∗1/3 (6.2) 

Lc represents the full length of the grafted chain defined as Lc=(Mn/M0)*b with Mn and 

M0 being the molar masses of the grafted chain (111 kg/mol) and Kuhn monomer 

(0.720 kg/mol61), whereas b is Kuhn monomer size (b=1.8 nm61). 𝜎0
∗ is the 

dimensionless grafting density and writes as 𝜎0
∗ = 𝑓𝑙𝑚

2 /(4𝜋𝑟0
2) with f being the 

functionality, lm the chain contour length per monomer unit (0.25nm62). 𝑣∗ is defined as 

𝑣∗ = 𝑣/(4𝜋)1/2 with 𝑣 being the excluded-volume parameter defined as by Daoud and 

Cotton.63 Assuming good solvency condition 𝑣 = 0.5. a is a proportionality constant 

and for simplicity it is assumed equal to 1. The thickness h was found equal to 27nm. 

Note that, by subtracting the radius of the core to the hydrodynamic radius, a shell 

thickness of 34 nm is obtained, quite comparable with the theoretical prediction. For 

grafted cylinders where the core radius is much larger than the size of a monomer but 

smaller than the shell thickness, Binder et al.64 proposed the following relation to 

roughly estimate the shell thickness in good solvency conditions: 

 ℎ = 𝑎𝑏(𝜎𝑏2)0.259(M𝑛/M0)
0.74 (6.3) 

where  is the grafting density at the core and the other terms are the same as those 

previously reported for spheres. Equation 6.3 yields a value of 56 nm, almost twice 

larger than that of spheres. The reason can be ascribed to the slightly higher grafting 

density of the cylinders, which promotes a higher stretching of the chains, and the 

different brush conformation of grafted chains in a cylindrical geometry.64 Although 

this does not represent the scope of this work, it is worth mentioning that due to the 
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lower symmetry of the cylindrical geometry compared to spherical and flat surfaces, 

chains grafted on a cylindrical surface are better described by the concept of ellipsoidal 

blobs rather than spherical ones.64 Eventually, a total diameter (core and shell) of 139 

nm is obtained for the cylinders, slightly larger than 118 nm estimated from TEM and 

that is somewhat expected as the latter relates to dry conditions.  

For flat surface, as in the case of the lamellae, the following relation was proposed:60,65–

68  

 

 ℎ = 𝑎𝐿𝑐𝜎0
∗ 1/3

𝑣∗1/3 (6.4) 

The obtained value is h=28 nm resulting into a total thickness of 72 nm. 

The average length (L) and polydispersity (PDI) of cylinders and lamellae were 

estimated through TEM imaging analysis and confirmed through scattering techniques 

(see Appendix 6). Values are reported in table 6.1. Once the sizes of the particles are 

known it is possible to estimate the total molar mass of the polystyrene chains as Mn 

=ScoreMn,PS where  represents the grafting density at the core (see Chapter 2), Score the 

core surface and Mn,PS the molar mass of single PS chain (see Chapter 2). By also 

knowing the weight fraction of the core, a rough estimation of the total molar mass of 

the particles can be done (see table 6.1). The overlap concentration C* for spherical 

systems is simply determined as 𝐶∗ =
𝑀

4

3
𝜋𝑅𝐻

3𝑁𝐴
 where M is the total molar mass of the 

particle, RH is hydrodynamic radius and NA the Avogadro number. For the cylinders and 

the lamellae, the overlap concentrations are defined respectively as 𝐶∗ =
𝑀

𝜋

4
𝐷2𝐿𝑁𝐴

 and 

𝐶∗ =
𝑀

𝐿2𝐷𝑁𝐴
 and reported in table 6.2. Note that different concentrations of the systems 

were tested except for lamellae, for which only one concentration has been probed due 

to the difficulties encountered in dispersing such big particles in more concentrated 

suspensions. 
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Figure 6.2. Cryo-Transmission Electron Microscopy (TEM) images in diethyl phthalate. 

Columns starting from the left report spheres, cylinders and lamellae respectively. The 

concentration for the three systems is 1wt% 

Table 6.1. Molecular characteristics and hydrodynamic properties of PGNPs 

Sample 
Number 

of arms 

Mn 

[kg/mol]  

PDI 

[-] 

RH 

[nm] 

L 

[nm] 

D 

[nm] 

C*  

[g/ml] 

L/D 

[-] 

Spheres 212 3 104 1.04 49 / 98 0.1 1 

Cylinders 6597 9.3 105 1.3 / 770 139 0.02 6 

Lamellae 6 106 8 108 2.3 / 7000 72 0.38 97 
 

 

 

6.3.  Results and discussion  

6.3.1. Linear viscoelasticity 

Viscoelastic spectra of the three soft colloids are compared at the same mass fraction 

(13 wt%) and shown in figure 6.3. The three systems exhibit the typical response of 

viscoelastic liquids where the terminal relaxation times has been detected by means of 

creep experiments. Given the different particle sizes, therefore overlap concentrations, 

the same mass fraction would necessarily lead to different effective volume fractions 

(reported in figure 6.3). However, in terms of material design a first comparison would 

address the question on how the rheological response would be when the same amount 

of sample is used. Spheres exhibit a solid-like response for nearly 5 decades in 

frequency where particles stress relaxation relate to the concept of cage-dynamics 

developed for concentrated suspensions of spherical colloids.69 Lamellae are quite 
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polydisperse, therefore, no crystalline structures are expected as in other works on 

platelets reported in literature.70–72 Thus, it is assumed to have a fully isotropic 

distribution of the lamellae in the dense state. Their dynamic spectrum is qualitatively 

similar to that of spheres although with two main differences: i) the moduli are nearly 6 

times lower and ii) a high-frequency crossover is observable. The former reflects the 

significantly larger size of the lamellae compared to both spheres and cylinders, 

whereas the latter is assigned to the characteristic time at which a generic particle starts 

being constrained by the neighboring particles. For the spherical particles such a 

characteristic time would be associated with the cage formation time. On the other hand, 

cylinders display moduli comparable with those of the spherical systems but with a 

structural relaxation time which is 2 orders of magnitude slower. At this concentration 

cylinders are characterized by a multi-domain structure where particles are locally 

oriented. Local orientation speeds up the single particle dynamics (see Chapter 5). 

Remarkably, at this concentration, just by changing the shape of the core of the 

colloidal system it is possible either to keep the same structural relaxation time with 

different elasticity of the suspension (spheres → lamellae), or keeping constant (nearly) 

the plateau modulus with different terminal relaxation times (spheres → cylinders). For 

the sake of completeness, it is worth to remind that spherical systems are quite 

monodisperse and the crystallization topic is treated in Chapter 3 by means of 

experiments and simulations.   
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Figure 6.3. Dynamic moduli in terms of G′ (solid symbols) and G″ (open symbols) against 

frequency for spheres, cylinders and lamellae at C= 13 wt% and 25°C. Solid lines represent 

creep compliance converted into dynamic moduli. Dashed black lines report the expected slope. 

Plateau moduli, estimated as the storage modulus at the inverse frequency corresponding to the 

minimum in the loss modulus, are 419, 313 and 70 Pa for spheres, cylinders and lamellae 

respectively. 

Most of the spherical colloidal suspensions rarely displays a high-frequency crossover 

in the range of frequencies probed with a commercial rotational rheometer (max~100 

rad/s). Different rheological techniques are typically used to probe the high-frequency 

dynamics as for instance, the piezorheometer (A. Athanasiou, submitted to Rheol. Acta, 

2019). The question of high-frequency response comes naturally. Figure 6.4 shows a 

comparison between the different specimens where lamellae are kept at the same 

concentration as in figure 6.3 and the concentration of both suspensions of spheres and 

cylinders was distinctively increased until the high-frequency crossover falls in the 

probed frequency range. For spheres this occurs at C=30 wt% (=3) and for the 

cylinders at C=20 wt% (=1.54). Differences in volume fraction necessarily reflect 

different particles arrangement. Cylinders still exhibit dynamic moduli comparable to 

those of spheres but their structural relaxation time is now slower than that of the 



 

 

 

 

162 

spherical counterpart. As it is shown in Chapter 5, the 20 wt% concentration sets the 

onset of chain interpenetration which leads to slower dynamics as well as a pure 

polymeric response in the mechanical spectra. For a more quantitative analysis, the 

observed data were modelled by the linear viscoelasticity model based on the Mode 

Coupling Theory (MCT).26,73–75Although this theory was initially developed for hard-

spheres up to the glass transition, it has been shown that it can be nicely extended to 

highly concentrated suspensions of latex particles,76 PNIPAM microgels,77,77,78 and star 

polymers.26 The set of expressions used to model the dynamic moduli in oscillatory 

shear are reported below. 

  
𝐺′(𝜔) = 𝐺𝑃 + 𝐺𝜎 [Γ(1 − 𝑎

′) cos (
𝜋𝑎′

2
) (𝜔𝑡𝜎)

𝑎′

− βΓ(1 + 𝑏′) cos (
𝜋𝑏′

2
) (𝜔𝑡𝜎)

−𝑏′] 

(6.5) 

 

  
 

𝐺′′(𝜔) = 𝐺𝜎 [Γ(1 − 𝑎
′) sin (

𝜋𝑎′

2
)(𝜔𝑡𝜎)

𝑎′

− βΓ(1 + 𝑏′) sin (
𝜋𝑏′

2
) (𝜔𝑡𝜎)

−𝑏′]

+ 휂∞𝜔 

(6.6) 

where kB is the Boltzmann constant, T the temperature, GP the plateau modulus, G 

the viscoelastic amplitude associated with the in-cage relaxation process, t the in-cage 

relaxation time assumed equal to the inverse frequency corresponding to the minimum 

in the loss modulus, ∞ the high-frequency suspension viscosity. a′, B, b′ are fixed 

parameters and for hard spheres they are equal to 0.301, 0.963, and 0.545, respectively. 

The only free parameter is the high-frequency suspension viscosity ∞. The MCT 

parameters are summarized in table 6.2. Resulting curves show a good agreement with 

the experimental data with the exception of the low-frequency regime because the 

model does not include a dissipation term accounting for the terminal relaxation; this 

creates a divergence of the loss modulus.79 By knowing  

∞ (from MCT) and the relaxation time at high frequency, high- (from experiments) it is 

possible to estimate a characteristic length associated to the time at which particles 
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experience the constraints exerted by the neighboring particles: 𝜏ℎ𝑖𝑔ℎ−𝜔 =
η∞high−ω

3

𝑘𝐵𝑇
. 


high−ω

 values are reported in table 6.3 along with the correlation lengths estimated 

from the plateau modulus (storage modulus corresponding to the frequency at which the 

loss modulus shows a minimum): 𝐺0 =
𝑘𝐵𝑇

0
3 . Although the latter has been originally 

developed from the molecular theory of rubber elasticity80–83 for entangled polymer 

chains whose correlation length relates to the mesh size of the network they form, in the 

frame of colloidal systems the characteristic length can be assigned to the length 

through which stresses are transferred throughout the colloidal structure. In other words, 

the elastic modulus of the colloidal suspension is used to extract a length scale that can 

be compared with the particle size.26 Indeed, the size extracted from the high-frequency 

crossover resulted smaller or comparable with the core size of the three systems (see 

table 6.3). Such a result implies that the fast dynamics are core-shape independent and 

the effect of shape comes into play only in terms of elasticity of the suspension and 

terminal time. If mechanical spectra are forced to superimpose by normalizing the 

moduli by the plateau modulus and the frequency by high- indeed in the two highest 

decades in frequency it is not possible to distinguish between spheres, cylinders and 

lamellae (see figure 6.5).  
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Figure 6.4. Dynamic moduli in terms of G′ (solid symbols) and G″ (open symbols) against 

frequency for spheres (C= 30 wt%), cylinders (C= 20 wt%) and lamellae (C= 13 wt%) at 25°C. 

Solid lines represent creep compliance converted into dynamic moduli. Dashed black lines 

report the expected slope. Solid green, black and blue lines represent creep compliance 

converted into dynamic moduli. Solid and dashed red, violet and pink lines represent the MCT 

fitting curves.  

 

Table 6.2. MCT fitting parameters. 

Specimen 
G0 

[Pa] 

∞

 

[Pa s] 

G 

[Pa] 

 

[s] 

high-  

[s] 

a 

[nm] 

Spheres 929 6.7 14 14 0.013 49 

Cylinders 868 6.2 1.9 30 0.016 69.5 

Lamellas 70 4.9 6 12 0.016 36 

 

Table 6.3. Length scales and particle sizes.  

Specimen 
high- 

[nm] 

0 

[nm] 

RH or D/2 

[nm] 

Core size 

[nm] 

Spheres 20 16.5 49 30 

Cylinders 22 16.8 69.5 27 

Lamellas 18 39 36 16 
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Figure 6.5. Normalized dynamic moduli by the plateau modulus against normalized frequency 

by the high-frequency crossover time for spheres, cylinders and lamellae at 25°C. Solid lines 

represent creep compliance converted into dynamic moduli. 

At high enough concentrations, the softness of the systems leads shell 

interpenetration. This further results in an additional plateau at very high frequencies 

due to the grafted chains that eventually relax through arm retraction.84,85 (see figure 

6.6). Hierarchical dynamics take place as two plateau moduli are clearly distinguishable 

in the mechanical spectra. As previously mentioned, the high frequency plateau is 

assigned to the network formed by the strongly engaged shells, hence polymeric in 

nature, and the low frequency one to the colloidal response with modulus G0. The 

comparison between spheres and cylinders shown in figure 6.6 is done at the same 

concentration (40 wt%) and since the core/shell weight composition is the same in 

spheres and cylinders (table 6.1), we compare the same amount of polymer in the shell 

(or in the core). Although the mechanical spectra are qualitatively similar, with 

detectable hierarchical dynamics (polymeric and colloidal response), the magnitude of 

the moduli is different. Cylinders exhibit higher moduli, even in the polymeric-

dominated region. The latter region reflects a more efficient chain interpenetration of 

the cylinders compared to the spherical counterpart. Interestingly, the plateau modulus 
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of a polymer melt of pure entangled PS chains is 2x105 Pa (taken as the storage 

modulus at the inverse frequency where the loss modulus exhibits a minimum), and the 

value obtained with cylinders reaches already 1x105 Pa, whereas the expected diluted 

plateau modulus of PS chains in good solvency conditions, calculated as86 𝐺𝑝(ɸ) =

𝐺𝑝(ɸ = 1)ɸ2.3, is 24.3 kPa, very close to that of the spherical particles (see dashed red 

line in figure 6.6). This reflects the fact that linear chains grafted on the investigated 

spherical surface, when interdigitated, behave like the corresponding network formed by 

free-ends chains, while in the case of the cylindrical particles a larger entanglement 

density is obtained as the plateau modulus results much higher. As the plateau modulus 

defines the entanglement spacing of entangled linear polymer chains,87 it is possible to 

determine the entanglement volume as Ve=kBT/Ge where Ge is the modulus of the 

polymeric plateau and analogously one can define the molar mass of an entanglement 

strand as Me=RT/Ge where  is the density of polystyrene (~1 g/cm3). For the cylinders 

Ve=6x10-6 nm3/mol and Me=35000 g/mol, whereas spheres, whose high-frequency 

behavior resembles that of free-ends chains at the same fraction, yield Ve=2.4x10-4 

nm3/mol and Me=144666 g/mol. This might lead to the conjecture that the magnitude of 

the polymeric plateau is dictated by particle shape which leads to different entanglement 

density due to different chain conformation between grafted spheres and cylinders64 

whose quantification is non-trivial and goes beyond the scope of this work. The long-

time dynamics are also strongly affected by the shape of the colloids. In fact, cylinders 

reach the terminal relaxation much later than spheres (by one order of magnitude). The 

polymeric-to-colloidal dynamic transition is characterized by a decrease of the moduli 

with a 1/2 power-law which is reminiscent of Rouse-like dynamics for unentangled 

chains86. One may think that, once chains disengage, particle is dominated by linear 

chains and moduli relax like Rouse chains. However, we refrain from directly linking 

findings to the Rouse dynamics of unentangled linear chains. 

A very high-frequency crossover is found as well. By estimating the relaxation time of 

an entanglement strand (e) of a solution of pure polystyrene linear chains at the same 

mass fraction as in the grafted nanoparticle solutions a value of 3.6x10-4 s has been 

found, corresponding to a frequency of 2800 rad/s (see red arrow in figure 6.6) which is 
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in reasonably good agreement with the observed high frequency data.. So far, a clear 

decoupling between colloidal and polymeric dynamics was only observed in star-

polymer-linear chain mixtures.88 It is also worth to highlight the coupling of different 

rheological techniques, such as frequency sweep, piezoreometry and creep, to create 

master curves that cover nearly 9 decades in frequency.  
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Figure 6.6. Dynamic moduli in terms of G′ (solid symbols) and G″ (open symbols) against 

frequency for spheres and cylinders at C= 40 wt% and 25°C. Shaded gray regions remark creep 

experiments to extend the low-frequency spectrum and the use of the piezorheometer for the 

high-frequency one. Dashed red line indicates the diluted plateau modulus (see text). The red 

arrow indicates the frequency corresponding to the relaxation time of an entanglement strand e. 
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Figure 6.7. Terminal relaxation time as a function of the mass fraction. Dashed lines are to 

guide the eye. The terminal time is estimated as the crossover between the dynamic moduli in 

the terminal regime. 

The terminal time terminal for spheres cylinders and lamellae, extracted from the 

moduli crossover, is plotted versus the mass fraction in figure 6.7. Interestingly, around 

C=10 wt% (close to the overlap concentration for spheres and cylinders) a significant 

increase of the relaxation time is observable for both systems. Whereas the latter form 

cage-like structures as the concentration increases, the cylinders exhibit a significant 

change in particles arrangement in the concentration range between 10 and 20 wt%; an 

isotropic-local nematic phase coexistence evolves into a multi-local nematic domain 

structure with arms engagement eventually (see Chapter 5). Surprisingly, a further 

increase in concentration has no strong effect on the terminal time. Indeed, a weak 

dependence of the colloidal plateau modulus on concentration is observed as well. Such 

a behavior is reminiscent of the so-called jammed state recently explored with 
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microgels89 and still considered an outstanding challenge in star-polymers, core-shell 

colloids and even more intriguing for anisotropic systems. To this end, an attempt at 

creating a generic plot, a master curve, with different systems is shown in figure 6.8. 

The procedure to build this plot is described hereafter. Data on microgels represent the 

reference since the volume fraction at jamming and the corresponding modulus are 

established and reported in ref. 89. Hence, moduli and concentration are normalized by 

the jamming coordinates. All other systems are horizontally and vertically shifted in 

order to match this reference and create a master curve. Shift factors, relative to the 

microgels, are reported in table 6.4. The meaning of such shift factors is 

straightforward: given a system and a generic point in the master curve, it is possible to 

know by means of the shift factors the actual modulus at a given volume fraction. 

Remarkably, for some star polymers in termperature-dependent solvent, the effective 

volume fraction depends on the temperature as well (see Chapter 10), which means that 

the reported diagram embraces jamming systems in both thermal and athermal 

conditions. Unlike hard-spheres, whose volume fraction dependence of the modulus is 

typically characterized by a single slope,90 soft systems display a unique rheological 

signature due to their deformability. In fact, soft colloidal particles start deforming (and 

adjusting their shape) as the concentration increases in order to accommodate more 

particles89,91 and at the same time a weak dependence of the modulus on the volume 

fraction can be observed. Such a trend embraces various systems with different softness 

but also shape. All the data collapse into a master curve where a slope of one, within the 

jammed state, seems to describe the modulus dependence on the volume fraction for all 

the systems. The reason why systems with different softness exhibit the same trend is 

not entirely clear yet, nevertheless, these findings suggest that soft jammed systems 

exhibit universal behavior. In addition to the previously mentioned control parameters, 

shape and internal microstructure, the jammed state can also be reached and explored by 

using the temperature as a control parameter.  
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Figure 6.8. Normalized plateau modulus by the storage modulus at the jamming plateau versus 

normalized effective volume fraction by that at the jamming plateau modulus. Microgels are 

taken from ref. 89, whereas the PBD star polymer 212-67k and 362-24k are investigated in 

Chapter 10 and 7 respectively. Error bars are within the symbol size. Dashed black lines 

highlight the detected slopes. Data on stars 875-06k are kindly provided by Léo Gury (Ph.D 

student at FORTH). 

Table 6.4. Shift factors relative to figure 6.8. 

Systems Horizontal shift 

(jamming
-1)  

Vertical shift 

[Pa] 

Microgels (ref.89) 

Reference 

0 363 

Spheres 1.38 117 

Cylinders 6.59 937.5 

PBD 362-24k 1.43 2522 

PBD 212-67k 2 740 

PBD 875-06k 1.77 67995 
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6.3.2. Transient shear: start-up and residual stresses 

Figure 6.9 shows start-up shear and relaxation data for spheres (panel A-B), cylinders 

(panel C-D) and lamellae (panel E-F) at the same mass fraction, 13 wt% (rheological 

spectra are shown in figure 6.3). The ratio between the stress and the strain up to the 

yielding point is comparable to the plateau modulus for the three systems in their linear 

viscoelastic spectra shown in figure 6.3. For example, if in figure 6.9 (A,C,E) a value of 

10 Pa is divided by the corresponding strain, moduli of 400, 293, 87 Pa are obtained for 

spheres, cylinders and lamellae respectively. This reasonably good agreement reflects 

consistency between linear and nonlinear viscoelastic measurements under shear. Start-

up shear data (figure 6.9 A,C,E) cover nearly 4 decades in shear rate from which it is 

possible to clearly identify some similarities and differences among the three different 

systems. The magnitude of the stress is very similar for spheres and cylinders, but much 

smaller for the lamellae, reflecting what has been already seen in fig. 6.3 in the linear 

viscoelastic regime. The main difference can be certainly ascribed to the absence of 

stress overshoot in both anisotropic systems at this mass fraction. The stress overshoot 

is a phenomenon that occurs in several colloidal suspensions90,92–95 as well as in 

colloidal mixtures,96,97 polymer melts,98 and metals.99 It is typically associated to the 

maximum energy that a system can sustain when the shear deformation takes it from a 

state of rest to a steady flow. In spherical colloidal systems such an overshoot coincides 

with the maximum distortion and elongation of the cage prior to yielding90 and both 

stress and strain associated with it typically increase with the shear deformation rate. 

Soft colloidal systems usually exhibit a more pronounced overshoot than hard systems, 

when they are compared at the same Pe number and fraction, as they can store more 

energy which is also spent to deform particles themselves. However, anisotropic 

systems do also exhibit stress overshoot39,92 and multiple yielding mechanisms 

associated to the rotational and translational energetic barriers that need to be 

overcome,40,41,46 as it will be discussed later. At this mass fraction both cylinders and 

lamellae are characterized by a weak structure that cannot sustain the imposed shear 

flow, resulting into a quite smooth yielding process where no overshoot can be observed 

between the linear viscoelastic ramp and the steady-state flow. In this case the yield 
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stress and yield strain can be determined from the crossover point of the steady-state 

and the linear ramp. At steady-state, shear forces that tend to align particles towards the 

flow direction and entropic forces that tend to randomize them counteract and the 

system is characterized by the steady-state stress p. In the same way, a steady-state 

viscosity can be easily obtained dividing the stress plateau by the shear rate. 
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Figure 6.9. Start-up shear and relaxation of spheres (A-B), cylinders (C-D) and lamellae (E-F) at 

13 wt%, 25°C and different shear rates. Magenta, pink, light blue, dark yellow, green, orange, 

violet, gray, dark cyan, purple and blue correspond respectively to shear rates 10, 5, 3, 1, 0.5, 

0.1, 0.05, 0.01, 0.005, 0.001, and 0.0001 s-1. In panels B, D, and F, the stress upon flow 

cessation is normalized by the stress plateau p. 

When the shear flow stops, stress relaxation takes place. The relaxation of the three 

systems was probed within 300 seconds. While in spheres and cylinders stresses fully 

relax within 100 s at shear rates above 0.05 s-1, lamellae exhibit residual stresses even at 

high shear rates. The presence of residual stresses has been widely investigated in hard-

sphere glasses,100 jammed suspensions24,25 and soft colloidal mixtures (see Chapter 7) 

and its origin is typically attributed to the frustration of particles because the shear flow 

promotes heterogeneities and anisotropies in the particles structure.24,25 To better 
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highlight the presence of residual stresses, the normalized stress is plotted as a function 

of the scaled time t�̇� and shown in figure 6.10. In a recent work on glassy hard-

spheres100 such a representation allows to assign to the shear rate the role of scaling 

parameter in the time domain for stress relaxation. Indeed, as already observed in other 

colloidal glasses,100–102 the stress relaxation curves collapse into master curves when 

there is no strong presence of residual stresses. We refrain tough from attributing such a 

result to a general finding. This is the case in figure 6.10 for spheres and cylinders, 

whereas for the lamellae the presence of residual stresses promoted by the flow results 

clearly visible. As it is not expected to have different particle interactions of the 

lamellae compared to spheres and cylinders, the origin of such phenomenon can be 

ascribed to the irregular shape of the lamellae (see figure 6.1) and their high 

polydispersity in size. This may result in a strong frustration of the particles when 

subjected to strong shear flows which in turn translate into durable structural 

anisotropies.  
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Figure 6.10. Normalized stress relaxation as a function of normalized time t�̇� for spheres (A), 

cylinders (B) and lamellae (C). Shear rates refer to the imposed flow before cessation. Color 

code is the same as in figure 6.9.  

Figure 6.11 compares stress relaxations for the three specimens in terms of 

normalized residual stress at t=100 s by p as a function of Péclet number. The latter is 

defined as 𝑃𝑒 =
6𝜋𝜂𝑠𝐿

3

𝑘𝐵𝑇
�̇� where s is the viscosity of the solvent and L is equal to RH for 

spheres and D/2 (see table 6.2) for both cylinders and lamellae. Since the correlation 

lengths estimated for the modulus, and reported in table 6.4, are associated to the length 
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scales of the order of the particle radius (or thickness for the lamellae) the characteristic 

length in the Pe number is assumed being equal to the core-shell radius of the particle. 

Higher concentrations are also reported along with the above-mentioned 13 wt% 

suspensions and a soft star polymer glass. Interestingly, when the concentration 

increases, high residual stresses are also present for spheres and cylinders. However, the 

concentrations at which this occurs are already three or nearly four times larger than 

those of the lamellae, which reflects once again their high sensitivity to the anisotropy 

induced by the shear prior flow cessation. 212-67k star polymers at a comparable mass 

fraction exhibit the lowest residual stresses. As it will be also discussed in Chapter 7, 

this finding suggests that particle softness is important in determining the full relaxation 

of the stresses. Indeed, hard repulsions have been found more effective in generating 

particle frustration due to shear flow that eventually leads to a significant presence of 

residual stresses.  
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Figure 6.11. Normalized residual stress at t=100s by the stress plateau as a function of Pe for 

spheres, cylinders, lamellae and polybutadiene (PBD) 212-67k star polymer. Concentrations are 

expressed in mass fraction. 
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The effects of softness, shape, and particles arrangement have also a strong impact on 

the yielding and thinning behavior of such colloidal suspensions. Figure 6.12 A depicts 

the shear-rate dependence of the stress plateau in step-rate experiments. The comparison 

involves spheres, cylinders and lamellae at different mass fractions: 13, 20, and 40 wt%. 

The solid lines are fits to the empirical Herschel-Bulkley model 𝜎(�̇�) = 𝜎𝑦(�̇�) + 𝐾�̇�
𝑛 

where y is the yield stress, K is a constant (with units Pa sn), and n is the shear thinning 

exponent. Obtained values are reported in table 6.5. Lamellae display the lowest yield 

stress (y=6.2 Pa) but the highest thinning exponent (0.65) at 13wt%, whereas for 

spheres and cylinders the yield stresses are y=11.14 Pa and y=8 Pa, respectively. It is 

worth to remind that cylinders at that concentration start forming a multi-domain 

structure and chain interpenetration is still weak. The thinning exponents are equal to 

0.34 and 0.48 for spheres and cylinders respectively, however, the thinning regime is 

barely reached and in fact, the errors on those quantities are rather large. At 20 wt%, 

spheres and cylinders show nearly the same yield stress value (~20 Pa) and very similar 

behavior with a thinning exponent around 0.4. Further increase of the concentration 

(40wt%) resulted into a clear decoupling between spheres and cylinders. The latter 

exhibit nearly 7 times higher yield stress (600 Pa) compared to spheres (90 Pa). As 

previously discussed, cylinders promote higher moduli with an effective entanglement 

density larger than that of free-end chains or their spherical counterpart at the same 

mass fraction. This originates from the specific particles arrangement encountered in the 

cylindrical specimens, where a multi-domain structure leads to a significant increase of 

the rheological properties in both linear and nonlinear viscoelastic regime. At this 

concentration the thinning behavior resulted the same for both cylinders and spheres 

with a thinning exponent equal to 0.59. While for the cylindrical particles these values 

are in agreement with other rod-like systems such as hematite rods103 and fd-viruses36, 

spheres differ from the expected 0.5 value reported for both colloidal glasses of 

soft104,105 and hard spheres.106 Nevertheless, a similar trend was also observed with 

core-shell systems.90 In rod-like systems, an increase of the shear thinning response is 

often associated with the shear-induced particle orientation, whereas values of n around 

0.35 may represent a signature of flow instability such as shear banding.36 Nevertheless, 
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these values should not be strictly considered as terminal high-rate scaling since that 

region is not experimentally very well resolved. 

Further differences appear when the height of the overshoot, relative to the steady-

state, is plotted versus the Pèclet number (fig. 6.12B). At 13 wt%, cylinders (red open 

squares) and lamellae display no stress overshoot so that the y/p is almost 1. At the 

same concentration spheres (black squares) exhibit a non-monotonic behavior. In hard-

spheres this maximum was attributed to the ability of the system to store mechanical 

energy through distortion and elongation of the cage prior to yielding, until a maximum 

was reached as a result of an accumulation of particles in the compression axis.107 The 

same non-monotonic behaviour has been observed for cylinders (purple open squares) 

at 20 wt%, with the difference compared to spheres, that the maximum of energy 

storage prior to yielding occurs at larger Pe. Finally, at the highest concentration (40 

wt%) a very rich response reflects the colloidal and polymeric nature of the grafted 

nanoparticles. In fact, a non-monotonic behaviour was still observed for both spheres 

(green squares) and cylinders (open blue squares), with the peak that progressively 

shifts towards lower Pe as the concentration increases. This originates from the fact that 

as the concentration increases and particle cages get smaller, the shear force needed to 

break the single particle constraint, i. e. out-of-cage motion, is reduced.107 Unlike hard-

spheres or soft systems with no shell interpenetration, for which an increase in Pe would 

only lead to a reduction of the ratio y/p due to a less effectiveness of Brownian 

motion in recoiling cage deformation after the yield point,107 nanoparticles with strong 

shell interpenetration are characterized by a monotonic increase of the normalized yield 

stress with Pe, this time attributed to the polymeric time scales probed at higher shear 

deformation rates. Such a result marks the unique feature of highly concentrated soft 

colloidal suspensions where the hybrid nature of the systems generates a very rich linear 

and nonlinear viscoelastic response.  
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Figure 6.12. A) Steady-state stress against shear rate. Black, blue and green squares for spheres 

at 13, 20, and 40 wt%. Violet solid squares for lamellae at 13 wt%. Red, purple and dark blue 

squares for cylinders at 13, 20, and 40 wt. Lines represent fits to the empirical Herschel-Bulkley 

model. B) Normalized yield stress by the stress plateau versus Pe. Symbols and colors are the 

same as in panel A. Lines are to guide the eye. 

Table 6.5. Herschel-Bulkley fitting parameters. 

Specimen 

C=13 %wt C=20 %wt C=40 %wt 

y  

[Pa] 

K 

[Pa sn] 

n 

[-] 
y 

[Pa] 

K 

[Pa sn] 

n 

[-] 
y  

[Pa] 

K 

[Pa 

sn] 

n 

[-] 

Spheres 11.14±1.2 44.93±4.5 0.34±0.2 22±1.8 116.7±9.7 0.43±0.06 90±0.01 1564 0.59±0.02 

Cylinders 8.0±0.54 86.4±9.6 0.48±0.23 20±1.6 83.1±8.1 0.39±0.04 600±0.01 9000 0.59±0.01 

Lamellas 6.2±0.2 18.0±2.2 0.65±0.12 / / / / / / 

 

An important finding of this work can be ascribed to the fact that the non-

monotonicity of the ratio y/p with Pe is a general feature of colloidal systems. Indeed, 

figure 6.13 embraces a broad variety of spherical colloidal systems with different 

softness, volume fraction and solvency conditions. The common denominator seems to 

be related to particle interactions dominated by repulsive forces, which are either long-

ranged as in the case of soft colloids, or short-ranged for hard spheres. In fact, since 

spheres treated in this work are thermoresponsive, different volume fractions can be 

reached just by tuning the temperature, however, in the probed temperature range, 
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particles are always characterized by repulsive interactions, hence, the nonlinear 

viscoelastic response resulted qualitatively the same. As a final remark of this 

generalized plot is that hard-spheres exhibit a lower y/p ratio compared to the other 

systems (which are all softer) and this is assigned to the non-deformability of the 

particle therefore less ability for them to store mechanical energy prior reaching the 

fluid state.90 Note that in this generalized picture, colloidal gels have not been included. 

Perhaps they may show similar features but given their more complex structure, due to 

the attractive interactions that characterize them, it has been decided to consider only 

repulsive systems for this general comparison.  
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Figure 6.13. Generalized plot of normalized yield stress versus Pe. Hard spheres are taken from 

ref. 107, whereas data of micelles, core-shell and star polymer 341-24k are kindly provided by 

Michel Cloitre.  

Another general finding that embraces the realm of soft colloidal systems relates to 

the yield strain. Figure 6.14 shows a collection of data of different soft colloidal systems 

including anisotropic particles and mixtures. Unlike hard-spheres, whose yield strain 

typically falls in the range between 10 % and 20 % associated with the displacement of 
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a generic particle undergoing out-of-cage, soft systems (of any the shape) exhibit a dual 

response depending on shear rate. At low shear rates the response resembles that of 

other colloidal systems,49,50,96 whereas at high rates yield strain values increase by one 

order of magnitude falling in the typical range of polymers.108 This becomes even more 

pronounced for those systems where at high concentration a polymeric and colloidal 

behavior is observable and clearly decoupled in the rheological spectrum, i.e. spheres 

and cylinders. Particular exception regards those complex colloidal systems, such as 

star-linear polymer mixtures, where a simultaneous colloidal and polymeric response is 

detected during start-up shear experiments (see red symbols in figure 6.14), essentially 

due to the different time scales the two contributions, colloidal and polymeric, belong 

to. Finally, we should not exclude the possibility of having a similar behavior in highly-

concentrated pure star polymer suspensions as an effect of strongly interpenetrated arms 

where the star polymer cores resemble particles dispersed in a pool of linear chains, 

therefore, resembling the previously mentioned mixture.  

 

Figure 6.14. Yield strain versus shear rate for different colloidal systems. Hard-sphere data are 

taken from ref. 90. Light blue and yellow regions mark the expected yield strain range for 

colloids and polymers respectively. The box in the right-hand side of the figure shows cartoons 

of different soft colloidal systems. 



 

 

 

 

181 

6.3.3. Large Amplitude Oscillatory Shear (LAOS) 

The nonlinear viscoelastic behavior of the three systems was also investigated by 

means of large amplitude oscillatory shear measurements. Figures 6.15, 6.16 and 6.17 

show strain amplitude sweep experiments for spheres, cylinders and lamellae 

respectively. The amplitude of such experiments was varied from small values, in the 

linear regime, to large amplitudes, deep in the nonlinear regime. The effect of frequency 

on the yielding behavior was also investigated. The results for spheres, cylinders and 

lamellae at 13 wt% are discussed in order. Starting from the linear regime where both 

moduli are strain-independent, the effect of the frequency translates in an increase of the 

magnitude of the moduli which are consistent with those reported in the frequency 

spectra at a given frequency (see figure 6.3). The linear regime can be also followed by 

looking at stress evolution against the strain (see solid lines referring to the right-hand 

side of the top panel). In this case the change of slope marks the yield point.50 Upon 

entering the nonlinear regime, G″ progressively increases with increasing strain and 

goes through a maximum which usually coincides with the moduli crossover as G′ 

simultaneously decreases with strain. Such a crossover is also assigned to the yield 

point and much more in use than the previous method.26,74,90,109 In the fully fluidized 

regime, or terminal regime, both G′ and G″ achieve a fixed strain dependence that 

follows a power-law behavior: G′~−, G″~− (see dashed black lines in figure 6.15). 

For many soft systems,21,110–117 as well as in the present case, the ratio  was reported 

to be nearly constant, reaching a value of 2. The individual slopes slightly change with 

frequency but their ratio equals always 2. This was also rationalized by invoking a 

modified mode coupling theory approach which incorporates the concept of a rate-

dependent characteristic time of the material.111,118 It can also be predicted by the soft 

glassy rheology model.119 However, it has been also found that such slopes can be 

concentration dependent26 and become less clear for more complex systems as it will be 

shown for the anisotropic particles. Moreover, the transition between linear to power-

law dependence of the moduli is not always sharp. In microgels110 for instance, a 

gradual transition occurs over a wide range of strain amplitudes.  
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Note that data at =0.1 rad/s were affected by wall-slip at strain amplitudes around 

10% and above. This can be sensed through more pronounced slope displayed by the 

storage modulus in the high-strain region. Even more sensitive to such a kind of 

instability is the stress, which clearly shows a loss of torque signal translating into a 

minimum. Eventually at very high strain the grip between the sample and the measuring 

systems is recovered and an increase of the stress can be observed. To corroborate such 

a rationalization, experiments with serrated parallel plates were performed and indeed, 

no wall-slip was detected (see figure A6.1 in Appendix 6). However, parallel plates are 

not commonly used for nonlinear shear measurements as the shear deformation rates is 

not uniform in the radial direction.120 Note that some signatures of wall-slip are also 

present at =0.05 rad/s. 
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Figure 6.15. Dynamic strain sweeps at different frequencies for spheres at 13 wt%. In panel A 

the solid symbols refer to the storage modulus and read in the left-hand side axis. The same for 

the cage modulus Gcage (open stars). Solid lines represent the shear stress and read in the right-

hand side axis. In panel B the loss modulus is shown as open symbols. Dashed blacklines in 

panel A and B refer to the power-law dependence of the moduli on the strain in the terminal 

regime.  

The yielding mechanism of anisotropic particles is more complicated. Glassy 

suspensions of spherical colloids are characterized by only a single cage constraint that 

must be overcome to relax stresses and give rise to fluidlike rheological behavior. On 

the other hand, changing particle shape increases the degrees of freedom for the 

movement of the particle and in addition to the translational (center of mass) motion, 

the rotational one is present and contributes to the stress relaxation process. Zhang and 

Schweizer47 have shown that in glasses where both translational and orientational 

motions are frozen (what they call double glass), small aspect ratio particles exhibit a 
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decoupling between rotational and translational motion with a lower entropic barrier for 

rotation than for translation. However, as the aspect ratio of the particles increases, there 

is a stronger coupling between rotational and center of mass motion, meaning that it 

results more difficult to differentiate the two motions.47 They attributed the aspect ratio 

1.41 in dicolloids the upper limit above which rotational and translational motion are 

strongly coupled. Note that such a phenomenon is also concentration dependent. Kramb 

et al41 have reported a double yielding process in strain sweep experiments on 

heterodicolloids and symmetric homodicolloids with aspect ratio equal to 1.15 and 1.31, 

respectively. Both systems shown two maxima in the loss modulus: the first yielding 

event at low strain (3%) was assigned to the rotational entropic barrier whereas the 

second one, at 30% strain, to the entropic barrier for center of mass motion. Glassy 

suspensions of fd-virus with aspect ratio around 30 do not show any multiple yielding in 

strain sweep experiments;36 a strong translational-rotational motion coupling can be 

responsible of the absence of such multiple yielding mechanisms. Remarkably, the 

stress relaxation through translational and rotational motions has been already studied 

by Doi and Edwards on rod-like polymers108 and by Morse et al. on semi-flexible 

polymers.121 

Cylinders seem to show also two yielding processes based on the detectable maxima 

in the loss modulus that become more pronounced as the oscillation frequency 

increases. At this concentration, cylinders do not exhibit strong shell engagement as it 

has been observed at 40 wt%, therefore this double yielding process should not be 

confused with the colloidal and polymeric nature of the system. Moreover, large 

amplitude oscillatory shear appears to be more sensitive than start-up shear in detecting 

multiple yielding processes. In fact, in the latter there is no signature of a double 

yielding process (see figure 6.9 C). Such a sensitivity was also observed in hard-sphere 

glasses where large amplitude oscillatory shear experiments revealed a double yielding 

process assigned to Brownian-motion assisted cage escape and escape through shear-

induced collisions.48 In the present case, as there were no signatures of flow 

instabilities, a reasonable explanation lies on the notion of rotational and translational 

entropic barriers that the system must overcome to undergo fluidlike state. At higher 

concentrations, the double maximum in G″ vanishes and they typically merge into one 
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single peak41 (see figure A6.3 in the Appendix 6). Finally, the terminal regime is 

characterized by a  ratio equal to 2.6, similar to the spherical systems previously 

mentioned and also to anisotropic systems where authors report values of 2.2 on 

dicolloids.41 
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Figure 6.16. Dynamic strain sweeps at different frequencies for cylinders at 13 wt%. In panel A 

the solid symbols refer to the storage modulus and read in the left-hand side axis. The same for 

the cage modulus Gcage (open stars). Solid lines represent the shear stress and read in the right-

hand side axis. In panel B the loss modulus is shown as open symbols. Dashed blacklines in 

panel A and B refer to the power-law dependence of the moduli on the strain in the terminal 

regime. 

Lamellae exhibit a significantly different behavior. The maximum in the loss modulus 

shifts to lower strain values and becomes less pronounced with increasing oscillation 

frequency. At =1 rad/s the maximum in G″ is followed by a plateau, whereas at =10 
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rad/s the loss modulus exhibits even a minimum. A similar behavior has been 

encountered in tricolloids,41 colloidal clay particles39 and hard-spheres.48 An effort to 

elucidate the origin of such behavior requires the involvement of Lissajous-Bowditch 

analysis and it will be discussed later in this paragraph. For the lowest frequencies, 0.05 

rad/s and 0.1 rad/s, the  ratio is equal to 3, once again, in the typical range of values 

encountered with other soft colloidal systems.88,122 
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Figure 6.17. Dynamic strain sweeps at different frequencies for lamellae at 13 wt%. In panel A 

the solid symbols refer to the storage modulus and read in the left-hand side axis. The same for 

the cage modulus Gcage (open stars). Solid lines represent the shear stress and read in the right-

hand side axis. In panel B the loss modulus is shown as open symbols. Dashed blacklines in 

panel A and B refer to the power-law dependence of the moduli on the strain in the terminal 

regime. 
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Figure 6.18. depicts a comparison between the three systems at 13 wt% in terms of 

yield strain from both start-up and large amplitude oscillatory shear measurements. The 

shear rate and the frequency are expressed in terms of Pe and Pe respectively. The 

latter has the same form as the Pe previously defined, except that the Brownian time is 

now multiplied by  where  is the strain amplitude used in the frequency sweep 

experiments (=) The yield strain values of the spherical system are reasonably 

consistent between different rheological investigations. As previously discussed, 

cylinders show two yielding points associated with the two maxima in G″. Interestingly, 

the smallest yield strain was pretty much similar to that of start-up experiments, 

whereas the second yield strain is almost one order of magnitude larger. Same values 

are obtained in start-up experiments only at higher Pe numbers, confirming that 

oscillatory shear in this particular case results more sensitive in detecting the different 

yielding mechanisms involved. Lamellae display a unique behavior: the yield strain 

taken as the maximum in G″ (which coincides with the moduli crossover) decreases as a 

function of the oscillation frequency. At low Pe values, the yield strain is around 70%, 

nearly 4 times larger than those from start-up shear experiments, however, when 

Pe~x− yield strain values from both rheological techniques seem to converge. 

Nevertheless, it should be pointed out that given the complex response exhibited by the 

system at =10rad/s, taking the moduli crossover as a yielding point may not be 

entirely correct. 
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Figure 6.18. Yield strain from both start-up and large amplitude oscillatory shear against Pe and 

Pe. For spheres and lamellae the maximum in G″ coincides with the moduli crossover. For the 

cylinders the two maxima in G″ were considered as yield points. Dashed lines are a guide for 

the eye. 

Figure 6.19 reports Lissajous-Bowditch curves (elastic representation) for the three 

different systems at different oscillation frequencies and strain amplitudes: from the 

linear to the nonlinear regime (from 1% to 1000% depending on the system). 

Frequencies are 0.1, 1 and 10 rad/s except for the spheres where 0.05 rad/s is considered 

instead of 0.1 rad/s because data were affected by wall-slip. However, the mechanical 

spectrum of the spheres reported in figure 6.3 shows that there is no much difference at 

least in terms of moduli between 0.05 rad/s and 0.1 rad/s. Spheres are shown in panels 

A-C, cylinders in D-F and lamellae in G-I. Lissajous plots for spheres exhibit a 

transition from a linear viscoelastic behavior (elliptical shape) at low , to a 

parallelogram pattern indicative of an intracycle sequence of elastic-plastic response at 

>y.
48,90,123 Well above yielding, the deformation cycle exhibits 4 regimes: (a) an 
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elastically dominated regime starting from the maximum strain point where cages are 

strained and the stress increases sharply (linearly). b) Weakening of the cages that leads 

the system to the static yielding followed by c) a viscous regime where the sample flows 

with almost constant stress independent of the strain. d) Subsequently, when the stress 

goes to zero, cages reform and the process begins anew, straining in the opposite spatial 

direction.124 

Stress response with LAOS can be related with that during a start-up shear (figure 6.9) 

with an initial elastic response, a subsequent stress overshoot where the sample is 

yielding and a final steady state flow. Spheres exhibit a stress overshoot in the elastic 

cycle at all frequencies at the highest strain (200%). A similar overshoot has been 

observed in many other soft systems90,115,124,125 as well as in soft colloidal mixtures (see 

Chapter 7).  

To our knowledge, there is a lack of LAOS experiments and Lissajous-Bowditch 

analysis on anisotropic colloids in literature. Thus, rationalization of the results based 

on what is well known for spherical systems. Cylinders do also exhibit a broad stress 

overshoot at low frequencies (=0.1 rad/s and =1 rad/s) which eventually vanishes at 

=10 rad/s. The rectangular-like elastic curve detected at low frequencies, changes 

eventually to an ellipsoid-like curve at =10 rad/s caused by reduced stress after strain 

reversal (see black arrows in panel F and I). The effect is present and even more 

pronounced in the case of lamellae (see panel I). As it was previously anticipated, such 

a behavior was already encountered in colloidal glasses at high Pe. Brownian 

Dynamics simulations have shown48 that at the point of maximum strain (or zero shear 

rate) the structure is highly anisotropic and such an anisotropy persists for large part of 

the deformation cycle. The anisotropic cages promoted by the high shear flow allows 

flow with less stress due to fewer particle collisions (see for instance black arrows in 

panel I). Thus, the stress reduction in the deformation cycle is caused by the flowing of 

anisotropic structures. Only close to the zero-strain value, the structure revers and the 

stress comes back to the maximum value within the period. This response is typically 

absent in at low frequencies where Brownian motions are more effective in relaxing 
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shear-induced structural anisotropy. The strong presence of anisotropies in the lamellae 

reflects also the strong presence of residual stresses (see figure 6.10) 
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Figure 6.19. Elastic Lissajous-Bowditch representation for spheres (panels A-C), cylinders 

(panels D-F) and lamellae (panels G-I) at 13 wt%, and 25 °C. Strains are respectively: 1% 

(purple), 5% (green), 10% (light blue), 20% (orange), 100% (blue), 200% (red), 1000 %(violet). 

Black arrows in panels F and I indicate regions of the deformation cycles with reduced stress 

(see main text). Oscillation frequency increases from the left to the right column.  

A typical LAOS parameter that can be extracted from the Lissajous-Bowditch 

analysis is the so-called apparent cage modulus defined as 𝐺𝑐𝑎𝑔𝑒 =
𝑑𝜎

𝑑𝛾
|𝜎=0.124 In other 

words, the cage modulus represents the instantaneous slope of the elastic Lissajous-

Bowditch curve at zero stress and it has no simplified form in terms of higher harmonics 

of strain input. In the small phase angle and strain amplitude limit, the cage modulus 

reduced to the storage modulus.124 Values for the investigated systems are reported in 
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figures 6.15, 6.16 and 6.17 along with the strain sweep tests. For strains smaller than y 

the cage modulus equals the storage one for all the systems, as expected when they are 

probed in the linear viscoelastic regime. Above y, unlike the storage modulus that starts 

dropping with increasing strain, the cage modulus remains constant. However, this is 

true for spheres and cylinders as well as in other colloidal systems,96,124 whereas in the 

case of lamellae an increase is detected at large strains. Such a divergence from the 

storage modulus originates from the fact that even at very large strains, systems exhibit 

strong elastic contributions during the cage breakage and reformation under shear, 

which are not captured by the storage modulus provided by the software (or by any 

Fourier-based analysis).124  

Figure 6.20 shows the Lissajous-Bowditch viscous representation for spheres (panels 

A-C), cylinders (panels D-F) and lamellae (panels G-I). Interestingly, both spheres and 

cylinders exhibit a secondary loop in the viscous response at any frequency. Less 

evident albeit detectable for the spherical particles. The presence of a secondary loop in 

the stress-shear rate projection has been associated to strong elastic nonlinearities.126 

Loops typically correspond to viscoelastic overshoot in shear stress as in the case of 

start-up shear flow measurements. An important distinction though between LAOS and 

start-up shear experiments is that the former is characterized by a periodic reversal flow 

field, hence, microstructures that breakdown and do not reform in the time scale of 

oscillation would not be expected to display any stress overshoot and the corresponding 

secondary loop in the viscous representation. Interestingly though, the response of the 

cylinders is slightly different from what it has been observed in start-up shear where no 

overshoot nor multiple yielding mechanisms were detected. This suggests one again the 

higher sensitivity of LAOS in studying the yielding behavior of such nanocylinders. 

Overall, stress overshoot and secondary loops represent typical features of soft 

materials.126 Nevertheless, lamellae do no exhibit any overshoot, therefore secondary 

loops are absent. On the other hand, the viscous response resembles that of glassy 

microgel suspensions without dangling ends or glassy hard spheres.24,48,90. Finally, the 

viscous response is also less sensitive in detecting the influence of the frequency in the 

nonlinear viscoelastic response.  
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Figure 6.20. Viscous Lissajous-Bowditch representation for spheres (panels A-C), cylinders 

(panels D-F) and lamellae (panels G-I) at 13 wt%, and 25 °C. Strains are respectively: 1% 

(purple), 5% (green), 10% (light blue), 20% (orange), 100% (blue), 200% (red), 1000 %(violet). 

Black arrows in panels F and I indicate regions of the deformation cycles with reduced stress 

(see main text). Oscillation frequency increases from the left to the right column. 

6.4.  Conclusions 

This experimental work has shown how the particle shape may affect the linear and 

nonlinear viscoelastic properties of concentrated colloidal suspensions. A systematic 

collection of results aimed at providing the necessary ingredients to choose a specific 

colloidal shape according to the flow properties required. When spheres, cylinders and 

lamellae are compared at the same mass fraction (13 wt%) several rheological property 

combinations can be achieved. In the regime of small strains, spheres provide a high 

elastic modulus and relatively long relaxation time, whereas cylinders can provide the 

same elastic modulus with much faster dynamics. Eventually, lamellae display a weaker 

elastic modulus but with a structural relaxation time comparable with that of spheres. 
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Additionally, lamellae display a fast relaxation time that has been assigned to the time at 

which the test particle starts experiencing the constraints exerted by the neighbors. Such 

a characteristic time becomes detectable in spheres and cylinders as soon as the mass 

concentration increases. Indeed, this occurs at different mass fractions because of the 

different particles arrangement. One may wish to consider this comparison at a similar 

viscoelastic response. Mode Coupling Theory in terms of linear viscoelasticity has been 

used to model the rheological spectra of the three systems and the high-frequency 

viscosity, which represents a fitting parameter, was used to estimate the correlation 

length involved in such a fast characteristic time. The resulting characteristic length 

scale was smaller than the core size of the specimens, meaning that the high-frequency 

dynamics are shape-independent. Remarkably though, the similar viscoelastic behavior 

has been obtained with different mass fractions. The concentration dependence of the 

modulus of the investigated systems has revealed similarities with other soft spherical 

particles. A transition between entropic glass and jammed state often materializes with a 

weak dependence of the plateau modulus on the concentration and sometimes a plateau 

is also detectable. Such a trend is also present in spheres and cylinders, suggesting the 

possibility to have jamming in core-shell systems even with non-spherical shape. A 

master curve has been proposed including different soft systems such as star polymer 

with different softness, microgels, spheres and cylinders. In order to highlight the 

generic character of this diagram it should be pointed out that for certain systems the 

volume fraction as well as the modulus can be varied by means of temperature. In other 

words, the solvency conditions are temperature-dependent and increase with it, so that 

soft systems can swell, hence increase their volume fraction upon increasing the 

temperature. The structural relaxation times, which are not always detectable in 

colloidal systems, exhibit a similar qualitative concentration dependence as the plateau 

moduli. Linear viscoelastic spectra at larger mass fractions display unique and 

unexpected features. This comparison though has involved only spheres and cylinders. 

As the polymeric shells interdigitate, they are able to form a polymeric network 

characterized by two relaxation times: segmental time and arm retraction, as in the case 

of star polymers.61 Such characteristic times are well decoupled from the colloidal 

structural relaxation time; they occur at very different time scales. This provides a broad 
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viscoelastic response where hierarchical dynamics take place. By hierarchical it is 

meant that the stress relaxation mechanism involves shells disengage before the 

colloidal dynamics (in-cage, out-of-cage, tube renewal motions) take over. At 40 wt% 

master curves for cylinders and spheres have been obtained by combining different 

rheological techniques. This revealed full rheological spectra which are actually quite 

similar for the two systems. Cylinders exhibit larger moduli as a result of a more 

effective packing. Arms tethered in the cylinders have been estimated to provide a 

larger entanglement density compared to spheres. A smaller estimated effective 

entanglement molar mass seems to be at the origin of the higher magnitude of the 

moduli measured in the cylindrical systems. Yielding mechanisms and stress relaxation 

after flow cessation have been investigated by means of start-up and large amplitude 

oscillatory shear measurements. Steady-shear measurements revealed only one single 

yielding event characterized by an overshoot (always present in the spherical systems) 

which becomes more pronounced with increasing concentration. The presence of a 

stress overshoot represents a typical, albeit not a strict requirement, of soft colloidal 

systems. The amplitude yield stress-stress plateau (stress at the steady state) exhibited a 

nonmonotonic behavior with the shear rate (or Pe). Such a phenomenon was observed 

in hard-spheres and the maximum was associated to the maximum deformation of the 

generic particle cage prior to yielding, with an accumulation of spheres in the 

compression axis.107 In this work it has been demonstrated that such a behavior not only 

involves spherical soft colloids but also anisotropic ones. A generalized plot involving 

several spherical hard and soft systems has been proposed. For those concentrations 

where shells interdigitation become significant, the previously mentioned stress ratio 

displayed an increasing tail at large Pe values as a result of probing, at this regime, the 

polymeric network. The yield strain dependence on shape and mass fraction allowed to 

create a generic plot as well. Hard colloids and polymer coils represent the two 

extremes in a softness scale6 and their yield strains fall typically in the range of 10% 

and 200% (orientation of the chains only) for hard-spheres and linear polymers, 

respectively. The systems treated in this chapter as well as other complex systems 

treated in this thesis, exhibit a very rich response where the two contributions can be 

probed depending on the time scale stimulated through the shear flow. Moreover, more 
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complicated systems as star-linear polymer mixtures are also able to show the colloidal 

and polymeric contributions simultaneously. Stress relaxation after steady-shear flow 

have classified lamellae as the system displaying the largest residual stresses at a given 

time (t=100s) as a result of strong anisotropies induced by the shear flow. This has been 

also corroborated through LAOS experiments where the elastic Lissajous-Bowditch plot 

at high frequencies presents the same characteristics encountered in strongly anisotropic 

colloidal glass under oscillatory shear deformation.48 LAOS experiments confirmed the 

yielding behavior of the spherical systems observed in start-up shear but, on the other 

hand, they have been revealing for cylinders and lamellae. For the former, strain sweep 

experiments have shown a double yielding process assigned to the rotational and 

translational entropic barriers that the system must overcome to reach the fluidlike 

regime. For the latter, different signatures of strong anisotropic shear-induced structures 

were detected and rationalized with the support of well-known concepts developed for 

hard-sphere glasses.  

As a final remark it is worth to highlight the potential offered by soft colloids with 

different shape and fractions in tuning the flow behavior of colloidal suspensions. 

Indeed, unlike other tuning parameters for colloidal suspensions such as softness, 

addition of additives (mixtures), pH, temperature, salt concentration etc.., whose 

rheological effects are typically severe, the effect of shape revealed a quite simple yet 

effective ploy to have similar mechanical response but with tunable elasticity and or 

structural relaxation time. In addition, the yielding and stress relaxation properties of 

anisotropic systems significantly differ from the spherical counterpart, especially in 

terms of multiple-yielding processes and strong particle frustration induced by the shear 

flow. Such findings can be considered, once again, as rheological ingredients for new 

materials design.   
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Chapter 7 

ASYMMETRIC SOFT-HARD COLLOIDAL MIXTURES: 

OSMOTIC EFFECTS, GLASSY STATES AND RHEOLOGY 

The experimental work reported in this chapter is extracted from a published work in 

Journal of Rheology (https://doi.org/10.1122/1.5009192). 

7.1.  Introduction  

Colloid-polymer mixtures serve as a paradigm for entropic manipulation of the flow 

properties of soft matter, while at the same time offering unique opportunities for 

addressing grand challenges in the field, especially that of the glass transition. Soft 

colloids, like star polymers, offer the further opportunity to tune the "softness" of 

mixtures by changing their molecular architecture and for this reason, their usage opens 

new perspectives for the formulation of novel soft materials in fields ranging from 

chemicals to foodstuff and medical applications. In this respect, star polymers serve as 

archetypes of tunable soft colloids: they are well-defined and allow linking the 

macroscopic properties to the internal particle microstructure and molecular 

characteristics. Indeed, during the last decades star polymers have been employed for 

several formulations or processes spanning from the synthesis of industrial 

thermoplastic elastomers,1–3 to their usage as in-vivo therapeutic and diagnostic 

vehicles, interfacial stabilizers, and nanoreactors for catalysis.4 The interest in using star 

polymers rises from their unique physico-chemical characteristics: low viscosity in 

dilute solutions, encapsulation capability, internal and peripheral functionality, and 

enhanced stimuli-responsiveness.3  

Even if the actual colloid-polymer (depletion) interactions were first considered in 

1954 by Asakura and Oosawa,5 it is in the last 15 years that the field has evolved 

substantially6–9 especially with respect to the implications on the rheology of mixtures.10 

In a nutshell, mixtures of hard colloidal spheres and much smaller (about 1/10 in size) 

non-adsorbing polymers exhibit intriguing state behavior due to polymer-mediated 
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depletion effects: At low colloid volume fractions, a liquid transforms into a gel upon 

increasing the concentration of polymer additives; at high colloid fractions in the 

repulsive glass (RG) regime, the addition of polymers will melt the glass and yield an 

ergodic pocket of liquid (L), which however will give rise to a re-entrant attractive glass 

(AG) upon further increase in polymer concentration. Distinctive signatures of the AG, 

as compared to the RG, are a much larger (plateau) modulus and more complex yielding 

behavior (occurring in typically 2 steps instead of 1). These are attributed to the induced 

entropic particle bonding within the effective cages in the glassy state.6,8,10–13 

Introducing softness via long-range soft potentials was found to impart both 

quantitative and qualitative differences in the vitrification of colloids,14–17 and the 

behavior of colloid-polymer mixtures.16 The key difference is the fact that the osmotic 

pressure exerted by the linear polymer additives may shrink the soft particles (causing a 

change in volume fraction) before depleting them. The main experimental system 

investigated systematically is the star polymer, which represents an idealized grafted, 

long hairy particle. This is due in part to the fact that it is relatively easy to change its 

softness and observe or estimate its osmotic compression.18–20 Therefore, an 

experimental system well-understood at molecular level is used as model to study a 

complex problems of soft composites, hence it makes the methodology simple, sound 

and easy to follow or reproduce with similar systems.21–23 The resulting state diagram is 

very rich.20,24 As for hard spheres, at large star fractions (above the glass transition), a 

viscoelastic liquid regime is detected upon increasing linear polymer concentration. A 

further addition of small linear chains eventually gives rise to a re-entrant solid state 

dominated by attractions: a gel whose dynamics is uniquely dictated by percolating 

shrunk stars. The presence of such a gel state is one of the characteristics of highly 

deformable colloids and differs largely from AG: while attractive glasses present both 

caging and bonding and they are characterized by a significantly larger storage modulus 

when compared to the original repulsive glass, on the other hand star-polymer gels are 

characterized by the absence of caging and much lower values of the moduli. Moreover, 

due to the range of the potential, the liquid pocket at intermediate volume fractions of 

linear polymer is larger than in the hard sphere case.21–23 Related studies involve the 

structure and dynamics of mixtures of polymer grafted nanoparticles and linear 
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polymers in good solvents25 or mixtures of block copolymers and linear homopolymers 

in selective solvents26,27 and mixtures of microgels with different crosslinking density28. 

Adding polymers to microgel glasses was also found to induce melting and eventual re-

entrance AG formation, with the extension of the ergodic region depending on the 

microstructure of the particles (e.g., the crosslinking density),6,12,15,29 the size ratio and 

the potentially changing solvent quality for the polymer. Similarly to star polymers, 

slightly crosslinked microgels or nanoemulsions were found to de-swell in the presence 

of small linear polymers.30–36 Along these lines, studies with food protein systems, 

which are also soft, confirmed the qualitative universality of this behavior37.  

Whereas it is natural to consider the consequences of entropic mixing in different 

situations, as for example in binary colloidal mixtures, such studies have been rather 

limited. In fact, the morphology of binary asymmetric mixtures of hard spheres was 

studied with special emphasis on the existence of freezing transitions and the formation 

of superlattice structures, driven by the maximization of entropy as the system adopts its 

most efficient packing arrangement. It was actually found that for a given size ratio, 

highly asymmetric binary hard sphere mixtures may exhibit both crystalline and glassy 

regions of varying strength, depending on composition.38–42 The latter can be single and 

double glasses, SG and DG, respectively, depending on whether one or both types of 

particles become kinetically trapped in amorphous structures. The role of softness has 

been addressed by systematically investigating mixtures of small and large particles of 

different softness, such as star polymers of different functionalities.43–46 Again, softness 

was responsible for the formation of different types of arrested states: ergodic mixtures, 

SG, DG and an asymmetric glass (AsG) where the effective large particle cages become 

anisotropic due to the osmotic pressure of the small particles. Along these lines, small 

microgels particles were used as depletants to large polystyrene hard sphere latexes,47,48 

it was found that the induced gels were formed more easily than in mixtures of the same 

polystyrenes and linear polymer coils at a similar size ratio and that the different gel 

states had the same thermodynamic origins, irrespectively of differences in the detailed 

mechanism of the short-range attraction. More recently, binary mixtures of self-

suspended grafted nanoparticles (silica particles with covalently bonded small 

polyethylene glycol chains, in the absence of solvent) were investigated49. These 
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systems have been proposed as a paradigm of solvent-free colloids.50,51 It was found 

that adding larger particles to a glassy suspension of smaller particles led to its 

softening, and in the limit of large size disparities, to its complete fluidization. This was 

shown to reflect a speed-up of de-correlation dynamics of all the particles in the 

suspension and a reduction in the energy dissipated at the yielding transition. We note, 

for completeness, that mixtures involving block copolymer micelles with frozen and 

“living” cores and short arms were studied as well, and it was found that a balance 

between crystallization and vitrification is observed as the number of arms is varied.52 It 

is also important to mention that the interplay of RG and AG as well as gelation, can be 

also monitored via enthalpic and charge interactions as well, by using temperature-

sensitive and/or charged colloidal systems.53–58 However, this route will be not 

considered in this work which focuses on athermal systems (see Chapter 10 for soft 

colloidal mixture in thermal solvent).  

The above-mentioned ability to obtain different morphologies by entropic mixing, i.e., 

by combining soft and hard interactions, has opened the door for tailoring the flow 

properties of soft composites by molecular design of appropriate systems. 

Consequently, considering mixtures of small hard spheres and large star polymers has 

emerged as a natural challenge to further enhance these capabilities and explore new 

properties via experiments, simulations and theory.59–61 In this spirit, it has recently 

reported on the state diagram of such mixtures44,61,62 that is here sketched in figure 7.1. 
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Figure 7.1. Schematic of the state diagram of hard-sphere/star mixtures. 

It has been found that at low polymer star volume fractions the colloidal liquid phase 

separates upon adding hard spheres, whereas at higher volume fractions, the RG of the 

soft star progressively weakens, it gives rise to a viscoelastic liquid and eventually to re-

entrant arrested phase separation and DG upon continuous addition of hard spheres. 

These findings are based on experimental evidence from linear viscoelasticity and 

dynamic light scattering, as well as modelling using MCT, supported by MD 

simulations. An important open question is the rheological implications of this very rich 

morphology, in particular regarding nonlinear shear rheology which has been barely 

investigated with soft colloidal mixtures. This represents the subject of the present 

work.  

We present a comparative rheological investigation of different states of asymmetric 

binary soft-hard colloid mixtures. Using the same system studied in other works,61,62 we 

extend earlier studies and report on the transient nonlinear rheology (evolution and 

relaxation of stress under constant shear, response to large amplitude oscillatory shear 

deformation) of RG, APS and DG states. We discuss the phenomenological link of the 

rheological properties to morphology and compare simple repulsive glasses from hard 

spheres, microgels and stars. The results can serve as a guide for further advancing our 
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theoretical understanding and hopefully will stimulate more experimental research into 

this exciting field. 

7.2.  Materials  

Details on materials are reported in Chapter 2. However, we report below a table 

collecting all the molecular characteristics of the samples for an easier readability. 

Table 7.1. Molecular characteristics of the star polymers 

Sample f 
Marm 

(g/mol)
 a

 

RH 

(nm)
b 

c* 

(mg/ml) SP 
Φeff,g

=cg/c* 
Mw/Mn (PDI) 

Mw 

(g/mol) 

         

Hard 1109 1270 11.5 375.1 >1 0.75 1.11 1.6×106 

Soft 212 67000 45 62.3 0.07 1.61 1.07 1.5×107 
a Average molecular weight of one single arm. 
b Hydrodynamic radius estimated from the diffusion coefficient (DLS) at 20°C, c*=[(4π/3)RH

3]-1 

(fMarm/NA). 

 

 

7.3.  Results and discussion  

7.3.1. Linear viscoelasticity 

Selected linear viscoelastic spectra are shown in figure 7.2A, where storage the (G') 

and loss (G") moduli are plotted at varying HS-like star concentration cHS and fixed 

concentration of soft stars (cs=1.625cs*>cg). The system, initially in a repulsive glassy 

state in the absence of HS-like star additives, reaches an ergodic liquid-like state for 

cHS≥0.2% wt. As the concentration of HS-like stars is increased further, the mixture re-

solidifies (cHS>3% wt) and transforms into an arrested phase-separated state, 

characterized by a storage modulus similar to that of the initial repulsive glass (cHS=0% 

wt), hence suggesting that the re-entrant state is not an attractive glass (figures 7.2 and 

7.3). Indeed, attractive glasses are characterized by larger values of the storage modulus 

when compared to repulsive glasses, due to the presence of both caging and attractive 

forces. On the contrary, in the present case, the glass line hits the demixing (spinodal) 
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line of the mixture and the star-rich phase gets arrested into a new solid state that is 

rheologically equivalent to the RG state.61 The two states (RG and APS) exhibit 

quantitative differences in their dynamics: For instance, the time associated with the 

slowest intra-cage −relaxation mode, estimated as the inverse frequency at the 

minimum of G"(), =1/  exceeds 5 s for APS states (see figure 7.2) and cannot be 

detected precisely due to the large dispersion of the data. This is not the case for the 

initial repulsive glass where  does not sensibly depend on HS-like star concentration 

and can be determined accurately, in the range 0.1 s< s (plot not shown).  

As the concentration continues to increase, the mixtures reach the DG state with slower 

intra-cage dynamics (figure 7.2B). In general, the increase of  with particle 

concentration is attributed to the reduced free volume due to crowding.63 Furthermore, 

in the DG state both depletants and depleted particles freeze, the elastic modulus 

increases sharply (figure 7.3) while the soft stars shrink due to the osmotic pressure 

exerted by the HS-like stars.62 Indeed, taking into account the mean-field pressure 

exerted by the HS-like stars62 for cHS>40 % wt, soft stars become dramatically squeezed 

and assume a collapsed configuration akin to that observed under poor solvency 

conditions. In the present case, the soft star radius can drop continuously up to the limit 

of star collapse Rc≈b(fNa)
1/3≈16 nm (here b=0.25 nm is the monomer radius64 and 

Na=1240 is the degree of polymerization of one arm). The above estimation represents a 

lower bound for the real size of the collapsed soft star, i.e., the size of a spherical 

collection of jammed monomers. Accordingly, the shrunk stars can also be thought of as 

hard spheres that are slightly larger than the original colloids. Therefore, under these 

conditions the system is very similar to a slightly asymmetric binary hard sphere 

mixture as it has already pointed out in ref. 62.  

A recapitulatory scenario including the sequence of states of the mixtures is provided 

in figure 7.3. At low colloid density, a repulsive-glass region is characterized by non-

monotonic dependence of the plateau modulus Gp of the mixtures on HS-like star 

concentration due to the competition between reinforcement and depletion. Initially, the 

addition of hard spheres has a strong reinforcing effect on the star suspension, leading to 

an increase of Gp by a factor of 56%. Whereas this may resemble qualitatively to Guth-
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Gold type of behavior65 (which would indicate a reinforcement of only 0.2%), it is 

much stronger, due to the large fraction of the initial glassy suspension. However, with 

further HS-like star addition, depletion dominates and the mixture softens while it 

remains glassy. Once the mixtures enter in the basin of ergodic states, the characteristic 

time of the liquid (extracted from the terminal crossover of the moduli, i.e., r = 

1/crossover) varies over three decades; it first decreases with cHS, then goes through a 

minimum and finally increases as the re-entrance is approached. This is a generic 

behavior for an ergodic phase between two glassy states.49,61,62,66 The re-entrant solid-

like state has been discussed and identified as an arrested phase separation61,62 whose 

rheology (dynamics) is dominated by that of soft stars. However, as mentioned before, 

when the concentration of hard stars increases and approaches cg
HS, the plateau modulus 

of the mixtures increases sharply up to values slightly above those observed for (the 

same) pure HS-like stars at cg (Gp≈104 Pa) and then increases as Gp~cHS
 with 

=2.0±0.2. Such a scaling reflects the "hybrid" structure of our HS-like star polymers. 

Indeed, although such concentration dependence of the storage modulus is much weaker 

than that previously reported for glassy hard sphere fluids (Gp~cHS
)67,68, it also differs 

considerably from that found for densely grafted particles or other multiarm star 

polymers and should reflect the high functionality and compactness of the stars in the 

DG regime. Typically, for stars with f≈400 a much weaker dependence (Gp~cstar
1) was 

observed.19,69 Hence, we suggest that for highly crowded stars, with more than 1000 

arms, particle compactness along with steric repulsion between cores make stars akin to 

hard spheres and affect the collective dynamics of the suspensions. 
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Figure 7.2. Linear viscoelastic (LVE) spectra of Star/HS mixtures at different HS concentrations 

(Panel A) and slowest β-relaxation time in function of HS concentration (Panel B). In Panel A 

the lines are drawn to guide the eye. In Panel B vertical dashed lines separate the different states 

of the mixtures and are located according to the criteria established by means of linear and 

nonlinear rheology: RG-L (L-APS) boundary is determined by looking at the onset 

(disappearance) of the crossover between G' and G" in the frequency range 10-2<<102rad/s; the 

APS-DG boundary is drawn where the plateau modulus and the yield stress of the mixtures 

abruptly jump and change slope when plotted vs cHS as explained in the text. The dotted line in 

the RG region is drawn to guide the eye.  
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Figure 7.3. Plateau modulus for dynamically arrested mixtures (circles) and relaxation time 

(right axis) for liquid systems (red full triangles) in function of HS concentration across the 

different states sketched by the cartoons. The plateau modulus for three pure HS suspensions is 

also reported (squares).  

7.3.2. Strain amplitude sweeps and yielding 

The response of the mixture to an imposed Large Amplitude Oscillatory Shear 

(LAOS) strain and the yielding transition were examined with dynamic strain sweeps at 

different frequencies (1 rad/s and 10 rad/s). Figure 7.4 shows representative data for the 

first harmonic of G'(0) and G"(0) as a function of the strain amplitude for the different 

solid-like states (RG, APS, DG). As expected, for small amplitudes both moduli are 

insensitive to the amplitude of the applied strain: the sample obeys linear viscoelastic 

response. At larger strain amplitudes the onset of nonlinearity is marked by an increase 

of G", which eventually reaches a maximum before decreasing according to a power-

law. At the same time, G' decreases with strain smoothly and eventually follows a 

power-law with exponent almost double compared to that of G″ as reported for different 

jammed systems.49,66,67,70,71 This is not further discussed in this work. In this regime, the 
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material begins to yield and switches from solid-like to liquid-like. While a single yield 

point can be identified in the RG state (figure 7.4A1, B1) for both frequencies 

investigated, the re-entrant state (APS) exhibits a more complex yielding behavior: a 

two-step process (figure 7.4 B2) characterizes the yielding transition and appears only at 

10 rad/s in a small range of hard star concentrations 6% wt≤cHS≤12% wt. For APS one 

can easily envisage two length scales, the initial cage and that of the colloid-rich phase 

that is being arrested.  

At higher HS-like star concentrations (cHS>12% wt), the single yielding behavior is 

recovered along with an increase in the modulus reflecting the loss of bonds within the 

mixture and the passage to a new glassy state (DG) dominated by caging. From the 

dynamic strain sweeps we extract the yield strain (figure 7.5) and the yield stress (figure 

7.6) as the values obtained at the crossover point between G' and G". In the case of 

mixtures showing two yield processes, the second yield point has been identified as the 

one corresponding to the maximum of G" appearing at high strains (see arrows in figure 

7.4 B2). For the mixtures characterized by a single yield process, γy does not exhibit any 

appreciable dependence on hard star concentration (γy ~ cHS
0) or frequency: we obtain 

γy≈10%,which falls in the typical range of values reported for colloidal 

suspensions.10,67–69,72 Interestingly, the two yield strains appearing in the APS state at 10 

rad/s are appreciably different from those characterizing the single yield point of the 

single (RG) and double (DG) glass states, suggesting that the very processes driving the 

yield of the suspensions in the APS state differ from those driving the yield of solid 

repulsive states.42,49,72 Indeed, multiple yield processes are thought of as reflecting 

multiple constraining length scales (in our case dictated by bonds and cages) which 

occur in systems where interactions lead to additional length scale such as due to 

clustering in binary colloidal mixtures,42,49,72 attractive glasses10,66 or arrested phase 

separating systems alike. Given the yield strain behavior, the yield stress y (=Gpγy) 

expectedly follows the same qualitative trend observed for the plateau modulus Gp 

(figure 7.6). In particular, as already discussed, at low hard star fraction in the RG state 

the mixtures are characterized by non-monotonic dependence of the yield stress y on 

HS-like star concentration. Interestingly, the two solid-like states beyond the ergodic 

region (APS and DG) are characterized by two different trends of y as function of cHS. 
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It exhibits a mild (albeit clear) dependence on cHS in the APS state and does not show 

any appreciable dependence on frequency. On the other hand, for samples characterized 

by two distinct yield points (see APS states at cHS=6% wt and cHS=12% wt at 10 rad/s), 

a first yield process corresponding to the crossover between G' and G" that reflects the 

cohesive failure of the glassy material, is marked by a yield stress equal to that 

measured at 1 rad/s for the same samples and is much lower than those obtained for all 

the other samples in this concentration range. We attribute such behavior to the nature 

of the dynamical arrest of the mixtures with entropic attraction due to depletion, and in 

particular the occurrence of bond breaking in this range of cHS. 

 

Figure 7.4. Dynamic strain sweeps at 1 rad/s and 10 rad/s for selected samples representative of 

the three solid states: Repulsive glass (Panels A1,B1 - cHS=0 % wt), Arrested Phase Separation 

(Panels A2,B2 - cHS=6 % wt), Double Glass (Panels A3,B3 - cHS=24 % wt). Solid symbols refer 

to G′ and open symbols to G″. 
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Figure 7.5. Yield strain in function of HS concentration for 2 different frequencies (1 rad/s and 

10 rad/s). Open triangles refer to the yield strains measured for samples showing a "double-

yield" behavior (cHS= 6% wt and cHS=12% wt). 

 

Figure 7.6. Yield stress (squares, triangles and stars) and cage modulus (half-filled squares) in 

function of HS concentration. Both yield stresses and cage modulus have been measured by 

performing dynamic strain sweeps. Lines in RP and APS regimes are drawn to guide the eye. 

Straight line in DG regime indicates power-law slope (see text). 
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7.3.3. Transient shear: start-up and residual stresses 

Figure 7.7 shows results from step-rate experiments for three different states, RG, 

APS and DG. Shear stress is normalized by the thermal modulus of a single star particle 

and the shear rate by its Brownian time B=6R3/(kBT). Here  is the solvent viscosity, 

kB is the Boltzmann constant and T is the absolute temperature. R coincides to the 

hydrodynamic radius of the soft stars R=Rh
soft=45 nm for the sample in both RG 

(cHS=0.01 % wt) and APS (cHS=5 % wt) states, i.e. where no appreciable star shrinkage 

occurs.62 The average radius 𝑅 = 𝑅𝑐 (𝑥𝐻𝑆 (
1

𝛿3
− 1) + 1)

−1/3

≈ 11.6 nm42,62 for the 

sample in the DG state (cHS= 50 % wt) has been used, where Rc=16 nm is the radius of 

the collapsed soft stars, RHS =11.5 nm is the hydrodynamic radius of HS-like 

stars,𝑥𝐻𝑆 =
𝑛𝑠𝑜𝑓𝑡𝑅𝑐

3

𝑛𝐻𝑆𝑅𝐻𝑆
3 +𝑛𝑠𝑜𝑓𝑡𝑅𝑐

3 = 0.95 is the relative volume fraction of small HS-like stars 

and =0.71 is the size ratio of the two type of stars in the DG state. The numbers of HS-

like stars nHS and soft stars nsoft in the sample are known from sample preparation.  

After an initial elastic response ( ∝ ), the mixtures undergo yielding unambiguously 

characterized by a stress overshoot and eventually a steady-stress is reached. Stress 

overshoot is present in both RG and DG and it is related to the deformation and 

distortion of the cages prior to yielding. Such effect is more pronounced for repulsive 

glassy states where more stress can be stored by the system before it fails, and is 

strongly dependent on the Péclet number 𝑃𝑒 = �̇�𝜏𝐵, where B is the Brownian time of 

the single star.  

The higher the Péclet number the higher the stress overshoot. In the double glass 

(cHS=50%wt) the stress peak appears weaker because stars are completely shrunk and 

the system behaves like an asymmetric binary mixture of quasi-hard spheres, whose 

ability to store stress before yielding is sensibly reduced. The APS state does not exhibit 

any pronounced overshoot. Indeed, the stress evolution across the yield point is 

smoother and rather complex, as it has also been shown in the strain sweep 

measurements, where different length scales are involved, recalling the behavior of 

attractive colloidal systems.  
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Figure 7.7. Step rate measurements for the three different solid states being, from the upper 

panel to the bottom one, respectively: RG (cHS= 0.01%wt), APS (cHS= 5 % wt), DG (cHS= 50 % 

wt). Shear stress is normalized by the thermal modulus of a single particle and the shear rate by 

the Brownian time (see text). Dashed lines in panels RG and DG indicate the evolution of peak 

stress with Pe.  
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Figure 7.8 (A, B) shows the stress peaks normalized by the thermal modulus of a 

single particle kBT/R3 and the corresponding yield strain as function of the Péclet 

number. 

We observe a weak dependence of the (normalized) yield stress peak with increasing Pe 

for both RG and DG (yR
3/kBT~ cHS

0.2). Interestingly, the normalized values of the peak 

stresses for RG and DG do not overlap, confirming that these states are indeed different 

in nature: yield stresses cannot be rescaled by applying simply the fluctuation-

dissipation scaling. Furthermore, yield stresses and strains, obtained with oscillatory 

measurements at different frequencies (DSS tests) have been added to the latter plots 

displaying a good agreement with transient measurements. Strain values encompass a 

region around 10% strain with an increasing trend with Pe (and a slope of about 0.15, 

i.e., similar to that of stress), in agreement with other soft colloidal systems.42,72,73
  

When the normalized steady-state stress is plotted versus Pe (figure 7.9A) further 

differences appear among the three different states: quite interestingly, APS displays the 

weakest plateau stress and the strongest dependence on Pe. On the other hand, the 

selected DG state shows high normalized stresses, well above unity and above the 

values measured for the initial RG state. In an analogous fashion, the steady shear and 

dynamic viscosities can be plotted against Pe (figure 7.9B). In fact, when oscillatory 

complex viscosity data are plotted versus Pe=6R3/kBT the empirical Delaware-

Rutgers74 rule is validated: the steady state shear viscosity corresponds to the complex 

viscosity modulus when plotted versus a properly scaled ratio between the microscopic 

diffusion and the advection time. Such correspondence is not necessarily fulfilled75 for 

all structurally complex polymer-based system and our result must be considered as 

specific of the present soft colloidal mixtures. Despite of that the validity of the 

Delaware-Rutgers rule suggests that our mixtures are not characterized by large 

structural heterogeneities while being amorphous and characterized by very weak 

ageing. 
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Figure 7.8. (A) Normalized stress peak and (B) strain peak for RG-state (cHS= 0.01 % wt) and 

DG-state (cHS=50 % wt) as function of Pe. Oscillatory yield stresses and corresponding yield 

strains are also shown.  
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Figure 7.9. A) Normalized steady-state stress for RG (0.01% HS), APS (5% HS) and DG (50% 

HS). B) Absolute value of the complex viscosity and steady-state viscosity for RG (0.01% HS) 

and DG (50% HS). as function of Pe. Dotted black lines, in panel A, are drawn to guide the eye. 

 

Next, we followed the relaxation processes after flow cessation in the three different 

states, RG, APS and DG. Indicative results of stress relaxation tests for the different 

states and concentrations of HS-like stars are shown in figure 7.10.The stress values are 

normalized by p, the stress corresponding to the steady-state stress (plateau) measured 

at the long time limit of (t) in transient tests performed at different shear rates �̇�.The 

probed RG(cHS=0.01 %) and APS state (cHS=5 %) relax after 100 s: the accumulated 

stress due to translational and rotational strain-induced motion relaxes after 100 s unlike 
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hard sphere glasses or jammed microgel suspensions which are characterized by non-

negligible residual stresses.76–78 On the other hand, the DG state is characterized by 

stresses not fully relaxed after 100 s. Such finding suggests that particle softness is 

important in determining the full relaxation of accumulated stress in colloidal glasses 

and also indirectly confirms that DG state is dominated by the frustrated dynamics of 

hard particles (HS-like stars and collapsed soft stars). Moreover, it is worth mentioning 

that for high shear rates, DG samples were found to be mechanically instable: for cHS> 

20 wt% edge fracture systematically occurred for shear rates higher than 0.5 s-1 (data not 

shown), limiting the range of shear rates that were experimentally accessible (see inset 

figure 7.10C). 

To better compare the behavior of the different states, we report in figure 7.11 the 

normalized stress /p plotted in function of their scaled time (𝑡�̇�) As already 

observed for other colloidal glasses and in simulations,76,79,80 the stress relaxation curves 

collapse into master curves that help distinguishing the features of each state: (i) RG 

and APS states relax to zero stress after t~100s; (ii) On the other hand, for the probed 

sample in DG state, stresses do not fully relax, signaling the presence of residual 

stresses. This representation allows us to assign to the shear-rate the role of scaling 

parameter in the time domain for stress relaxations in soft glasses, in accordance with 

recent work on glassy hard spheres76. This finding suggests that hard repulsions are very 

important to generate stress frustration in repulsive colloids; such is the case of the DG 

state, where soft stars shrink due to the presence of hard-sphere-like stars, their size 

ratio approaches a value of 0.71 and all types of particles interact via hard repulsions.62  
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Figure 7.10. Stress relaxation following flow cessation at different shear rates for the three 

different solid states discussed in the main text. Panel A: cHS= 0.01 % wt. Panel B: cHS= 5 % wt. 

Panel C: cHS= 50 % wt. The inset in panel C shows the onset of edge fracture observed in DG 

samples for �̇�> 0.5 s-1 (see text). 
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Figure 7.11. Normalized stress relaxation for RG-state (cHS= 0.01 % wt), APS-state (cHS= 5 % 

wt) and DG-state (cHS=50 % wt) as function of the normalized time�̇�𝑡 (where the shear rate 

refers to the imposed flow before cessation). Different lines refer to the different shear rates at 

the time of cessation. The cartoons illustrate schematically the APS and DG states.  

 

7.3.4. Large Amplitude Oscillatory Shear 

Figure 7.12 depicts LAOS results for the RG, APS and DG states at the same Pe and 

> y. Panels A1, A2, A3 and B1, B2, B3 report the Lissajous-Bowditch curves in two 

distinct representations: panels A show the stress plotted vs the strain (elastic 

representation), while in panels B the stress is plotted vs the strain rate (viscous 

representation). Panels C1, C2 and C3 show selected waveforms (t) for the three states, 

which exhibit different responses when large-amplitude deformations (0=100%) are 

applied at =1 rad/s. In the case of RG, a weak albeit detectable stress overshoot 

appears in the elastic response (see arrows in figure 7.12, A1). Concomitantly, a 

secondary loop in the viscous response (see arrows in figure 7.12) appears.81 The stress 

peak is also visible in the waveform, as indicated by the arrows in panel C1. Such 

behavior has been already reported for interdigitating hairy particle suspensions in the 
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glassy state, like star polymer solutions.82 On the other hand, APS and DG do not 

exhibit any stress overshoot and consequently any secondary loop, consistent with 

results obtained for glassy microgel suspensions without dangling arms or glassy hard 

spheres for  <10γy
67,83. Hence, we tentatively associate this behavior with the absence 

or significantly reduced arm interpenetration with increasing HS concentration. This can 

be also clearly evidenced if the elastic and viscous components of the stress are 

decoupled following the analysis of Cho et al.81,84, who showed that at any strain 

amplitude the stress can be expressed as a sum of two functions: one exhibiting odd 

symmetry with respect to the strain and even symmetry with respect to strain rate (i.e., 

the elastic component of the stress, '), and another one exhibiting even symmetry with 

respect to the strain and odd symmetry with respect to strain rate (i.e. the viscous 

component of the stress, "). In figure 7.13 we plot the elastic component of the stress 

normalized by its maximum value'/'max for different hard-star concentrations 

spanning all the solid-like states of the mixtures (RG, APS, DG). An unambiguous 

stress peak characterizes the samples in the RG state. For selected samples we have also 

determined the cage modulus from the slope of the stress-strain curve at zero 

stress:24,82  𝐺𝑐𝑎𝑔𝑒 = 𝑑𝜎/𝑑𝛾|𝜎=0, a quantity nearly independent from the strain amplitude 

above the yield point for all the samples investigated. The result is reported in figure 7.6 

together with the yield stress data. As expected, Gcage reflects both the dependences of 

y and Gp on the HS-like star content. 

The effect of the Péclet number has been investigated by changing the frequency of 

the LAOS tests at fixed strain amplitude. The result is reported in figure 7.14: a 

distortion of the typical parallelogram pattern indicative of an intra-cycle sequence of 

elastic-plastic response at 0>y is observed at high frequency for the RG state indicative 

of highly distorted cages. Indeed, Brownian Dynamics (BD) simulations with hard 

sphere glasses attribute the distortion of the stress in the quadrants II and IV in the 

elastic representation of LAOS to the structural anisotropy of cages at the point of strain 

reversal that reduces the number of contacts between neighboring particles as the strain 

increases again.83,85 Such distortion does not appear in the APS state, apparently due to 

the persistence of isotropic structures under large deformation and Péclet numbers. 
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Since edge fracture has been observed for samples in the DG state, the relevant 

investigation was limited to frequencies up to 10 rad/s, without significant distortion of 

the patterns being observed. Stress data are normalized by the maximum stress detected 

during LAOS experiments, as reported in figure 7.4. 

In addition to the above analysis, we have characterized the nonlinear response of the 

mixtures by FT-rheology, where the time dependence of the stress response was 

decomposed Fourier modes. In all cases under investigation the signal-to-noise ratio 

(S/N) was higher than ~105 and increased by passing from repulsive (soft) glasses to 

double (hard) glasses up to ~107. 

Figure 7.15 depicts a representative Fourier spectrum for a sample in the RG state 

(cHS=0%) and one in the DG state (cHS=50%). As expected, in both cases the 

contribution of even harmonics is negligible and the stress response is a periodic odd 

function of strain. This has been observed for all HS-like stars concentrations 

investigated. In what follows we take a closer look at the amplitude of first two higher 

harmonics I3 and I5 and their strain amplitude dependence. As a matter of fact, I3/I1 

andI5/I1have been used often in order to quantify the nonlinear behavior in LAOS 

flow.86–88 For polymeric or wormlike micellar systems, results from LAOS experiments 

over a wide range of applied deformation amplitudes revealed respective scaling 

laws𝐼3/𝐼1 ∝ 𝛾0
2 and 𝐼5/𝐼1 ∝ 𝛾0

4.87,89,90 They were supported by simulations using 

various nonlinear constitutive equations including the Giesekus,91 pom-pom,92 and 

molecular stress function (MSF) models.93 Indeed, the stress response of a generic 

viscoelastic material can be expressed by defining a set of nonlinear viscoelastic moduli 

G'mn(), G"mn() and reads as:94 

𝜎(𝑡) = ∑ ∑ 𝛾0
𝑚[𝐺′𝑚𝑛(𝜔) 𝑠𝑖𝑛( 𝑛𝜔𝑡) + 𝐺"𝑚𝑛(𝜔) 𝑐𝑜𝑠( 𝑛𝜔𝑡)]

𝑚
𝑛=1,𝑜𝑑𝑑

+∞
𝑚=1,𝑜𝑑𝑑     (6.1) 

This expression nicely separates the strain dependence from the frequency 

dependence and yields the observed scaling 𝐼3/𝐼1 ∝ 𝛾0
2and 𝐼5/𝐼1 ∝ 𝛾0

4in the limit of 

small strain amplitudes.89 Motivated by these scaling laws, in an effort to obtain 

universal measures of nonlinear response, Hyun and Wilhelm89 and Ahirwal et al.87 

introduced two new nonlinear parameters𝑄3 =
𝐼3

𝐼1𝛾02
and 𝑄5 =

𝐼5

𝐼1𝛾04
,where 0 is expressed 
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in absolute units of strain. The Q-parameters in the limit of low strain amplitudes 

approached constant values, which were called “intrinsic nonlinearity parameters”,𝑄3
0 =

𝑙𝑖𝑚
𝛾0→0

𝑄3and𝑄5
0 = 𝑙𝑖𝑚

𝛾0→0
𝑄5. These parameters were subsequently used in order to 

characterize the effect of branching in linear and comb polystyrenes,89 the effect of 

polydispersity in polyethylene melts,95 the nonlinear viscoelasticity of blends of linear 

and branched polyethylene and polypropylene87 and the effect of chain length and 

polydispersity on the nonlinear viscoelasticity of linear polymer melts of different 

chemistry.96 However, despite their relevance in the phenomenological characterization 

of the nonlinear viscoelasticity of materials, such sensitive nonlinear response 

parameters have not been extracted for colloidal systems. 

Figure 7.16A depicts the normalized third, fifth and seventh harmonic in the RG 

regime, over a wide range of hard-star concentrations cHS. The data suggest that higher 

harmonics are not affected by the weakening of the RG due to the addition of hard 

particles. The above mentioned phenomenological scalings 𝐼3/𝐼1 ∝ 𝛾0
2 and 𝐼5/𝐼1 ∝

𝛾0
4characterize the strain dependence of the first secondary two harmonics at low 

strains (<y≈10 %). On the other hand, much weaker dependencies have been observed 

above the yield point (>y), suggesting that upon yielding the nonlinear response is 

only weakly affected by the amplitude of the deformation. 

We emphasize the above point by plotting the two nonlinear parameters Q3 and Q5 

(figure 7.16B) for all available data in the three states RG, APS and DG: as expected, a 

plateau characterizes their strain dependence at low strains, from which we extracted the 

two intrinsic nonlinearity parameters by averaging the data within the interval 5% ≤ 0≤ 

17%: 𝑄3
0 = 6 ± 3and 𝑄5

0 = 81 ± 65. The latter can be expressed as𝑄3
0(𝜔) =

|𝐺33
∗ (𝜔)|

|𝐺11
∗ (𝜔)|

and 

𝑄5
0(𝜔) =

|𝐺55
∗ (𝜔)|

|𝐺11
∗ (𝜔)|

, where |G11
*()|, |G33

*()| and |G55
*()| are the linear complex 

modulus, the third nonlinear complex modulus and the fifth nonlinear complex 

modulus, respectively, and represent the coefficients of the power series of the shear 

stress in equation 6.1, as introduced by Pearson and Rochefort.97  

We remark that the values obtained here are much higher than those previously 

obtained in blends of linear and branched chains,87,96 linear and comb polymer melts,89 
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for which typical values of the intrinsic nonlinearity parameters range from 10-3 to 10-2. 

Moreover, both Q3
0 and Q5

0 are larger than 1, suggesting that at =1rad/s the third and 

the fifth nonlinear complex moduli, |G33
*()| and |G55

*()| respectively, prevail over the 

first complex modulus for all mixtures investigated: we get 

|G55
*()|>|G33

*()|>|G11
*()|, a result that has not been observed previously in other 

complex polymer-based fluids and that can be interpreted as the tendency of soft 

colloid-based solids to oppose more resistance to high harmonics than the first one. This 

suggests that excluded volume effects and density heterogeneities due to particle 

topology are radically different, as expected, from those characterizing polymer melts. 

As a matter of fact, in the nonlinear regime the component of the stress given by the 3rd 

and 5th harmonics can be written (to the leading order in 0) as 𝜎3 = 𝐺33
∗ 𝛾0

3and 𝜎5 =

𝐺55
∗ 𝛾0

5, indicating that the intrinsic resistance of the present colloidal mixtures to an 

imposed oscillatory shear strain containing high-order harmonics increases as the wave 

number of the imposed strain increases. Our analysis poses new questions, for example 

whether such difference between polymer melts, for which 

|G55
*()|<|G33

*()|<|G11
*()87,89,95,96 and colloidal suspensions is generic (i.e., whether it 

is qualitatively independent from the type of colloids or simply specific to the present 

mixtures). In this respect, it is worth noting that similar scaling and intrinsic 

nonlinearity values can be obtained by calculating 𝑄3
0 and 𝑄5

0starting from the amplitude 

of high-order harmonics reported by Brader et al.98 for dense colloidal suspensions of 

core-shell latex particles and that this finding is further corroborated by Mode Coupling 

Theory (MCT).98 This appears to suggest a generic behavior of the intrinsic nonlinearity 

parameters, the latter being able to discern clearly the topology and the very general 

features of the constituents of different viscoelastic solids. Nevertheless, despite the 

strong evidence from the present observations, further work is needed to elucidate such 

point, which however is beyond the scope of this work.  
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Figure 7.12. Elastic representation (Panels A) and viscous representation (Panels B) of LAOS 

experiments (0=100% and =1rad/s) for selected samples in RG-state (cHS=0.08 % wt - 

Panels A1, B1), APS-state (cHS=10 % wt - Panels A2, B2) and DG-state (cHS=50 % wt- Panels 

A3, B3). Panels C1, C2 and C3 show the correspondent stress-waveforms. Grey lines show the 

elastic (Panels A1, A2, A3) and the viscous (Panels B1, B2, B3) components of the stress.  
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Figure 7.13. Elastic component of the stress normalized by its maximum value '/'maxat =1 

rad/s and 0=100 % (corresponding to Pe=0.005 for RG and APS and Pe=8.5x10-5 for DG) for 

different HS-like star concentration as indicated in the figure. 

 

 
Figure 7.14. Elastic representation of Large Amplitude Oscillatory (LAOS) experiments at 

0=100% and different Pe (frequencies) for selected samples in RG-state (cHS=0 % wt - A 

panels), APS-state (cHS=10 % wt - B panels) and DG-state (cHS=50 % wt- C panels). Stress data 

are normalized by the maximum stress detected during LAOS experiments.  
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Figure 7.15. Fourier spectrum of the oscillatory shear response of a sample in the RG state 

(cHS=0 %) and DG state (cHS=50 %) at0=100% and =1 rad/s (corresponding to Pe=0.005 for 

RG and Pe=8.5x10-5 for DG). 
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Figure 7.16. Strain dependence of the normalized 3rd (open symbols), 5th (open symbols horiz. 

cut) and 7th (open symbols vert. cut) harmonic for different HS concentrations at  =1rad/s 

(Panel A). Different symbols correspond to different HS concentrations as indicated in the 

figure. The expected scaling for low strains is also shown for the 3rd and 5th harmonic. Panel B 

shows the nonlinear parameters Q3(0) and Q5(0) (same symbols as Panel A). Solid lines are 

only a guide for the eye. The data span the three solid-like states encountered (RG, APS, DG). 

7.4.  Conclusions 

We have presented a detailed comparative rheological investigation of binary 

colloidal mixtures involving a large soft (initially glass) and a small hard (additive) 

component. To this end, we use two different well-characterized star polymers, a soft 

(lower functionality, larger arm molar mass) and a hard (higher functionality, smaller 

arm molar mass). In this case, due to the osmotic forces induced by the hard star and 

leading to soft star compression, the size ratio varies from about 0.25 to about 0.71, as 

the hard star fraction increases at constant soft star volume fraction. As a consequence 
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of the coupling of softness and osmotic forces, different kinetic states are found and 

discussed, including repulsive single glass (RG), liquid, arrested phase separation (APS) 

and double glass (DG). These states exhibit different linear viscoelastic response. A 

systematic set of nonlinear rheological data has been obtained, under transient shear and 

dynamic oscillatory conditions. In particular, we have investigated the start-up of stress 

at constant rate, its relaxation upon flow cessation, and the response under large 

amplitude oscillatory shear. Distinct features are identified and serve as signatures of 

the different states. DG exhibits a larger yield stress compared to RG and APS. It is also 

characterized by a pronounced residual stress, unlike the other states. Yield strains are 

the same for all states. Two-step yielding was evidenced for APS for the investigated 

frequencies. The origin of the differences appears to lie in the more compact 

conformation of the osmotically shrunk soft stars in DG, rendering that state akin to a 

hard colloidal glass. This is in contrast to the other states where arm interdigitation 

plays a role. For both soft star- and hard star-dominated mixtures (i.e., RG and DG, 

respectively), the high values of the intrinsic nonlinearity parameters (𝑄3
0, 𝑄5

0 > 1)are in 

agreement with those recently found for hard sphere and core-shell particle glasses, and 

in stark contrast with the very low intrinsic nonlinearity characterizing linear and 

branched polymer melts. The latter are characterized by broader linear regime 

(y~100%) when compared to colloidal suspensions (y~10%) and by a consequent low 

value of the intrinsic nonlinearity parameters. In other words, 𝑄3
0 and 𝑄5

0 tell how much 

a system can be deformed before it shows non-negligible higher harmonics: systems 

with low nonlinearity parameters will remain in the linear regime for a wide range of 

strain amplitudes and vice-versa. This reveals the "colloidal nature" of our mixtures at 

any composition. Finally, large amplitude oscillatory tests point out the key-role played 

by mutual interdigitation on the global stress response of the mixtures and the 

occurrence of intra-cycle stress overshoots. 

Our results provide strong evidence of the power of entropic mixing as a means to 

tailor the properties of soft composites and unambiguously show that the compositional 

tuning of mixtures of soft and hard particles represents a unique pathway to 

systematically explore the rheological transition from ultra-soft to hard amorphous 

solids. A special note on the DG state is in order: Inspired by remarkable recent work 



 

 

 

 

239 

with microgels70 where entropic glass and jammed glass were identified and 

distinguished in terms of their rheology, it is tempting to associate DG with conditions 

of jammed state, but this requires more work and represents a future direction. In 

conclusion, we hope that the present work offers insights into the better understanding 

of hard-soft colloidal mixtures where osmotic particle compression and depletion-

mediated phase separation should be considered. In addition, given that the state 

behavior of such a system is accurately predicted by means of MCT and 

simulations,61,62 predicting the unambiguous rheological features identified in this work 

with the same tools is a formidable challenge. Finally, the present results are important 

ingredients for molecular design of soft composites with desired and tunable flow 

properties. 
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Chapter 8 

TRANSITION FROM CONFINED-TO-BULK DYNAMICS 

IN STAR-LINEAR POLYMER MIXTURES 

The experimental work reported in this chapter is extracted from a submitted work in 

Macromolecules. 

8.1.  Introduction  

It is known that mixing polymers with nanosized particles can lead to novel materials 

with enhanced physico-chemical properties, for example superior strength, improved 

processability, reduced permeability and decreased rolling resistance in tires.1–3 

Recently, the established picture4–6 of entanglement dynamics in long linear polymers 

has been invoked to rationalize the dynamics of nanocomposites. Simulations have 

shown that, as a consequence of chain confinement due to the presence of non-

interacting nanoparticles, the entanglement density can be reduced.7 It was indeed 

shown that nanoporous materials under strong confinement led to enhanced 

entanglement of a linear chain matrix. 8–10 While understanding polymer chain 

dynamics in the presence of confinement remains a challenge with both scientific and 

technological implications,11–14 colloid–polymer mixtures have inexorably emerged as a 

paradigm to address the entropic manipulation of the flow properties of soft matter and 

the colloidal glass transition.15–17 Soft colloids such as star polymers, microgels, core–

shell particles and star-like micelles offer further opportunity to tune the 

“softness”15,16,18,19 of mixtures, by changing their molecular architecture and for this 

reason, their usage opens new perspectives for the formulation of novel soft materials in 

fields ranging from chemicals to foodstuff and medical applications. The addition of 

linear chains to soft colloidal suspensions is considered to be a facile and effective way 

to tailor the stability of nanoparticles,20 the flow and the microscopic dynamics at rest of 

colloids.11,15,21–27 In contrast to hard colloids, when chains are added to suspensions of 

soft particles, the latter may deform and compress due to the osmotic pressure exerted 
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by the chains and by the colloids themselves and their low elastic modulus.15 Hence the 

problem of linear chain confinement becomes more complex, being dependent on the 

elastic modulus of the particles. In particular, while for binary long chain polymer–hard 

colloid nanocomposites the free chain dynamics are uniquely driven by the competition 

between the mesh size (tube diameter) and the average distance between the hard 

colloids, in ternary solvent–soft colloid–polymer mixtures, colloid deformability and 

penetrability play a crucial role in determining polymer relaxation: the transition from 

bulk to confined dynamics of linear chains becomes sensitive to the subtle interplay 

between the excluded volume and the configurational entropic part of the colloid free 

energy,28 the latter being dependent on the internal degrees of freedom and topology of 

the colloid, and the osmotic pressure exerted by the chains on the colloids.  

We have already shown in a previous work29 that linear and star polymer rheology can 

be decoupled, provided that the two species (linear chains and stars) exhibit two well-

separated relaxation times. Star–linear polymer mixtures are useful model systems to 

investigate free polymer chain dynamics in mixtures in the absence of enthalpic 

interactions, since the soft colloidal stars are osmotically affected by the addition of 

linear polymers. Stars are representative of a large class of long hairy particles, 

including block copolymer micelles and grafted colloids, where the polymeric nature of 

the hairs has a stabilizing effect and determines to a large extent their macroscopic 

response. At large volume fractions, they exhibit a glasslike transition30–32 whose main 

features are an enhanced frequency-independent storage modulus (G'), which is much 

larger than the loss modulus (G"), and a non-ergodic plateau in the intermediate 

scattering function.31,32 Many intriguing and non-trivial phenomena characterize the 

dynamics of star–linear polymer mixtures. It was observed that small amounts of added 

linear homopolymer with a size smaller than the star leads to glass melting due to 

depletion.21,31–34 This phenomenon is akin to that widely studied in hard colloid–

polymer mixtures,16,35 though bearing a distinct feature: the osmotic force due to the 

added polymers can squeeze the stars, yielding a size reduction and, at high 

concentrations, star aggregation and possibly the microphase separation of collapsed 

stars.29,31,34,36 It has important consequences not only on colloid dynamics but also on 

the self-assembly of micelles.37 Note however that nearly all previous work considered 
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mixtures with linear-to-star size ratios well below 1, hence linear polymers with 

relatively low molecular weights, which severely limited the detection of the 

viscoelastic response of the polymer matrix. For this reason, high molecular weight 

polymers, that form entanglements more easily, are ideal candidates to probe linear 

chain dynamics when they are mixed with colloids of the same size, and to shed light on 

the role of soft confinement on their terminal relaxation. Moreover, by employing 

chains whose size is comparable to that of the stars is important for completing the 

general description of soft colloid-polymer mixtures.15 Importantly, in such a case the 

size of polymers is larger than the average distance between the outer blobs of the stars 

and polymer–colloid interpenetration is reduced; in other words, wetting of the colloids 

by the linear chains is limited and so is its influence on osmotic shrinkage of the stars. 

All in all, whereas the main features of colloidal dynamics in this kind of asymmetric 

soft composite systems have been investigated in detail, the dynamics of the linear 

chains has not been explored, which leaves outstanding challenges concerning the role 

played by soft confinement on the rheology of polymers and in general the dynamic of 

symmetric soft colloid-polymer mixtures. In particular, the questions addressed in this 

work are: (i) under which conditions (polymer and colloid volume fractions) is a 

transition from confined to bulk dynamics of linear chains observed in soft colloid–

polymer mixtures, and which are its rheological signatures? (ii) can colloid and 

polymer dynamics in these mixtures be decoupled, and can the onset of this transition 

be determined? The aim of this work is to elucidate the influence of soft confinement 

produced by the inclusion of star polymers on the dynamics of entangled polymers. To 

this end, the viscoelastic response of symmetric star–linear polymer mixtures was 

investigated in a nearly good solvent, where star and linear dynamics can be decoupled. 

By varying the mixture composition, two distinct relaxation regimes can be identified, 

which allows the determination of the effect of stars on the entanglement dynamics of 

free chains. The first regime, which is more pronounced at low linear polymer 

concentrations, is governed by star-induced confinement, where the disentanglement 

time and plateau moduli of the polymer matrices exhibit a rather unprecedented 

behavior: a weak concentration dependence is observed at low linear polymer 

concentrations, which further weakens as the star concentration is increased. As the 
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linear polymer concentration is increased further, a second scaling regime eventually 

emerges where the classical scaling of entangled polymer solutions is observed. The 

crossover between these two regimes defines the confined-to-bulk transition of chain 

dynamics in the mixtures and is affected by (and affects) the stars, that shrink under the 

influence of the osmotic pressure exerted by the surrounding chains. These novel 

findings are discussed in detail below.  

8.2.  Materials  

Details on materials are discussed in Chapter 2. However, some molecular 

characteristics are reported in the following table for an easier readability.  

Table 8.1. Molecular characteristics of the star polymers 

Sample f 
Marm 

(g/mol)
 a

 

RH 

(nm)
b 

c* 

(mg/ml) Φeff,g=Cg/C*c Mw/Mn (PDI) 
Mw 

(g/mol) 

S362 362 24400 39 60.6 1.5-2 1.14 9.8×106 

L1000 1 / 41 6.19 / 1.1 1.06×106 
a Average molecular weight of one single arm. 
b Hydrodynamic radius estimated from the diffusion coefficient (DLS) at 20°C, C*=[(4π/3)RH

3]-1 

(fMarm/NA). c Cg represents the concentration at which stars vitrify. 

Overlap concentration and effective volume fraction are defined in Chapter 2. 

8.3.  Results and discussion 

8.3.1. Linear viscoelasticity 

The LVE spectra for S362 suspensions in the absence of linear chains are provided in 

figure 8.1-A. At s = 2.0 and s = 4.0, the stars exhibit typical colloidal glassy dynamics 

over four decades of frequency. Such a solid-like behavior is characteristic for aged 

suspensions.39,45,47 Note that no systematic rheological investigation or light scattering 

characterization of the pure star suspensions (as done, for example, by Pellet and Cloitre 

for microgels51) was carried out to identify possible distinct glassy and jammed regimes 

in the star polymers, as this goes beyond the scope of this work.         
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Figure 8.1. Panel A: G'() (filled symbols) and G"( ) (empty symbols) in the linear 

viscoelastic regime (0<0.5%) for pure star suspensions at s = 0.9 (green lozenges), 1.5 

(triangles), 2.0 (squares) s = 4.0 (circles). Panel B: G'() (filled symbols) and G"( ) (empty 

symbols) in the linear viscoelastic regime (0<0.5%) for pure linear polymer solutions at 

different concentration as shown in the panel. 

For lower fractions (s = 0.9) the S362 suspensions exhibit a response typical for a 

viscoelastic liquid, with G"()>>G'() and respective frequency scaling of 1 and 2, 

whereas G'() is not resolved at the lowest frequencies where the stress  = G"() 0 is 

entirely dictated by the out-of-phase response of the system (figure 8.1-A). For even 

lower star polymer fractions (s<0.9), the response is entirely dominated by its viscous 

component (Newtonian response) and no storage modulus can be measured.  
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Some of these pure star polymer samples were selected to investigate the rheology of 

symmetric star–linear polymer mixtures as discussed below. Figure 8.1-B depicts 

selected LVE spectra for pure L1000 solutions at different effective volume fractions 5≤ 

L ≤40, where L, similarly to the star polymers, is defined as CL/CL*. It is worth 

pointing out that the linear polymer concentration, in both mixtures and pure solutions 

(without stars), is expressed as the nominal concentration (mg/ml) of chains excluding 

the stars, i.e. 𝐶𝐿  =  
𝑊𝐿

(𝑉𝑠𝑜𝑙+
𝑊𝐿
𝜌𝐿
)
, where 𝑊𝐿 and 𝜌𝐿 are the mass and the density of the 

dissolved chains and 𝑉𝑠𝑜𝑙 is the volume of small molecule solvent (squalene) in each 

sample.  

As expected, the linear polymer chains exhibit a continuous slowdown of the 

dynamics, as evidenced by the progressive shift of the crossover between the two 

moduli to lower frequencies and an increase in the plateau modulus for increasing 

polymer concentrations. In the entanglement regime, such a behavior has been largely 

discussed and accurately described in the literature based on reptation,6,52–54 and scaling 

predictions for both the terminal time and the plateau modulus under different solvency 

conditions are available. In fact, it should be remembered that the volume fraction 

dependence of the plateau modulus follows a power law with an exponent of 2.3 under 

both athermal and theta conditions, whereas the disentanglement time exhibits power 

law dependence with exponent values of 2.14 and 2.87 under good and theta conditions, 

respectively.53,54 Moreover, for L1000 solutions no aging has been observed, as 

expected. Hence, the two pure components of the S362/L1000 mixtures exhibit 

dramatically different concentration dependencies of their linear viscoelastic response, 

reflecting different relaxation mechanisms. Such a dichotomy of the dynamics 

facilitates probing of the chain dynamics in the mixtures.                

The dependence on L1000 concentration of selected LVE spectra for star/linear 

mixtures is illustrated in figure 8.2 at four different S362 effective volume fractions. All 

the spectra are characterized by one common feature that is absent in the pure S362 

suspensions: G"() exhibits a local maximum whose position shifts to lower 

frequencies as the L1000 content increases (shaded connected circles in figure 8.2). At 

the same time, G′() decreases monotonically with decreasing frequency and becomes 
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increasingly frequency-dependent at higher L1000 contents. The data for S362 

suspensions at s = 2.0 and s =4.0, depicted in figures 8.2-C-D, indicate the appearance 

of a low-frequency plateau, clearly distinct from the higher-frequency plateau 

associated with L1000. The former is due to the slowest component in the mixtures, i.e. 

the glassy stars. Hence, the linear dynamics of the star and linear polymers are 

unambiguously decoupled and can be investigated in detail. It is also worth mentioning 

that the mixture at s = 0.9 (figure 8.2-B) displays the same low-frequency plateau, 

indicating the unexpected vitrification upon adding linear chains of an initially fluid star 

suspension. The description of such a phenomenon is out of the scope of this work and 

will not be detailed further hereafter. 
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Figure 8.2. Selected LVE spectra for different L1000–S362 mixtures. A) s = 0.5, B) s = 0.9, 

C) s  = 2.0, D) s  = 4.0. The shaded connected circles indicate the maximum G" observed in 

each LVE spectrum and the evolution of the L1000 relaxation time.   
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To explore the polymer disentanglement dynamics, the longest relaxation time, d, 

was determined as the inverse of the frequency at the local maximum G"(m), d = 1/m 

(figure 8.2),53 and its dependence on the L1000 concentration was monitored. The exact 

position of the maximum G"(m) was extracted from the LVE spectrum by fitting the 

loss modulus around the maximum with a parabola, avoiding the use of a specific 

model. 

 

Figure 8.3. Determination of the L1000 relaxation time by matching the terminal times for pure 

L1000 solutions and a S362–L1000 mixture. The longest relaxation time in a S362–L1000 

mixture is longer than in a pure L1000 solution at the same L1000 content (here L ≈ 16). The 

same relaxation time of the S362–L1000 mixture is recovered at a higher L1000 concentration, 

here L =30. The arrows and the dashed green circles show the position of the maximum in G". 

The solid lines are drawn to guide the eye.  

At a sufficiently low L1000 concentration, a shift in the relaxation time for the 

entangled linear polymer d, caused by the inclusion of star polymer, is clearly 

distinguishable (figure 8.3). At a set value of CL concentration, calculated by excluding 

the volume occupied by the stars, the local maximum in G" is systematically shifted to 

lower frequencies when star polymers are present: linear chains in the mixtures have 

access to a lower volume with respect to the star-free solutions, thus behaving like more 

concentrated solutions. It has been shown29 that such a shift cannot be properly 

quantified without accounting for osmotic shrinkage of the stars induced by the linear 
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matrix (osmotic de-swelling). Using this concept, it will be shown below through a 

simple scaling argument that the observed shift in the terminal relaxation time is indeed 

compatible with star de-swelling that depends on both the L1000 and S362 fractions in 

the mixtures. Such a shift becomes gradually less pronounced as CL increases, i.e. when 

the tube diameter characterizing the L1000 matrix becomes comparable to or even 

smaller than the apparent surface-to-surface distance between the cavities of size R 

containing the stars. In other words, the dominant confinement length becomes dictated 

by the linear chains, while confinement due to the stars becomes less effective or even 

negligible. Concomitantly, it can be seen that the high frequency storage modulus of an 

S362–L1000 mixture matches that of a pure L1000 solution with the same d, 

corroborating the scenario that the high frequency plateau modulus is dominated by the 

confined L1000 matrix (figure 8.3, where plateau moduli of pure L1000 and mixture are 

within a factor of 2).  

The extracted d values for the pure L1000 solutions and the S362–L1000 mixtures 

are summarized in figure 8.4, along with those obtained for pure L1000 semidilute 

suspensions (s = 0), as a function of the L1000 concentration. The scaling relation 

d~CL
2.5±0.2 is observed53,54 for pure L1000. Using the predicted dependence of the 

longest relaxation time for semidilute entangled linear polymers d~CL
(3.4-3)/(3 -1), the 

Flory exponent for the PBD chains in squalene,   = 0.56±0.01, can be extracted. This 

confirms that squalene is a nearly good solvent for PBD. 
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Figure 8.4. Disentanglement time d as a function of the concentration of linear chains and the 

volume fraction of star polymer. The black dashed line represents the obtained power-law 

concentration dependence of d for pure linear chains in squalene. The red lines are just a guide 

for the eye. The top x-axis shows the effective volume fraction of the linear chains. The black 

arrow indicates the overlap concentration of the linear chains (6.19 mg/ml). 

At the lowest S362 effective volume fraction (s = 0.5), the effect of confinement on 

linear chain dynamics is barely detectable: d in the S362–L1000 mixture only has a 

slightly higher value and exhibits a slightly weaker dependence on CL as compared to 

d,pure. However, upon increasing the star volume fraction (s≥0.9), a clear deviation 

from the d,pure scaling is observed in the low CL regime, where the stars are partially 

swollen, since osmotic de-swelling due to the L1000 matrix is negligible (see below). 

The effective blob density of the L1000 matrix in the mixtures is larger than their 

nominal one, i.e. the blob density of a solution with the same linear polymer-to-solvent 

mass ratio in the absence of stars. Consequently, the terminal (disentanglement) time d 

is larger than in a pure L1000 solution at the same CL: linear chains in the S362–L1000 

mixtures are confined. On the other hand, as CL in the mixtures is increased, the 

terminal time d progressively increases until eventually crossing over to the behavior of 

pure L1000 solutions, as indicated by the data for s = 2 and (marginally) s = 4. It is 

worth pointing out that this phenomenology (sketched in a simplified form in figure 
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8.5), including the exact recovery of pure L1000 entanglement dynamics at high CL, 

holds true especially when there is no substantial entanglement dilution that would 

speed-up L1000 relaxation.55 This is because of the osmotic compression (de-swelling) 

of the stars which is discussed below. Note also that there is no reinforcement due to 

filler inclusion as reported for nanocomposites.56,57 The mechanisms at work when hard 

fillers are added to polymer matrices are not accounted for by dynamics dictated 

uniquely by the effective volume accessible to the chains, i.e. by their configurational 

space. Therefore, at large s values, the disentanglement time d and the plateau 

modulus Gp, while converging toward the same power-law scaling observed for pure 

L1000 solutions, may not fully coincide with d,pure and Gp,pure. As will be shown below, 

an analysis based on the assumption of dynamics dictated simply by the configurational 

space of the chains and on star shrinkage conforms well the experimental data.  

 

Figure 8.5. Schematic illustration of dynamic mapping allowing the estimation of the effective 

linear polymer concentration in the S362–L1000 mixtures. Each d measured for a given S362–

L1000 mixture is mapped (dashed horizontal lines) into a corresponding value of the power law 

scaling line for the pure L1000 solution. The extracted respective concentration �̃�𝐿(𝑅) is the 

effective L1000 concentration in the S362–L1000 mixtures used to determine the size R of the 

stars. 
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Indeed, if the effective volume fraction of the star S362 is low enough, in other words 

if i) the linear polymer in the mixture enters the semidilute regime for a finite linear 

chain content well before reaching the melt state, ii) the linear polymer is depleted from 

the interior of the stars and fully wetted by the molecular solvent, and iii) the stars 

shrink and leave a positive interstitial free volume, such a behavior can be rationalized 

if we consider linear chains confined by spherical soft cavities (stars) of radius R, 

partially wetted by the solvent. The concentration �̃�𝐿(𝑅) of the L1000 chains under such 

star confinement can be calculated as: 

 3
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(8.1) 

where WL is the mass of chains dissolved in the mixture, Vsol is the solvent (squalene) 

volume, Ns is the number of stars, s and L are the density of the S362 and L1000 

components, respectively; the values s = L = 892 mg/ml, corresponding to the density 

of poly(1,4 butadiene), were used in the current case. It is worth recalling the meaning 

of each term in the denominator of equation 8.1: the second term represents the volume 

inaccessible to linear chains, i.e., the volume of all the spherical obstacles (stars) in the 

mixture; the third and the fourth terms are the bulk volume of the stars and the linear 

chains, i.e., the volume occupied by the polymer phase in the absence of solvent. It 

should be remembered that �̃�𝐿(𝑅) differs from the control variable 𝐶𝐿 used in the 

experiments: the former represents the concentration of chains excluding the volume of 

the spherical cavities (stars), but with a portion of the solvent, as expressed by equation 

8.1, whereas the latter is the nominal concentration of chains excluding the stars, 𝐶𝐿  =

 𝑊𝐿/(𝑉𝑠𝑜𝑙 +𝑊𝐿/𝜌𝐿). 

Therefore, equation 8.1 can be used to understand to a first approximation the 

crossover of mixture dynamics towards that of L1000 solutions. As a matter of fact, if 

equation 8.1 is modified by introducing the bulk radius of the stars in their completely 

collapsed state,  
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the following equation is obtained 
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(8.3) 

which represents the L1000 concentration in star-free suspensions. Hence, from 

equations 8.1–8.3, it can be inferred that at high CL, when the stars effectively release 

the molecular solvent (squalene) from their interior due to the osmotic pressure exerted 

by the linear chains, the dynamics must converge to that of pure L1000 solutions. 

Although this ensures that the scaling observed in linear polymer solutions is recovered 

at sufficiently high L1000 contents, it does not guarantee, as previously mentioned, that 

the disentanglement times d and d, pure coincide. This is because, within the above 

framework, all the effects associated with a possible speeding-up or slowing-down of 

the polymer matrix relaxation (and respective weakening or strengthening of its 

modulus), due to the inclusion of stars, are neglected. Indeed, for most of the mixtures 

investigated (see figures 8.4 and 8.7) the same power-law scaling is recovered. 

Nevertheless, some of the data suggest a possible weak speeding-up of the dynamics 

and weakening of matrix modulus (lower values of d and Gp, respectively) at CL above 

the star polymer collapse threshold, where the relaxation times and moduli scale 

similarly to pure semidilute polymer solutions (see d at s = 0.9 and Gp for s = 4.0). 

This marginal effect is outside the thrust of this work and, given the limited amount of 

data available, it will not be discussed further. 

Equation 8.1 was used to determine the size of the stars in the mixtures according to 

the protocol represented in figure 8.5: i) the data for the pure linear polymers were fitted 

with a power-law function d = KCL
, yielding K = (1.4±0.5)10-5 and  = 2.5±0.1. This 

allows estimating d  for the star-free solutions when CL lies within the semidilute 
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regime; ii) For each mixture, the respective d was mapped onto the power-law d = 

KCL
  as described in figure 8.5 and iii) The extrapolated value of �̃�𝐿(𝑅), i.e., the 

effective concentration of linear chains in pure L1000 solutions having the same d as 

the mixtures was calculated (see figure 8.5). Such mapping is meaningful only if the 

chain dynamics are dominated by chain–chain rather than chain–star entanglements, the 

latter being relevant when the stars are highly swollen. This hypothesis is easily tested 

by computing the size of the spherical and “impenetrable” part of the stars R. Indeed, by 

solving equation 8.1 using the extrapolated value of �̃�𝐿(𝑅), the average size of the 

spherical cavities (stars) confining the linear chains can be determined. The values of 

R(CL) obtained for s = 0.9, s = 2 and s = 4 (figure 8.6) demonstrate that the 

contribution of the stars to the overall response of the mixtures is significant, as judged 

by the decrease in R with CL. This shrinkage of the stars upon adding linear chains is 

expected from simple osmotic considerations.29,39,58 For all the mixtures, R decreases 

from a value R0 (L1000-free suspensions) to a value Rc corresponding to the collapsed 

stars.   
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Figure 8.6. Radius of stars calculated from equation 8.1 according to the mapping technique 

described in figure 8.5. The inset shows the unperturbed star radius R0 extracted by fitting the 

data (dashed line in the main panel) with equation 8.5.   

 

Three important characteristics are observed for R(CL): i) R0 decreases for increasing 

values of s; this is expected since every star polymer is expected to undergo osmotic 

deswelling, even in the absence of free chains, due to the presence of neighboring 

stars.53,59 ii) As s increases, the shrinkage of the stars caused by the L1000 matrix is 

reduced, and the onset of the reduction of the star size seems to occur at higher L1000 

concentrations, which points to the role of star polymer crowding on the effectiveness 

of free chain osmotic forcing. More precisely, by increasing s, the number of chains 

per star decreases for a set CL value, hence more chains per unit volume (a higher CL) 

are needed to induce star collapse: star de-swelling becomes increasingly dominated by 

star–star repulsions rather than star–chain repulsions. iii) At high CL, R(CL) appears to 

converge to the same value at all s investigated, very close to Rc = 16.3 nm obtained 

from equation 8.2, confirming that the proposed mapping is quantitatively correct and 

corroborates the hypothesis of the eventual complete collapse of the stars. The emerging 

scenario of terminal polymer dynamics driven by the configurational space available for 

the linear chains thus seems to be a good first approximation. 
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Alternately, it is possible to use mean-field arguments to calculate R(CL) for low 

linear chain concentrations. By expanding the osmotic pressure in powers of CL up to 

the second order, (CL) = ACL+BCL
2, the size of the stars can be extrapolated in the 

limit of CL = 0. For an isolated star, the force balance equation obtained by minimizing 

the single star free energy28,58 reads as  

 
2 2
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(8.4) 

where the constants K0, K1 and K2 are functions of the star polymer characteristics 

(functionality, arm molecular weight, Kuhn monomer size) and temperature.28 The three 

terms appearing in equation 8.4 are the entropic spring-like force exerted by the star, the 

osmotic force exerted by the linear polymer matrix, and the excluded volume force that 

precludes the complete collapse of the star (R = 0), respectively. Knowing that 

R0=R(CL=0) = (K2/K0)
1/5, the above equation can be rearranged to obtain the following 

approximate expression for the star polymer radius R, 
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(8.5) 

where 1 and 2 and R0 are constants to be determined by fitting the experimental data.  

The best fits obtained using equation 8.5 are depicted in figure 8.6. In addition, the 

variation in R0 with s is shown in the inset of figure 8.6 for three effective volume 

fractions. The latter plot confirms that the star shrinkage due to other stars is more 

severe than predicted for linear chain solutions,58 namely R(CL)~CL
-1/8. 

This can be attributed to the fact that high functionality stars are more efficient 

osmotic compressors than linear chains because their osmotic pressure increases with 

functionality f.60 At the same time, a high-functionality star has a larger elastic modulus 

compared to a linear chain of equal molecular weight.15 The net result of star-linear 
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mixing is then a subtle balance between the colloid compressibility and its ability to 

exchange momentum with the environment, the latter giving rise to the measured 

osmotic pressure of the suspension. It should be noted that a more pronounced 

dependence of the osmotic shrinkage of the stars on concentration is predicted by the 

Daoud-Cotton model for high functionality stars40 in a good solvent (Rs
-3/4) within a 

concentration range close to the star overlap Cs
* (Cs

*< Cs < f2/5 Cs
*). This regime has not 

been observed previously, as most experiments probing directly the star size or 

diffusion coefficients related to the fast cooperative diffusion, slow self-diffusion, and 

intermediate structural mode, have been performed with low-functionality stars,58,61,62 

for which this regime can be hardly detected. At any rate, measurements with the S362 

stars over a wide concentration range would be needed to validate such a scenario in the 

present case. It is noteworthy that the value of R0 obtained for s = 0.9 agrees well with 

the hydrodynamic radius obtained for single stars in the dilute regime. This provides 

further support for the validity of the proposed mapping approach, based on the 

hypothesis that the chain dynamics are controlled by the linear–linear entanglements 

within the investigated concentration range. It should be also pointed out that around the 

overlap concentration, star polymers are expected to exhibit crystalline ordering, as a 

consequence of the increased osmotic pressure arising from the linear chains, due to the 

inherent non-uniform segment density distribution of the stars.63,64 Crystalline ordering 

was not observed in the current system, and a detailed investigation of this phenomenon 

goes beyond the scope of this work.       

The CL dependence of the plateau modulus Gp of the mixtures is depicted in figure 

8.7. Gp was consistently selected to match the value of G′ at 100 rad/s. Pure linear 

polymer solutions exhibit the expected power law dependence53,65,66 Gp~CL
2.3±0.1 in a 

good solvent. Coherently with the slowing-down of its dynamics (d), the mixture 

exhibits remarkable stiffening as the star polymer content is increased at low CL values, 

corroborating the scenario of a smooth crossover from bulk to confined dynamics for 

the linear chains. 
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Figure 8.7. Plateau modulus Gp for star–linear polymer mixtures as function of L1000 

concentration CL at different S362 effective volume fractions s. The black dashed line 

corresponds to the power law scaling Gp~L
2.3 predicted for semidilute linear polymer 

solutions. The horizontal arrow points to the critical modulus Gc calculated from equation 8.11. 

Blue solid lines are drawn to guide the eye. The top x-axis shows the effective volume fraction 

of the linear chains. 

 

Given the phenomenologically common behavior observed for d and Gp, the 

characteristic linear polymer concentration below which d and Gp deviate from the 

scaling characterizing pure (entangled) linear polymers will now be examined. A simple 

geometric argument is proposed hereafter, based upon the competition between the 

mesh size of the linear polymer network and the confinement length dictated by the 

mean distance between stars, to estimate a critical plateau modulus Gc below which a 

non-negligible influence of star polymers on the modulus of the mixtures is expected 

(and hence, deviation from linear polymer scaling). First, fluctuation-dissipation scaling 

can be considered as a correct estimation of the plateau modulus for an entangled linear 

polymer solution,6 
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where (L)  is the actual mesh size of the entangled network, which is a decreasing 

function of the linear polymer effective volume fraction L.6,53 The linear polymer high- 

and low-concentration regimes, illustrated in figure 8.7, are defined by the conditions 
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where d(s,L) is the average distance between the ideal outer surfaces of star polymers, 

i.e., the surface of spheres that cannot be penetrated by linear chains diffusing in the 

mixture. 

 

Figure 8.8. Schematic representation of star–linear polymer mixtures at different linear polymer 

concentrations CL. Four regimes are shown: i) confined chains (low CL, >d), ii) dynamic 

crossover d≈ iii)  highly entangled regime (d>), and iv) concentrated regime (d>>) where 

star polymers are fully shrunk. 
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Figure 8.9. Schematic representation of the minimum confinement produced by three 

neighboring stars. The parameter dm is the minimum confinement length affecting the L1000 

dynamics when d≤ and dictates the crossover between fully bulk and confined dynamics (d 

≈  in figure 8.8).    

As explained above, when the stars reach their collapsed state and expel all the solvent 

from their interior, it is expected that an effective linear polymer concentration can be 

found equal to the nominal concentration excluding the stars (equation 8.3). This is the 

reason why, above a certain concentration of linear chains, the convergence of the 

viscoelastic response (d, Gp) of the semidilute polymer matrices of the mixtures 

towards the behavior of pure linear polymer solutions is observed. At very high CL and 

within the investigated range of star concentrations, the mesh size of the linear polymer 

solution  becomes much smaller than the average distance between the outer surfaces 

of the collapsed stars, i.e. the confinement length d. If the system is diluted, by 

decreasing the amount of linear chains while maintaining a constant mass fraction of 

stars, a point is reached where the osmotic pressure exerted by the semidilute linear 

chain solution no longer suffices to compensate for the interaction free energy term 

(excluded volume) for the stars, which causes their swelling (and wetting) by the 

molecular solvent. The latter pays a much lower entropic cost (as compared to the linear 
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chains) to penetrate the stars. At that point, the linear chains have access to a volume 

that is smaller than the nominal volume (Vsolvent+Vchains), together with the solvent that 

wets the inside of the stars. Hence, a deviation is expected from the dynamics (and the 

scaling) of pure linear chains in good solvent. However, in addition to star collapse 

upon increasing linear chain concentration, a further necessary condition for the 

convergence of the dynamics of linear polymers in the mixtures to their classical bulk 

solution scaling, is that the minimum confinement length in the mixtures is larger than 

the mesh size  of the bulk semidilute linear polymer matrix (figure 8.4). Indeed, it is 

possible to have mixtures at very high star concentrations where the confinement length 

imposed by the collapsed stars stays always lower than the bulk mesh size of the linear 

polymer matrix. In such case a complete crossover of the dynamics will not occur. 

So, we can write a further condition characterizing the confined-to-bulk dynamics 

crossover corresponds to  = dm, where dm is the smallest confinement length in the 

system and is given by the minimum distance between the surfaces of three close-

packed spheres (collapsed stars) in figure 8.9 and reads 

 ( 3 1)
m c

d R= −  

 

(8.9) 

where Rc, the radius of the collapsed stars (equation 8.2), can also be expressed as the 

radius of a sphere containing fNa close-packed monomers, i.e. 
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By imposing the condition  = dm to fluctuation-dissipation scaling (equation 8.6), the 

following expression is obtained for the critical plateau modulus Gc of the chains 

marking the crossover from bulk to confined dynamics: 
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Using the known values T = 293 K, f = 362, b = 0.4 nm and Na = 442, Gc = 8050 Pa is 

obtained.  

It is important to point out that the S362 effective volume fraction s does not play 

any role in equation 8.11. This is a limitation of this approach, which restricts the 

validity of such result to low s, where both the modulus and the relaxation time are in 

the low L regime (where confined dynamics are observed), and are respectively lower 

than Gc and its corresponding critical disentanglement time (d
c). In using equation 8.11 

to obtain the threshold modulus for the dynamics crossover, it is implicitly assumed that 

complete S362 de-swelling occurs before the mesh size of the L1000 matrix becomes 

smaller than the confinement length. This condition is fulfilled only at low S362 mass 

fractions. For this reason, in the limit of very high s it is not expected that equation 

8.11 is valid, since the influence of osmotic de-swelling of the stars upon increasing the 

L1000 concentration becomes marginal: osmotic de-swelling no longer determines the 

location of the crossover, the latter occurring presumably at much higher concentrations 

L (and moduli), as suggested by the radii R shown in figure 8.6. This high-confinement 

regime, where it is speculated that non-monotonic behavior of Gp and d would be 

possible due to star de-swelling, will be the subject of future investigations. Therefore, 

it can be stated that equation 8.11 holds true for all mixtures for which confinement 

never gives rise to Gp>Gc in the low L regime, and corresponds to a threshold star 

concentration above which star de-swelling no longer drives the dynamics (it mainly 

affects the bulk-to-confined dynamics transition). Given the above discussion, equation 

8.11 is valid for suspensions at s = 0.9 and s = 2.0, while the mixtures at s = 4.0 

barely violate the restriction limiting its validity, as indeed in that case Gp(L→0)>Gc. 

As shown in figure 8.7, the value of the critical modulus obtained using equation 8.11 is 

in fairly good agreement with the crossover observed experimentally, i.e. where the 

moduli noticeably deviate from the experimental scaling curve for pure linear polymer 

solutions. Once again, this corroborates the scenario where linear chain dynamics 

smoothly transition from confined to bulk behavior, converging to the classical linear 

polymer scaling as CL progressively increases, and the stars shrink. Equation 8.11 also 

allows the estimation of a critical d
c
 characterizing the confined-to-bulk crossover of 
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the dynamics. It can be computed by extrapolating the critical concentration Cc(Gc) = 

120.7 mg/ml (L = 19.50), i.e. the concentration of a pure L1000 solution with a 

modulus Gp = Gc. The value d
c =KCc

 = 2.24 s is obtained, in fairly good agreement 

with the time range where the L1000 chains experience the bulk-to-confined dynamics 

crossover in the mixtures at low S362 contents (s = 0.9 and s = 2.0) (see figure 8.4). 

At the highest S362 concentrations investigated (s = 4.0), the crossover of d(CL) 

occurs at longer times d(CL)>20 s. This is expected, since the relaxation time of the 

confined chains far below the crossover of the dynamics (low L) is larger than d
c, and 

equation 8.11 gives formally an incorrect prediction, as already discussed for Gp.
 

8.4.  Conclusions 

In this work, soft colloid–polymer mixtures were investigated in the hitherto 

unexplored limit of equal sizes. In particular, the influence of star polymers (as model 

soft colloids) on the viscoelasticity of the mixtures in a good solvent background was 

examined by focusing on the response of the linear polymers. In this situation, it was 

shown how to decompose unambiguously the linear viscoelastic response into 

polymeric and colloidal contributions. At constant star mass fraction, the dependence of 

both the entanglement plateau modulus and the terminal relaxation on the concentration 

of the linear chains was found to follow two distinct regimes. First, the existence of 

unprecedented dependence of the relaxation time and plateau modulus at low linear 

polymer concentrations was observed. It was much weaker than that predicted for pure 

linear chains and became even weaker when increasing the mass fraction of stars. 

Second, at high linear polymer concentrations, a transition to a much stronger 

dependence was observed, with the time and moduli following the scaling of entangled 

polymer solutions. Using simple scaling arguments, this transition was identified with 

the maximum star osmotic compression, and at the same time the star size was inferred 

using linear chain relaxation as a probe for the interstitial volume surrounding the stars. 

This suggests that these mixtures represent an excellent paradigm for an unprecedented 

transition from confined to bulk dynamics in mixtures of linear chains and soft colloids. 
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These results with symmetric mixtures complete the emerging picture of the extremely 

rich and intriguing behavior of soft colloid–linear polymer mixtures, with new pathways 

to tailor the rheology of soft composites and to design novel materials, while also 

offering an alternate way to study aspects of the colloidal glass transition. The proposed 

analysis, while restricted to relatively low star mass fractions, can serve as framework to 

understand polymer dynamics under soft confinement in a large variety of soft systems, 

as its validity spans colloidal volume fractions up to (and above) the glassy regime. 

Finally, it is speculated that the investigation of mixtures with larger star polymer 

volume fractions, where star de-swelling may yield non-monotonic behavior of the 

moduli and relaxation times of the chains, represents a challenge for future research. 
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Chapter 9 

SYMMETRIC STAR-LINEAR POLYMER MIXTURES: 

DYNAMIC ARREST AND RE-ENTRANCE AT LOW STAR 

FRACTION 

The experimental work reported in this chapter uses the materials reported in Chapter 

8. 

9.1.  Introduction  

Colloidal mixtures emerged as model systems to tailor phase diagram and flow 

properties of colloidal suspensions and their interest extends from fundamental 

understanding1–11 to industrial applications.12–15 In other chapters of this thesis, as well 

as in several other works reported in literature,1,4,5,7–10,16 it has been shown that star-

polymers represent one of the best model system to investigate the rheological 

properties of colloids thanks to their easily tunable softness.17 In Chapter 8 the 

confined-to-bulk linear polymer chain dynamics transition was investigated in star-

linear polymer suspensions with hydrodynamic size ratio close to one. In most of the 

investigated cases, star-polymers were well above their overlap concentration, typically 

in the glassy state. In the present work, by using the same systems as in Chapter 8, the 

rheological behavior of star-polymers suspensions below their overlap concentration, 

C* (see Chapter 2 for the definition) was studied upon addition of linear polymer 

chains. The following questions are addressed: i) what is the consequence of adding 

linear polymer chains to a liquid-like star-polymer suspension? ii) How is the dynamics 

of the linear chains affected by the presence of star polymers in this regime? 

The main findings are summarized here. In an initial star-polymer solution at 0.9C*, 

the addition of a small amount of entangled linear chains (5wt%) drives the system to an 

unexpected dynamic arrest. Such an arrested state is the result depletion forces exerted 

by portions of linear chains (on the order of the mesh size of the polymer matrix) on the 

stars. A further increase of the concentration of linear chains promotes a re-entrant 
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liquid state whose response is controlled by the linear polymers. Starting with a star 

polymer solution at 0.83C*, the progressive addition of linear polymer chains brings 

forward the formation of a critical gel-like behavior which precedes first a solid-like 

behavior with detectable structural relaxation, secondly a correlated liquid with 

observable colloidal time, and finally a rheological response (viscoelastic liquid) mainly 

dominated by the linear chains. At 0.7 C* the colloidal contribution is still observable at 

long deformation times but no arrested state is found. From the linear chains standpoint, 

the presence of stars slows down their dynamics, however, as osmotic forces become 

stronger, star polymers de-swell and this translates into a gain of free volume for the 

linear chains that eventually speed-up their disentanglement time recovering their bulk 

dynamics. By employing Flory arguments for the osmotic shrinkage,5,16,18,19 it was 

possible to account for the gain in free volume experienced by the linear chains which 

eventually allowed to estimate their real concentration and show that their 

disentanglement time was identical to that of pure linear polymer solutions.  

9.2.  Results and discussion  

9.2.1. Linear viscoelasticity: star-polymers at C=0.9C* 

Star polymers at 0.9C* exhibit a typical behavior of a viscoelastic liquid (see figure 

9.1). As the linear polymer concentration is increased in the range 4.5-5 wt%, a liquid-

to-solid transition occurs. Linear chains at these concentrations can form entanglements 

(C*~0.6 wt%) therefore the polymer matrix is characterized by a correlation length  

rather than by the radius of gyration of the single chain. Such a length scale  can be 

ascribed to the average spatial distance between two entanglements or equivalently to 

the mean size of a blob within which a section of the polymer chain behaves as an 

independent coil. It was shown20 that if the colloid-polymer interaction is purely 

repulsive, a depleting layer with thickness proportional to  forms around each sphere 

and a depletion attraction between colloids takes place. In other words, the system can 

be thought to consist of soft colloids whose background fluid resembles a system of 
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uncorrelated blobs of size proportional to . In the present case, the size ratio that 

should be considered for depletion effects relates to the hydrodynamic size of the stars 

(RH=39nm) and the entanglement distance of the linear chains is evaluated through the 

diluted plateau modulus, i.e. Gp()=Gp(=1) 2.3 (for good solvent). Consequently a 

correlation length writes as = (
𝑘𝑇

𝐺𝑝
)
1/3

.21 For instance, by considering a solution of 

polybutadiene linear chains at 5 wt% (see black lines in figure 9.1), a correlation length 

of 16 nm is found (with Gp(=1)=1x106 Pa22), reflecting a size ratio RH which is now 

~0.4, relevant for depletion effects.5,8 Interestingly, a further increase of linear chains 

concentration leads the system to a re-entrant liquid state. The concentration of linear 

chains is now high enough to promote an osmotic de-swelling of the stars and the 

former are able to recover their dynamics in bulk (see Chapter 8). As in the case of 

another investigated star-linear polymer mixture,5 or similarly to the grafted 

nanoparticles discussed in Chapters 3 and 4, the polymeric and the colloidal response 

are characterized by different stress relaxation mechanisms associated with different 

time scales, therefore decouplable in the linear viscoelastic spectra. In fact, a 

hierarchical relaxation process can be identified. At high frequency, or fast deformation 

times, the response is purely dominated by the polymer matrix and the plateau modulus 

coincides with that estimated by the dilution.21 Once linear chains relax, the dynamics 

are controlled by the star-polymers. Eventually, at high mass fraction of linear chains 

the mechanical response is saturated by the linear chains. In some cases, signatures of 

soft colloids are observed in the low-frequency region, as the terminal flow is not 

attained and the tendency of a formation of a solid is present instead (see Clin=10wt% in 

figure 9.1).  



 

 

 

 

285 

 

Figure 9.1. Linear viscoelastic spectrum in terms of G′ (solid symbols) and G″ (empty symbols) 

as functions of frequency. The star-polymer concentration was fixed and kept constant at 0.9C*. 

Black dashed lines depict the expected slopes for the dynamic moduli in the terminal regime. 

Black arrows indicate the diluted plateau modulus of polybutadiene linear polymer chains (see 

text).
 

9.2.2. Linear viscoelasticity: star-polymers at C=0.83C* 

When a slightly lower star polymer concentration is used (0.83C*), a spectacular 

behavior of the mixture is observed upon addition of linear chains. Starting from a 

viscoelastic liquid where no linear polymer chains are present, the system response 

evolves through a critical gel-like state towards a solid-like behavior at low frequencies 

with a clear presence of a plateau in the storage modulus (see figures 9.2 and 9.3). The 

latter assumes a value around 40 Pa, yielding a correlation length, this time related to 

the colloidal response, = (
𝑘𝑇

𝐺𝑝
)
1/3

 slightly larger than the colloidal radius (RH= 39nm), 

48 nm. The latter suggests a non-interpenetrating condition for the stars. It's worth 

noting that for star polymer glasses  is typically only a fraction of the star radius and 

has been interpreted as the extent of the overlapping region between two neighboring 

stars.23 It is important to remark that the quantity  should not be confused with the 
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mesh size of the polymeric network previously mentioned, although symbols are the 

same.  

An alternative microscopic picture is provided by Cloitre et al.,24 where the plateau 

modulus is related to the maximum displacement of a generic particle with radius R 

inside its cage. When a soft particle with radius R moves of a distance , it deforms 

elastically its neighbors, which in turn they push it back inside the cage. The restoring 

energy that drives the particle back can be written as G0 2R. When the latter equals the 

thermal energy, a maximum displacement  is reached. Unlike the above-mentioned 

work, where the displacement (known by experiments) is used to estimate the plateau 

modulus which is eventually compared with the measured one, in the present case this 

simplified model can be applied to estimate the maximum displacement . The latter 

resulted equal to 0.01 nm, or about the 0.3 % of the particle radius. By combining the 

two findings it is possible to assert that stars are not interpenetrating but rather trapped 

in the entangled polymer matrix with a reduced possibility to move. 

It is worth to remind that the star polymer solution at this concentration (0.83C* and 

no chains) would exhibit a liquid-like behavior (see figure 9.2). 

Surprisingly, a further addition of linear chains induces the “melting” of the solid-like 

pocket. However, the colloidal behavior is still detectable in the long-time dynamics, 

now with the signature of a correlated liquid. Remarkably, the structural relaxation time 

of the mixtures reflects a non-monotonic behavior with increasing concentration of 

linear chains. Indeed, up to 8.8 wt% the colloidal behavior can still be detectable at low 

frequencies, whereas above the previously mentioned value, the contribution of the stars 

is masked, the linear chains dominate the response and the structural relaxation gets 

faster. Unlike the previous case, in these mixtures the concentration of star polymers is 

not large enough to sustain an arrested state. Nevertheless, depletion forces exerted by 

the entangled linear chains are able to induce a weak, albeit observable, solidification of 

the system at 6 wt%. Such a solid-like pocket is preceded by a critical gel-like response 

highlighted in figure 9.3 and discussed below.  
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Figure 9.22. Linear viscoelastic spectrum in terms of G′ (solid symbol) and G″ (empty symbols) 

as functions of frequency. The star-polymer concentration was fixed and kept constant at 

0.83C*. Black dashed lines depict the expected slopes for the dynamic moduli in the terminal 

regime. Solid and dashed lines at low frequencies represent creep compliance tests converted 

into dynamic moduli.  
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Figure 9.3. Linear viscoelastic spectrum in terms of G′ (solid symbols) and G″ (empty symbols) 

as functions of frequency at Clin=4.3 wt%, Clin=4.3 wt%, and Clin=4.3 wt% taken from figure 

9.2. Blue dashed lines depict the expected slopes for the dynamic moduli in the terminal regime. 

Solid and dashed lines at low frequencies represent creep compliance tests converted into 

dynamic moduli. 0.5 slope is also reported as a black dashed line for the gel-like state. 

A pioneering work on critical gel behavior is undoubtedly that of Winter on 

polydimethylsiloxane samples.25 At the critical condition the relaxation modulus of the 

specimen was found to be dependent on the time via a power-law relation: G(t)=Sgt
-n 

where Sg is the strength of the gel and n is the relaxation exponent. When n assumes a 

value 0 or 1, Sg represents the plateau modulus or the viscosity, respectively. There is 

no universal value for n, because it probably depends on the gelling system 

investigated; however, values between 0.5 and 1 are usually reported.25–27 In the present 

case (see figure 9.4), n is equal to 0.42 and the strength of the gel is 67 Pa s0.42. Rather 

broad is the range of strength of the gel found in literature. Li and Aoki27 reported 

values of Sg=0.8 Pa s0.753 and Sg=0.15 Pa s0.749 in polyvinyl chloride suspensions, 

whereas Winter and Chambon25 obtained Sg=226 Pa s0.5 in polydimethylsiloxane gels. 

Watanabe et al.26 reported Sg=1.26 Pa s0.66 in polyvinyl chloride suspensions as well. 
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Figure 9.4. Stress relaxation modulus G(t) versus time for the mixture at Clin=6 wt%. Blue solid 

line represents a fit with the power-law relation G(t)=Sgt-n.25 The value of n is 0.42 and Sg= 67 

Pa s0.42. 

9.2.3. Linear viscoelasticity: star-polymers at C=0.7C* 

At 0.7C* it is still possible to observe a very similar trend to the 0.83C* suspension, 

where a non-monotonic behavior of the long-time dynamics is detected as function of 

linear polymer chain addition. Importantly, unlike the previous two cases, no solid-like 

behavior at long relaxation times has been observed. A clear signature of a slowing-

down of the mixture is detected especially at 7 wt% (see figure 9.5). Whereas, attractive 

forces between stars are still present, as exerted by the linear chains, the effective 

volume fraction of the stars is not large enough, to even form a solid pocket at low 

frequencies.   
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Figure 9.5. Linear viscoelastic spectrum in terms of G′ (solid symbols) and G″ (empty symbols) 

as functions of frequency. The star-polymer concentration was fixed and kept constant at 0.7C*. 

Solid and dashed lines at low frequencies represent creep compliance tests converted into 

dynamic moduli. 

9.2.4. State diagram 

The state diagram, based on the rheological results discussed above, is reported in 

figure 9.6 where the concentration of linear chains is plotted against the effective 

volume fraction stars= C/C*. The definition of solid-like behavior is based on the star-

polymer response which is mainly detectable at long times, with the storage modulus 

being larger than the loss modulus and the structural relaxation times exceed 100 s (see 

previous Chapter). On the contrary, if the latter condition is not satisfied, the system is 

classified as a viscoelastic liquid. However, some remarks are in order. For instance, at 

0.83C* and Clin= 4.3 wt% (~ 0.043 g/ml) a critical gel behavior is observed. Finally, 

colloid dynamics are still observable and assigned to viscoelastic liquids. 
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Figure 9.6. State diagram in terms of concentration of linear chains as a function of volume 

fraction of star-polymers. Black arrow indicates the region where a re-entrant liquid is detected. 

The dashed blue line delimits approximatively the solid-like region.  

9.2.5. Reptation time of linear polymer chains 

Figure 9.7 shows the concentration dependence of the disentanglement time of 

polybutadiene linear chains in the mixture. The disentanglement times correspond to the 

maximum in the loss modulus estimated by a fit with a parabolic function (see also 

Chapter 8). Data for pure linear chains in squalene are reported as well and they set the 

reference point (the 2.5 power law indicates nearly athermal solvency conditions, see 

Chapter 8). Interestingly, the characteristic time of linear chains in the mixture does not 

increase with the concentration as in star polymer-free solutions, but on the contrary, a 

“sigmoidal” trend is observed and characterized by a weakening of the Clin dependence 

close to the convergence to the pure linear chain scaling. At low concentration of linear 

chains, their reptation time in the mixture is much slower than the respective of pure 

linear solutions. Indeed, at 0.83C* and 0.9C* the presence of soft colloids translates into 

physical constraints for the relaxation dynamics of the linear chains. At 0.9C* a 

dynamic arrest (4 decades in frequency) has been observed at 5 wt% of linear chains, 
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whereas at 0.83C* a solid-like pocket has been detected at long relaxation times and at 6 

wt% of linear chains. However, the relaxation time of the linear chain is subjected to a 

slowdown compared to the case of pure linear chains. By further increasing the amount 

of polymer chains, the concentration dependence of the disentanglement time becomes 

weaker and weaker, until it crosses the expected scaling-law and becomes even faster 

than pure chains. The origin of such an unexpected speed-up relates to the osmotic 

shrinkage exerted by the linear polymers on the stars, which translates first into a 

weakening of the Clin-dependence and then to a speed-up of their dynamics, with their 

disentanglement time being faster than that of pure polymer chains at the same 

concentration. Indeed, as soon as star polymers start shrinking, the solvent is partially 

expelled by the particles and the linear chains gain free volume, thus, the effective 

concentration is lower than what it actually is, which in turns promotes a speed-up of 

the dynamics.  

 
Figure 9.3. Disentanglement time of linear chains in mixture, along that of pure polymer chains, 

against linear chain concentration. The black dashed line highlights the 2.5 dependence of the 

disentanglement time of pure linear chains on their concentration. Arrows indicate respectively 

the fractions at which either an arrested state or solid-like pocket was detected.   
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By using Flory-type arguments concerning the size of a star in a bath of linear 

chains,5,16,18,19 it is possible to estimate the star shrinkage and the gain in free volume 

due to the osmotic pressure exerted by the linear chains. Firstly, the shrinkage of the 

stars is calculated through the osmotic theory approach5,16,18,19. The free energy cost for 

inserting a star polymer with radius R in a solution of homopolymer linear chains 

corresponds to the mechanical work that has to be done to create a spherical free space 

within the solution: 

 𝛽𝐹𝑜𝑠(𝑅) =
4𝜋

3
𝑅3𝑎3𝛽(

𝑙𝑖𝑛
) 

 

(9.1) 

 

 

where =kBT is the thermal energy, a is the monomer diameter (0.5 nm28,29), and (lin) 

the osmotic pressure exerted by the polymer matrix and is written as 

 𝛽(
𝑙𝑖𝑛
) = 𝐶𝑙𝑖𝑛[1 + 𝑃(𝑙𝑖𝑛)] 

 

(9.2) 
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(9.3) 
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1
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1

4
( ln2 +

1

2
)] 

 

 

(9.4) 

where R represents the radius of the spherical cavity which does not necessarily 

coincide with the size of the star Rs because of the penetrability of the stars. Camargo 

and Likos30 have shown that a chain can penetrate a star up to a distance =4/3Rs=R 

which is the corona size of the star. It follows that R=bRs=1.3Rs. This numerical 

prefactor is essentially independent of the star/linear ratio, provided that it remains 
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larger than 1. However, as in the present case, when stars and linear chains are 

comparable in size, b must attain larger values, because chains would rather surround 

the stars than penetrate them. In the present work b=1.7 has been used, as suggested by 

Wilk et al.16 when stars and linear chains have comparable size. 

The osmotic pressure is not the only contribution on the free energy. Associated with 

a star of radius Rs with functionality f and degree of polymerization Ns an elastic free 

energy and an interaction free energy (excluded volume) are given by 

 

 𝛽𝐹𝑒𝑙(𝑅) =
3

2

𝑎𝑓𝑅𝑠
2

𝑁𝑠
 

 

 

(9.5) 

 

 𝛽𝐹𝑖𝑛𝑡(𝑅) =
𝑎3v(𝑓𝑁𝑠)

2

2𝑅𝑠
3  

 

(9.6) 

where v is the excluded volume parameter in reduced units and it has been given the 

value 1 corresponding to good solvency conditions.5,16 The shrinkage of the stars due to 

the presence of linear chains is determined as the value at the which the overall free 

energy reaches a minimum. Thus, minimizing the free energy with respect to Rs the 

following result is obtained: 

 
3𝑎𝑓𝑅𝑠
𝑁𝑠

+ 4𝜋𝑏3𝑅𝑠
2𝑎3𝐶𝑙𝑖𝑛[1 +  𝑃(𝑙𝑖𝑛)] −

3𝑎3v(𝑓𝑁𝑠)
2

2𝑅𝑠4
 

 

(9.7) 

By defining the overlap concentration as 𝐶𝑙𝑖𝑛
∗ = 𝑎−3𝑁𝑙𝑖𝑛

−3𝑣 5,16 with v=3/5 the Flory 

exponent and Nlin the degree of polymerization of the linear chains, and using the 

scaling relation for the size ratio between linear chains and stars as19 𝛿 = (
1

𝑓1/5
) (

𝑁𝑙𝑖𝑛

𝑁𝑠
)
𝑣

 

equation 9.7 becomes 

 
3𝑎𝑓𝑅𝑠
𝑁𝑠

+ 4𝜋𝑏3𝑅𝑠
2𝛿−3𝑁𝑠

−3𝑣𝑓−3/5
𝑙𝑖𝑛
[1 +  𝑃(

𝑙𝑖𝑛
)] −

3𝑎3v(𝑓𝑁𝑠)
2

2𝑅𝑠4
 

 

         (9.8) 
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Results are reported in terms of g(lin)=Rs(lin)/RH,0 against lin with f=362, Ns=1240, 

Nlin=19600 and =5 in figure 9.8. 

 

 

Figure 9.4. Osmotic shrinkage versus volume fraction of linear chains. Lines are the theoretical 

prediction whereas symbols are obtained through a chemical approach discussed in Chapter 

6bis. The dashed red line represents the maximum shrinkage of the star. In other words, it refers 

to the fully collapsed state of the star estimated as Rc=af1/2,31 where a is the monomer length and 

f the functionality 

Consequently, once the shrinkage is known, the gain in free volume is estimated as 

 𝑉𝑔𝑎𝑖𝑛 =
4𝜋

3
𝑁𝑠𝑡𝑎𝑟[𝑅𝐻,0

3 − 𝑅𝑠
3(

𝑙𝑖𝑛
)] 

 

(9.9) 

where 𝑁𝑠𝑡𝑎𝑟 is the number of star polymers in solution, estimated as 𝑁𝑠𝑡𝑎𝑟 =
𝑚𝑠𝑡𝑎𝑟𝑁𝐴

𝑓𝑀𝑎
: 

mstar is the mass of star polymers in solution known from sample preparation, NA the 

Avogadro number, Ma the molar mass of the star arm, RH,0 the hydrodynamic size of the 

pure star in the dilute regime, and 𝑅𝑠
3(

𝑙𝑖𝑛
) calculated through the shrinkage ratio g(lin) 
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from the theoretical prediction (see figure 9.8). Once the gained volume is known, the 

new concentration of linear chains becomes 

 �̃�𝑙𝑖𝑛 =
𝑚𝑙𝑖𝑛

𝑉𝑙𝑖𝑛 + 𝑉𝑠𝑜𝑙𝑣𝑒𝑛𝑡 + 𝑉𝑔𝑎𝑖𝑛
 

 

(9.10) 

It is reasonable to consider a significant de-swelling of the stars only after that the 

disentanglement time crosses the expected scaling of pure polymer chains above which 

linear chains in the mixture display a counterintuitive speed-up as previously discussed. 

By accounting for the osmotic shrinkage and re-calculating the linear polymer 

concentrations as described above, it is possible to shift the results obtained with 

mixtures to the scaling-law of pure polymer chains. As it was also discussed in the 

previous chapter, linear chains are able to recover their dynamics in the bulk. Results 

are reported in figure 9.9. As a final remark, it is worth noting that at the point where 

the disentanglement time converges to the pure linear chain dynamics (see figure 9.8), a 

clear solid-to-liquid transition at long deformation times is observable in the mechanical 

spectra. For instance, this verifies at 0.9C* from Clin= 5 wt% to Clin= 10 wt% (see figure 

9.1) and at 0.83C* Clin= 6 wt% to Clin= 8.6 wt% (see figure 9.2). 



 

 

 

 

297 

 
Figure 9.5. Magnification of the high Clin region of figure 9.7 where data of the mixtures are re-

scaled accounting for the gain in free volume due to the osmotic de-swelling of the stars driven 

by the increase in concentration of linear chains (see text). 

9.3.  Conclusions 

Star polymer suspensions below their overlap concentration undergo liquid-to-solid 

transition upon addition of linear homopolymer chains having nearly the same 

hydrodynamic size. The origin of such an arrested state is attributed to depletion forces 

rising from the asymmetry between the size of the star polymer and the mesh size of the 

entangled linear matrix. The phenomenon is non-monotonic and a spectacular re-entrant 

liquid is witnessed as the concentration of the linear additives increases further. When 

the concentration of star polymers is reduced well below the overlap concentration, the 

sensitivity of the addition of linear polymers on the rheological response increases. A 

critical-gel condition precedes a solid-like response at low frequencies (solid-like 

pocket), and a correlated viscoelastic liquid with detectable colloidal response. A full 

dynamic arrest, throughout the whole frequency range, was not observed, reflecting the 
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fact that the concentration of the soft colloids is not high enough to sustain a solid-like 

response at long relaxation times. The resulting phase diagram significantly differs from 

that of star linear polymer mixtures at large size asymmetry,5 star-star,8,9 star-hard 

sphere1,7and hard-sphere-hard sphere11 mixtures investigated so far.  

The dynamics experienced by the linear chains is also of particular interest. At star 

polymer concentrations slightly below the overlap concentration (0.83C* and 0.9C*) 

the dynamics of the entangled linear chains are significantly slowed-down by the 

presence of the soft colloids that acts as constraints for the reptating motion of the linear 

chains. However, by increasing the concentration of the linear chains, the osmotic 

forces exerted by the latter are strong enough to promote de-swelling. Upon shrinkage, 

star-polymers free space in favor of the linear chains which eventually relax faster as an 

effect of dilution. By employing osmotic theory arguments, it was possible to account 

for the gain in free volume experienced by the linear chains due to the de-swelling of 

the stars and this allowed to estimate the real concentration of the linear chains. 

Consequently, the disentanglement time, that at high linear concentrations was 

paradoxically faster than that of pure chains in squalene, shifted to the trend of star-free 

suspensions as a result of the fact that linear chains are able to recover their bulk 

dynamics due to the shrinkage of the stars.  

Blending colloidal systems with different softness and molecular structure revealed a 

simple yet effective way to control phase transitions as well as flow properties at 

different time scales of suspensions. This emerges key factor for new materials design.  
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Chapter 10 

SOFT COLLOIDAL MIXTURES IN THERMAL SOLVENT  

10.1. Introduction 

Over the years soft colloidal mixtures have been shown to be particularly effective in 

controlling and varying the flow properties of colloidal suspensions at molecular level. 

However, most of the works either theoretical, computational or experimental referred 

to athermal conditions.1–7 Some of them have been also discussed in Chapters 6, 7 and 

9. When a solvent of varying quality is used, new unique features emerge. Among the 

findings reported so far, it is worth mentioning the reversible thermal gelation 

experimentally investigated in star-polymers8,9 where suspensions of stars below the 

overlap concentration exhibit a dynamic arrest upon heating. Such a counterintuitive 

reversible phenomenon was attributed to the enhancement of solvency conditions upon 

increasing the thermal energy of the system, therefore to the swelling of particles with a 

consequent increase of the effective volume fraction. Simulations on star-polymers in 

solvent of varying quality were also carried out by Likos et al.10 where the effective 

force between two stars was shown to be purely repulsive for athermal solvents, with 

the repulsion being reduced due to worsening of the solvent quality and attraction starts 

appearing at intermediate star distances close to Θ-point. Thermally responsive 

microgels have been also used as soft model systems to study the temperature effect on 

the interaction potential between particles and its consequence on their phase 

diagram11,12 and dynamic properties13–15. Much less is known about soft colloidal 

mixtures in intermediate solvency conditions where the entropy of mixing is coupled to 

the enthalpy of swelling/de-swelling. Stiakakis et al.16 reported a thermal gelation of 

star-linear polymer mixtures in a thermal solvent when small chains compared to the 

star arms are used. In fact, when the degree of polymerization of the small chains satisfy 

the relation Nlinear<<Narm
1/2 17 polymeric chains can interpenetrate stars, enhancing the 

solvency conditions of the colloidal suspension promoting eventually the vitrification of 

the star-polymers. It is also reported an experimental work on microgel-linear polymer 
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chain mixtures where the thermal effect on the interplay between particle bonding and 

caging has been studied.18 In such a case the addition of linear chains in the mixture 

will, of course, increase the total effective volume fraction but lead to different 

properties in gel or glass states. For instance, in gels, it increases the localization length 

and weakens the gel, whereas in glass, it decreases the localization length and 

strengthens the glass. Chaikin et al. investigated colloid-polymer mixtures where linear 

chains undergo a crossover from non-adsorbing to adsorbing with temperature, allowing 

the suspension to form solids both on heating and on cooling.19 Very recently, it was 

shown that thermosensitive binary mixtures of microgels can lead to different structural 

and mechanical properties depending on the temperature profile used for cooling or 

heating the suspensions.20 However, the thermal effects on soft colloidal mixtures with 

small asymmetry have not been addressed yet. 

In this work, star-polymers with different molecular structure (softness) and their 

mixtures (size ratio ~0.7 at 20°C) in a marginal solvent are investigated by means of 

rheological measurements in the linear viscoelastic regime. The following questions 

were addressed: i) Which are the consequences of the temperature-volume fraction 

interplay on the rheological properties of star-polymer suspensions. ii) What is the result 

of mixing a star-polymer glass with smaller stars at various states? 

Firstly, the state diagram of pure components was established as a function of mass 

fraction and temperature. A more general state diagram, including soft colloids at 

various degrees of softness, is reported in terms of excluded volume as function of the 

effective volume fraction. The temperature can be used to extend the volume fraction 

range of the elastic modulus and relative viscosity by keeping constant the mass fraction 

of the suspension. However, by reaching the same volume fraction with two different 

mass fractions and temperatures, different mechanical response is obtained as a result of 

different compactness of the stars at different temperatures as well as different particle 

friction. By starting with a star-polymer suspension in the glassy regime, three different 

mixtures were tested. In the first case the smaller additives were added as a very weak 

viscoelastic liquid, in the second case as a viscoelastic liquid with detectable structural 

relaxation time, and in the last case as a glass. States refer to 20°C. The corresponding 

mixtures exhibit unique features: percolated network strongly time-dependent, 
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viscoelastic liquid with Rouse-like dynamics and asymmetric glass. These results are 

believed to provide new ingredients for tailoring flow properties of soft colloids with 

the temperature being an additional control parameter along the functionality, molar 

mass per arm and volume fraction. 

 

10.2. Materials  

Details on the material are reported in Chapter 2. We report below a table collecting the 

molecular characteristics of the system investigated in this Chapter. 

Table 10.1. Molecular characteristics of star-polymer samples 

Samples 
Ma 

[kg/mol] 
f 

Mtotal 

[kg/mol] 
Mw/Mn 

RH(20°C) 

[nm] 

C*(at 20°C) 

[wt%] 

212-67k 67 212 14,200 1.07 42 7.4 

362-24k 24.4 362 8,800 1.06 29 14.3 

 

See Chapter 2 for the definition of the overlap concentration C*. 

10.3. Results and discussion 

10.3.1. Linear viscoelasticity: pure components 

Rheological experiments in the linear viscoelastic regime were performed in order to 

determine the state of the suspension at a given concentration and temperature, 

therefore, to create a state diagram of the pure components. The condition in order to 

establish the solid like behavior is the same used in Chapter 8 and 9 for the star-linear 

polymer mixtures, i.e. when the structural relaxation time exceeds 100s. Furthermore, 
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since these systems show time-dependent dynamics as they are out-of-equilibrium 

states, all the experiments accounted for aging until steady-state conditions were 

reached. State diagrams for 362-24k and 212-67k samples are reported in figure 10.1 

and 10.2 respectively. The variation of the overlap concentration with temperature is 

also reported. Below and close C* (at 25 °C) the 362-24k sample displays the behavior 

of a viscoelastic liquid and the glass transition was found at 20 wt% and 25°C 

corresponding to an effective volume fraction (=C/C*) of glass=1.72. For the 212-67k 

sample the glass transition was found at 11.4 wt% and 70°C corresponding to  glass =2.5 

with the consideration that at 70°C the athermal limit is reached and the RH in 

cyclohexane can be used to estimate the effective volume fraction. Note that, as shown 

in figure 10.5, the frequency range explored at 70°C does not entirely comply with the 

100s condition previously mentioned to assert a solid-like state. As the concentration 

increases, the temperature at which the system undergoes glass transition is lower. 

Remarkably, the effective volume fraction where the liquid-to-solid transition occurs is 

very similar among suspensions having different mass concentration (from 13 wt% to 

13.9 wt%.), and assumes values between 1.9 and 2. Such a range of volume fractions 

(1.9<glass <2.5) assigned to the glass transition at different temperatures and 

concentrations, was clearly above the respective value of the 362-24k sample (glass 

=1.72). This is not surprising as for a monodisperse system it was shown that the 

increase of softness leads to a larger volume fraction at the glass transition, typically 

well above the overlap concentration.23 It is emphasized that swelling due to the 

enhancement of solvency conditions by means of temperature increase does not 

represent a sufficient condition to ensure a heating-induced liquid-to-solid transition. 
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Indeed, a highly branched spherical brush is needed to achieve a thermal arrested state.9 

For instance, grafted colloids upon heating were shown to swell upon increasing 

temperature but with no solid-like behavior observable.24. Moreover, a previous work25 

on physical gels reported that the heating-induced and the concentration-induced liquid-

to solid transitions exhibit different features discussed in the context of site-bond 

percolation theory.26 A more general state diagram (see figure 10.3), along the line of 

that reported by Kapnistos et al.,8 can be obtained by considering the excluded volume 

parameter related to the liquid-to-solid transition temperature (Tglass) as 𝑣 = 1 −

𝛼/𝑇𝑔𝑙𝑎𝑠𝑠,
27 where  is the  temperature (here arbitrarily assumed equal to 130K), as a 

function of the effective volume fraction. Data obtained with different soft colloids 

taken from ref. 8 along with the star polymers of this work collapse onto a general state 

diagram where colloids with different molecular structure fall in the same liquid-to-

solid transition line. In other words, by taking any point along this transition line, and if 

we reduce the temperature, the excluded volume reduces, the volume fraction reduces 

and the system becomes eventually a liquid.  
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Figure 10.1. State diagram for the 362-24k system in terms of temperature versus mass fraction. 

Solid points indicate a solid-like behavior and empty symbols represent liquid states. The red 

dashed line represents the overlap concentration as a function of temperature (the hydrodynamic 

radius changes with temperature).  

 

 

Figure 10.2. State diagram for the 212-67k system in terms of temperature versus mass fraction. 

Solid points indicate a solid-like behavior and empty symbols represent liquid states. The red 

dashed line represents the overlap concentration as a function of temperature (the hydrodynamic 

radius changes with temperature). The black dashed line is to guide the eye.  
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Figure 10.3. General state diagram in terms of excluded volume versus effective volume 

fraction. The black dashed line is indicative and its aim is to separate the liquid from the solid 

region. All the points reported are solid states (see text). Data reported along with those 

investigated in this work are taken from ref. 8. 

Figure 10.4 and 10.5 show typical dynamic frequency sweep experiments where a 

liquid-to-solid transition upon heating can be observed. Interestingly, whereas for 362-

24k the transition appears to be quite sharp, a smoother transition occurs for 212-67k 

with a number of interesting features. Indeed, while approaching the solid-like behavior, 

the 212-67k star experiences a behavior reminiscent of a critical gel28 where moduli 

superimpose for almost two decades in frequency and exhibit a power-law dependence 

on frequency with exponent 0.5 (see figure 10.5B). A similar gel-like behavior was 

already encountered in the star-linear polymer mixtures discussed in Chapter 9. 
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Figure 10.4. Linear viscoelastic spectrum in terms of G′ (solid symbols) and G″ (open symbols) 

as functions of frequency at a fixed mass fraction (20%) and various temperatures. A liquid-to-

solid transition can be observed between 20°C and 25°C. 

Figure 10.5. A) Linear viscoelastic spectrum in terms of G′ (solid symbols) and G″ (open 

symbols) as functions of frequency at a fixed mass fraction (11.4%) and various temperatures. 

A liquid-to-solid transition can be observed between 55°C and 70°C. B) Magnification of the 

55°C and 60°C where a gel-like behavior is detected. 
 

In figure 10.6 the plateau modulus, estimated as the minimum of the loss factor tan() 

against frequency, is plotted as a function of the effective volume fraction. For various 

initial concentrations, larger volume fractions were reached by simply heating the 
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system. Remarkably, by combining concentration and thermal effects, it is possible to 

significantly extend the investigated effective volume fractions by means of a 

temperature-concentration superposition effect.29 For instance, for the 362-24k sample, 

with only two initial concentrations it was possible to explore nine different volume 

fractions just by tuning the temperature. The resulted increase in volume fraction was in 

the order of 100%. Hard-spheres display the strongest  dependence of the modulus as 

random close packing is approached compared to soft colloids, i.e. microgels and star 

polymers.30 In the present case, 212-67k stars exhibit a power-law dependence with 

exponent 3.4. It is worth recalling the 2.3 exponent expected for entangled linear 

polymer solutions in good solvent.31 In the same range of volume fractions the 362-24k 

sample exhibit a weaker dependence. Since the latter is characterized by a harder 

molecular architecture, this may lead to an apparent contradiction as a stronger 

dependence would be expected. As a matter of fact, at the same range of volume 

fractions, the 362-23k stars are already within the glassy state already discussed. The 

values of the modulus are also nearly one order of magnitude higher compared to the 

212-67k sample. Indeed, at higher volume fractions, the 212-67k stars exhibit a weaker 

dependence till reaching a plateau and an eventual further increase. Such a weakening 

of the dependence of the modulus on  was also encountered in microgels and assigned 

to the so-called jamming transition: a state within the glass where particles are packed 

with typical loss of sphericity due to the strong osmotic pressure exerted by the 

neighbors on a test particle (see also Chapter 6).32 Eventually, the inset in figure 10.6 

represents a magnification of the data related to the 212-67k sample up to a 

concentration of 16.1wt%.  
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Figure 10.6. Plateau modulus as a function of the effective volume fraction. Open symbols are 

for the 212-67k system and solid symbols for the 362-24k. At a fixed mass fraction, the increase 

in volume fraction is obtained by increasing the thermal energy of the system. The inset shows a 

magnification of the 212-67k data up to 16%. Red dashed lines are guides for the eye.  

Since the effective volume fraction of star-polymers can be also varied through the 

change of temperature, the question whether reaching the same effective volume 

fraction, either by increasing the temperature or by increasing the number of particles 

per unit volume, provides the same rheological response, comes naturally. 

Interestingly, the path through which a certain volume fraction is reached has a 

significant impact on the viscosity of the viscoelastic liquids. Since the temperature 

influences the viscosity of the solvent as well, this is also taken into account. Figure 

10.7 depicts the relative viscosity against the volume fraction. For two cases, the same 

(or very similar) volume fraction is reached with two different temperatures and mass 

concentrations and both systems exhibit a much higher relative viscosity (nearly 2 

orders of magnitude) at lower temperatures (20°C). Normalized dynamic moduli for 

those two cases are reported against Peclet number in figure 10.8. Such a normalization 

accounts for both particles swelling and the variation of solvent viscosity with 
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temperature (see Chapter 3). Nevertheless, the rheological response appears to be 

significantly different. The origin of such a different behavior can be ascribed to the 

different solvency conditions at different temperatures, hence, different softness of the 

pure systems therefore different interaction potentials.  

 

Figure 10.7. Relative viscosity as a function of the effective volume fraction. Open symbols are 

for the 212-67k system and solid symbols for the 362-24k. At a fixed mass fraction, the increase 

in volume fraction is obtained by increasing the thermal energy of the system. States at similar 

effective volume fractions but at different temperature and mass fraction are indicated by black 

arrows.  
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Figure 10.8. Normalized moduli (storage and loss moduli indicated as solid and open symbols, 

respectively) versus Péclet for the A) 362-24k and B) 212-67k systems. In spite size and 

viscosity of the solvent are taken into account, the rheological response results significantly 

different.  
 

As previously mentioned, the 212-67k sample exhibits slightly different glass volume 

(glass) depending on the temperature and mass concentration. For this reason, it looks 

more appropriate to rescale the  data with glass and the result is shown in figure 10.9 

along with the Krieger-Dougherty-like equation for hard-spheres (휂𝑟 = (1 +

𝜙/𝜙𝑔𝑙𝑎𝑠𝑠

𝜙𝑚𝑎𝑥
)
[𝜂]𝜙𝑚𝑎𝑥

 where glass=0.58, max=0.74 and []=2.5) to highlight the soft nature of 

the 212-67k sample. Remarkably, accounting for the difference in glass due to the 

different mechanism of increasing volume fraction, allows to create a viscosity curve 

just by applying a temperature-volume fraction superposition.  
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Figure 10.9. Relative viscosity versus normalized effective volume fraction by the glass. The 

black solid line represents the Krieger-Dougherty equation with hard-spheres parameters: 

glass=0.58, max=0.74 and []=2.5. The black dashed line is to guide the eye and highlights the 

softness of the system respect to hard-spheres. 

10.1.1. Linear viscoelasticity: mixtures 

Once the state diagram and rheological response of the two pure components are 

reasonably well understood then mixtures can be considered. It this section, three 

different mixtures are investigated. In all cases the mass fraction of the 212-67k stars 

was fixed to 16% or =2.2 (at 20°C), which corresponds to a state well within the glassy 

regime (see state diagram in figure 10.2). The smaller component, the 362-24k system, 

is added at three different states: very weak viscoelastic liquid, viscoelastic liquid with 

detectable relaxation time and a strong glass. Results are reported and discussed below. 
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Mixture I: 

- 212-67k at 16wt% and 362-24k at 14wt% 

Figure 10.10 shows the linear viscoelastic response of the two pure components and 

their mixture. Interestingly, the resulting mixture is a viscoelastic liquid with magnitude 

of the moduli between the two pure components. Given the relatively large size ratio 

between colloids (0.7 at 20°C), the origin of the melting of the glass is attributed to 

polydispersity effect, where cages of the glassy state are perturbed by the presence of 

smaller stars which fill interstitial regions between larger stars, therefore increasing their 

interparticle distance. For hard-spheres it is well known that polydispersity effects have 

a significant impact on glass transition and crystallization.33 Zaccarelli et al.34 reported 

the state diagram (in athermal conditions) for soft colloidal mixtures at various 

concentrations of soft additives and size ratio between large and small star-polymers. A 

U-shaped melting line was found as the size ratio between colloids increases, implying 

the interplay of different mechanisms depending on the size ratio. Indeed, for large 

particle size asymmetries, the melting of a soft glass is driven by depletion forces, and 

the amount of soft additives needed to melt the initial glass decreases with increasing 

size ratio, reaching eventually a minimum. On the other hand, when the size between 

particles becomes comparable, the depletion effect becomes weaker and the smaller 

components, now being not that small compared to the large particles, act as 

polydispersity enhancers in the mixture destabilizing the initial soft glass. However, it is 

important to remark that the size ratio of soft colloids is also a function of the 

concentration (see Chapters 7, 8 and 9). In this present work it slightly depends also on 

temperature: 0.7 at 20 °C and 0.64 at 55 °C in dilute regime.  
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Figure 10.10. Linear viscoelastic spectrum in terms of G′ (solid symbols) and G″ (open symbol) 

as functions of frequency for A) the pure components and B) their mixture. The mass fraction of 

the two components is fixed, whereas the temperature is varied.  

Although figure 10.10B suggests that there is no thermal effect from 20 to 40 °C, this 

is not entirely true when different waiting times are considered. In fact, as the 

temperature increases, the rheological response becomes strongly time-dependent. 

Figure 10.11 shows a peculiar case of solidification of the system at low frequency 

when the waiting time increases. In one case the creep compliance was converted into 

dynamic moduli confirming a solid-like response at low frequencies (see creep 

compliance in the Appendix 10). As an evidence of the reliability of the results, the 

normalized torque by the minimum torque resolution of the system is also reported, 

confirming that all of these data were collected at torque values always above the limit 

of the instrument. Such a finding suggests that the viscoelastic liquid does not relax 

fully but, on the contrary, it results being correlated and for high deformation times (low 

frequency) the system behaves like a solid. A possible scenario conforms to this 

behaviour is the presence of a percolated network among large stars which to some 

extent “remember” their glassy state behaviour without the presence of smaller soft 

additives. In other words, the number density of the smaller stars is not high enough to 

keep the larger particles apart. It is important to remark here that the observe solid-like 

behaviour at low frequency was not detected at 20 °C, even by waiting. At higher 

temperatures, as volume fraction further increases is expected a similar response. 

However, no long-time experiments were conducted in this direction due to evaporation 
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concerns. Furthermore, by applying the rejuvenation protocol (see Chapter on methods) 

it is possible to erase the solid-like behaviour at low frequency and reproduce the same 

response just by waiting.  

 

 

Figure 10.11. Linear viscoelastic spectrum in terms of G′ (solid symbols) and G″ (open 

symbols) as functions of frequency for the mixture reported in figure 10.10B. Here the time-

dependence of the moduli is highlighted. Black, orange, green and purple symbols are taken 

after 30 minutes, 15 hours, 19 hours, and 34h after the rejuvenation (blue arrow indicates the 

waiting-time increase). Green solid and dashed lines represent creep compliance converted into 

storage and loss modulus respectively. In the right-hand y-axis the normalized torque by the 

minimum resolution value of the system is shown as black dashed lines. 

The question how the two systems would behave separately at the same total mass 

fraction of the mixture (~30%) comes naturally. The rheological response of the 362-

24k and 212-67k samples is reported in figure 10.12 and 10.13 respectively. In both 

cases, a solid-like response is observed; both suspensions fall well within the glassy 

regime. For the former, it is still possible to see a temperature effect on the dynamic 

moduli and interestingly, while at first an increase of temperature produces an 

enhancement of the elasticity of the system, a further increase seems to drive the system 

to a speed-up of the dynamics (see moduli at 70°C). Conceptually, when stars cannot 

swell further because of the athermal limit, the contribution of the temperature is only 

reflected in the decrease of the viscosity of the medium where stars are suspended. On 
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the other hand, the 212-67k system shows a very weak effect (negligible) of 

temperature. The rationale is that the softest system is now supposed to be in the 

jammed regime where strong arm interpenetration occurs, the monomer-solvent 

interactions reduce and the thermal effect is rather weak. 
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Figure 10.12. Linear viscoelastic spectrum in terms of G′ (solid symbols) and G″ (open 

symbols) as functions of frequency at a fixed mass fraction (30%) and various temperatures for 

the 362-24k system.  
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Figure 10.13. Linear viscoelastic spectrum in terms of G′ (solid symbols) and G″ (open 

symbols) as functions of frequency at a fixed mass fraction (28%) and various temperatures for 

the 212-67k system. 

Mixture II 

212-67k at 16wt% and 362-24k at 20wt% 

In this second case, the concentration of the smaller soft additive is larger than in the 

previous mixture. The response though is still that of a viscoelastic liquid but this time 

with a detectable relaxation time and higher moduli (see figure 10.14). When in 

mixture,  

the two components behave as viscoelastic liquids. The initial glass constituted by the 

212-67k stars has been molten again. Interestingly, over one decade in frequency the 

moduli decay with a power-law with exponent 0.5, reminiscent of Rouse dynamics.31 

Black lines in figure 10.16B represent the Rouse model fit at 20°C with a Kuhn 

monomer time 0=0.004s. In the low-frequency region, moduli decrease with 

temperature, contrary to what has been observed with the pure components while 

increasing the temperature, hence, the volume fraction. When the viscosities are 

extracted from the loss modulus at low frequency as G″= albeit the terminal slope 
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G′~2 is not reached, and normalized by the viscosity of the solvent which varies with 

temperature, it turned that the relative viscosity is a decreasing function of the 

temperature (see Appendix 10). This reflects that dominant effect of the temperature on 

the viscosity of the medium dominates over swelling. Unlike the previous mixture, here 

no strong time dependence of the moduli in the low-frequency region was observed. 

The controlled polydispersity provided by the soft additives is high enough to keep the 

large stars sufficiently far so that no percolated network can be formed.  

Figure 10.14. Linear viscoelastic spectrum in terms of G′ (solid symbols) and G″ (open 

symbols) as functions of frequency for A) the pure components and B) their mixture. The mass 

fraction of the two components is fixed, whereas the temperature is varied. Black lines in panel 

B represent the Rouse model fit with 0=0.004s. 

Mixture III 

212-67k at 16wt% and 362-24k at 30wt% 

Here, both components are both in the glassy state (see figure 10.15A). The resulting 

suspension is now a glass with higher moduli compared to those of the pure components 

(see figure 10.15B). Such an arrested state has been assigned to an asymmetric glass35 

characterized by strongly anisotropically distorted cages typical of soft colloids due to 

their ability to interpenetrate and deform. The temperature effect resulted very weak 

with a small tendency of the system in becoming slightly faster at 70°C. In this jammed 

state one could also speculate about the increase of size ratio due to the osmotic de-

swelling of the large stars exerted by the soft additives. As also discussed in Chapter 8, 
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star polymers with high functionality are more effective osmotic compressors so that the 

most significant shrinkage effect is associated with the 212-67k stars. As in the case of 

the pure components shown in figure 10.12, screened excluded volume interaction 

reflect in the weak temperature effect on the rheological response. 

Figure 10.15. Linear viscoelastic spectrum in terms of G′ (solid symbols) and G″ (open 

symbols) as functions of frequency for A) the pure components and B) their mixture. The mass 

fraction of the two components is fixed, whereas the temperature is varied. Weak temperature 

effect observable. 

10.2. Conclusions 

Star polymers with different molecular structure (or softness), and their mixtures have 

been investigated rheologically in a thermal solvent. Whereas the effect of increasing 

the volume fraction of a star polymer suspension by thermal swelling has been already 

assessed in the past, much less is known about star polymer mixtures where both 

entropic and enthalpic effects are present. Starting from the pure components, it has 

been shown that stars lead to an arrested state in a different way depending on the 

softness. While star polymers with more hard-like behavior (362-24k) display a nearly 

abrupt glass transition à-la hard-sphere while increasing temperature (volume fraction), 

212-67k stars exhibited a gel-like behavior before undergoing a liquid-to-solid 

transition. A generic state diagram embracing systems with different softness was 

proposed in terms of the thermal dependence of the excluded volume parameter as a 

function of the effective volume fraction.  
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Interestingly, when the same volume fraction for the pure components is reached 

either by thermal-swelling or increasing the mass fraction, the rheological response 

differs significantly. In other words, when a certain volume fraction is reached at low 

temperature but with larger mass fraction, the moduli reflect a tighter particle 

arrangement and slower dynamics, whereas when the same volume fraction is achieved 

by increasing the temperature of a lower mass fraction suspension the opposite occurs: 

lower moduli with much faster dynamics. The reason lies on the fact that, by changing 

the temperature, the solvency conditions vary as well as the softness of the particles. In 

fact, at low temperatures, stars are more compact or harder so that the friction of the 

system increases and lead to a higher viscosity. 

The unique features of those pure star polymer suspensions were also reflected in their 

mixtures. By fixing the mass fraction of one component (212-67k) in the glassy state, 

mixtures at various mass fractions of soft smaller components were investigated. In the 

first case the soft additive is added as a very weak viscoelastic liquid. The resulting 

mixture reflects the melting of the initial glass formed by the large stars and a strong 

time-dependent response which eventually leads to a solid-like response at low 

frequencies; this state was assigned to a percolated network. In the second case the mass 

fraction of the smaller colloids is larger although the state of the pure component is still 

that of a viscoelastic liquid. The melting of the glassy state is confirmed. On the 

contrary, the dynamics of the resulting mixture reflects Rouse-like behavior. In the latter 

case, the individual components are separately in an arrested state and their mixture also 

exhibit a solid-like behavior with higher moduli values. This resulting state was 

assigned to an asymmetric glass where both components are arrested and strongly 

interpenetrated given the weak thermal effect exhibited.  

The yet largely unexplored realm of star polymer mixtures in thermal solvent is 

extremely effective in changing the rheological properties of soft colloidal dispersions 

with unique temperature and time-dependent features that would not be possible to 

achieve with pure component systems (see for example the solid-like behavior of 

Mixture I at low frequencies). From a more fundamental perspective, this work lays the 

basis for a better understanding of the interplay between softness, volume fraction and 

solvency conditions on the rheological response. To conclude, the yielding mechanism 
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of such mixtures has not been explored yet and it is thought to be very intriguing as a 

future work.  
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Chapter 11 

STRESS RELAXATION IN SYMMETRIC RING-LINEAR 

POLYMER BLENDS IN THE LIMIT OF LOW RING 

FRACTIONS  

11.1. Introduction 

The importance of constraint release (CR) processes in the dynamics of polymer melts 

has been the subject of extensive investigations over the years and several models have 

been proposed.1–12 The idea of CR was first considered by Daoud and de Gennes,10 

assuming a Rouse-like motion of the tube where the generic chain in an entangled 

polymer melt is confined. Subsequently, Rubinstein and Colby7 accounted for tube 

length fluctuations and refined the previous model by considering the generic tube as a 

Rouse chain with a distribution of bead mobilities, therefore having a constraint release 

rate distribution. The prediction of such a self-consistent model resulted in good 

agreement with experiments on binary blends.7  

By using ideas put forward by Rubinstein and Colby,7 des Cloizeaux13 and 

Tsenoglou14 simplified their original model and introduced the concept of double 

reptation which proved simpler to apply for modeling the stress relaxation dynamics of 

binary blends of linear polymer chains. 

It was shown theoretically15 and confirmed experimentally16 that the diffusion of long 

linear polymers in a matrix of shorter homopolymers is affected by CR only when the 

size asymmetry of chains of such a bidisperse mixture is large. In principle the effect of 

constraint release on the stress relaxation is present even in monodisperse systems 

(although it is weak compared to polydisperse polymers).15  

While the effect of polydispersity on CR has been extensively investigated in simple 

linear polymer melts, the effect of different polymer architectures remains an 

outstanding problem.17 One of the most intriguing blend systems involves linear and 

cyclic (ring) homopolymers in molten state.18–24 There are two limits in such a blend: 

low and high fractions of linear chains. The former case, especially at very low 
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fractions, corresponds to the so-called contamination regime, which is unavoidable 

during synthesis of ring polymers when some linear chains remain unlinked. As a 

matter of fact, the issue of contamination represented a hot topic in the past three 

decades as well as one of the main cause of several discrepancies between experiments, 

theory, and simulations.25–30 Only with the advent of advanced purification methods 

(liquid chromatography at critical condition)31 pure ring polymers were obtained. 

Kapnistos et al.32 have reported an experimental investigation of the rheological 

behavior of experimentally pure entangled polystyrene ring polymers and their blends 

with controlled linear polymer fraction. They found a power-law stress relaxation for 

the pure ring polymer (no entanglement plateau), an extreme sensitivity of linear 

viscoelastic response of the presence of traces of linear chains, and a non-monotonic 

dependence of blend viscosity on the fraction of linear chains. In particular, adding 

small amounts of rings to linear matrices resulted in an increase of viscosity above that 

of the matrix, an effect attributed to the entropic penetration of rings by the linear 

chains. The latter, by means of multiple ring penetrations can form a transient network 

where rings act as bridges for the linear chains that percolate throughout the sample.32 

Given the issue of penetration, recent experimental and simulation  investigations on 

ring-linear blends involved large ring fractions.23,28,32,33 The viscosity increase in the 

other limit is also intriguing for two reasons: first, it is a challenge to fundamentally 

understand this increase in a blend without specific interactions other than topological 

(entropic). Second, it can be used as a way to tailor the flow of composites and design 

such systems at wish. In addition to the unique features mentioned above, it is worth 

noting that very recently ring polymers have been proposed as more effective depletants 

than their linear counterparts. In fact, simulations34 on ring polymer solutions have 

shown that the interaction energies between the center of mass of a ring polymer and a 

planar and impenetrable wall is much higher in comparison to the case of linear chains 

with the same number of monomers. The origin of such phenomenon was attributed to 

the effective ring-ring interaction caused by their unique topological arrangement. Thus, 

new routes for tailoring the properties of colloidal mixtures are expected soon. Whereas 

this does not apply in a straightforward way to the ring-linear melts considered here 



 

 

 

 

330 

(and with size ratio close to 1), the possible link is potentially interesting. Here, we shall 

focus on the melt properties. 

In this work the stress relaxation dynamics of linear polystyrene polymer melts upon 

addition of experimentally pure ring homopolymers with the same molar mass, are 

investigated. The ring polymer concentration regime was kept reasonably low (below 

2.5c*) in order to minimize ring-ring interactions. A simple, yet rigorous, model along 

the lines of the self-consistent CR theory of Rubinstein and Colby7 was developed in 

order to describe the relaxation modulus of such symmetric homopolymer blends in the 

limit of small ring polymer fractions. The relaxation modulus as well as the zero-shear 

viscosity were well predicted by the model for five different ring fractions by only using 

one fitting parameter. These results constitute an important step forward in the 

understanding of the physics of polymer blends beyond the simple case of pure linear 

chains.  

 

11.2. Results and discussion 

11.2.1. Experimental measurements 

In figure 11.1A master curves of G' and G" as functions of frequency are shown for 

the pure components, ring and linear polymers, and blends at different ring mass 

fractions. The reference temperature for the master curves is 150°C for both pure 

components and blends: this guarantees iso-friction conditions as no variation of the 

glass transition temperature was observed for the pure components (see Chapter 2). In 

fact, the data in the high-frequency region, which probes the segmental dynamics, 

superimpose well data for all samples. The horizontal (aT) and vertical (bT) shift factors 

of the master curves are reported in figure 11.1B. All the investigated systems exhibited 

the same horizontal shift factors and the values of the WLF constants are consistent 

with other experimental works on polystyrene melts38 and reported in the same figure. 

The vertical shift factor was calculated according to the following expression for the 

density variation of pure polystyrene with temperature: 𝜌(𝑇) = 1.2503 − 6.05 ×

10−4(273.15 + 𝑇)  in g/cm3.39  
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Figure 11.1. A) Master curves of the frequency dependence of G′ (solid symbols) and G″ (open 

symbols) for the pure polymers and blends at different ring mass fractions. The reference 

temperature is 150 C. Black arrows represent the characteristic reptation (L) and entanglement 

(e) times estimated as the moduli crossover at low and high frequency respectively. B) 

Horizontal (left-hand y-axis) and vertical (right-hand y-axis) shift factors. Red line represents 

the WLF fit and the constants at 150C are reported in the plot. Note: master curves in panel A 

refer to a range of temperature from 130°C to 160°C. 

11.2.2. Modelling the stress relaxation modulus  

We start by considering the mechanisms involved in the stress relaxation process of 

simple entangled linear polymer melts. Established theories for linear dynamics of 

linear polymer melts7,11 are based on the tube model,40  topological constraint 

dynamics41–50 and Rouse modes.11,15 On a length scale smaller than the tube diameter,15 

entanglements are not involved in the relaxation process and the dynamics resemble 
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those of unentangled linear polymer chains well-described by the Rouse model.15 These 

fast Rouse relaxation modes can be expressed by equation 11.1, where R is the Rouse 

time expressed as R=eZ
2, and e is the relaxation time of a polymer strand between two 

entanglements, Z is the number of entanglements per chain, and Ge is the plateau 

modulus corresponding to e. The longitudinal stress relaxation mode can be defined in 

an analogous way as the fast Rouse mode (equation 11.2). The latter contribution was 

addressed by Milner and McLeish51 and originates from the fact that because different 

tube segments before deformation are oriented differently, they also stretch differently, 

hence, after the deformation a redistribution of monomers along the tube takes place. It 

was shown11 that this relaxation mode contributes for the relaxation of 1/5 of the total 

stress stored in the tube. Both above-mentioned contributions are active for relaxation 

times up to the Rouse time of the chain (R). Note that the glassy dynamics at high 

frequencies is not considered in the present model.  

At the Rouse time of an entanglement strand e, a generic chain experiences the 

topological constraints exerted by the neighboring chains and it relaxes stresses through 

reptation and contour length fluctuations (CLF).15,52,53 CLF is the process of 

displacement of chain ends in the tube at times faster than R. In addition, a multi-chain 

contribution to the stress relaxation is also present and can be expressed as the 

constraint release (CR).15 The origin of such an additional relaxation mechanism lies on 

the fact that the constraints of a particular chain are affected by the motion of the 

neighboring chains. The motion of the surrounding chains results in the release of some 

entanglements of a given chain, while new entanglements are formed, thereby changing 

the conformation of the tube of the chain. 

Those three contributions can be expressed according to the self-consistent theory 

developed by Rubinstein and Colby7 and it bases on the duality principle that implies 

that the rates of relaxation by single chain motions (reptation and CLF) are equal to the 

rates of constraint release events between this chain and its neighbors.  

The stress relaxation function for reptation and CLF is presented in equation 11.37 

where P(𝜖) represents the spectrum of relaxation rates that gives the fraction of 

entanglements released at a rate 𝜖 due to reptation and CLF (equation 11.4). Due to the 
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duality concept, it also describes the rate of CR events. L represents the reptation time 

of the linear polymer chains, N is the total number of monomers per chain, and  is a 

model parameter. 

The entanglements of a given chain do not all relax at the same rate: there will be 

some entanglements close the ends which relax faster and some far from the ends which 

relax slower. For such a reason the CR term can be modelled by a Rouse chain with 

random bead mobilities with the probability distribution of mobilities given by the 

spectrum of relaxation rates P(𝜖). This spectrum of relaxation rates is presented in 

Equation 11.4 with function M(𝜖) in the form 𝑀(𝜖) = 1/(1 + 𝐶1𝜖
−𝛽1 + 𝐶2𝜖

−𝛽2) where 

C1=0.15+12N-0.7, C2=4.6+2000N-2.1, 1=0.14+0.27N-0.27, 2=0.78+2.4N-0.9 as reported in 

reference.7 
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The segmental dynamics of the rings and linear polymers is the same and the 

segmental dynamics of the melt does not change with addition of rings to linear matrix. 

The long-time dynamics of blends are affected by addition of even low fractions of ring 

polymer to linear polymer melts. Ring polymers added at low fractions are penetrated 

and entangled by linear chains and relax through constraint release driven by the 

reptation and CLF motion of these chains. They relax stresses after polymer chains 

undergo tube renewal. The ring polymers contribution to the relaxation modulus is 

presented in equation 11.6. The first term in square brackets in this expression is a 

simple approximation of Rouse constraint release motion of the tube of rings with the 

rate controlled by the reptation time L of the linear chains. The second term in square 

brackets is the exponential cut-off of this constraint release process of rings containing 

𝑁𝑅 𝑁𝑒⁄  entanglements using “coherent” constraint release model (equation 11.7). The 

dependence of this characteristic cut-off time on the number of entanglements is though 

weaker than the simple CR. The reason for this effect is that the same linear chain 

overlapping with a given ring entangles with it √𝑁𝑅 𝑁𝑒⁄  times. Thus as this chain 

reptates away, it releases not one, but all √𝑁𝑅 𝑁𝑒⁄  its entanglements with this ring. This 

implies that multiple constraint release events occur during reputation time 𝜏 of this 

chain and therefore the characteristic time of each such constraint release event is 

shorter than 𝜏  by factor √𝑁𝑅 𝑁𝑒⁄ . Such coherence of constraint release reduces the 

relaxation time of the ring entangled with linear chains by this factor √𝑁𝑅 𝑁𝑒⁄  from the 

ordinary Rouse constraint prediction, thus resulting in equation 11.7.   
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Once the ring polymer contribution is defined, it is possible to express the relaxation 

modulus of the blend as a function of the linear chain and ring polymer contributions as 

well as the ring mass fraction 𝜙𝑅:15 

𝐺(𝑡) = 𝐺𝐿𝑖𝑛𝑒𝑎𝑟 𝑐ℎ𝑎𝑖𝑛(𝑡)(1 − 𝜙𝑅) + 𝜙𝑅𝐺𝑅(𝑡) (11.8) 

 

This expression can be re-written by explicitly representing corresponding terms: 

𝐺(𝑡) = 𝐺𝐹𝑎𝑠𝑡 𝑅𝑜𝑢𝑠𝑒(𝑡) + 𝐺𝐿𝑜𝑛𝑔(𝑡) + [(1 − 𝜙𝑅)𝐺𝑒𝜇(𝑡)𝑅(𝑡) + 𝜙𝑅𝐺𝑅(𝑡)] (11.9) 

 

The viscosity of the blend can be expressed in the analogous way with the linear chain 

contribution reduced by 1-ϕR and with and addition of ring contribution. Note that the 

reduction of linear contribution to viscosity is expected to be smaller than the increase 

in viscosity due to the rings contribution, as it will be discussed in the next section. A 

simple way to estimate the zero-shear viscosity for both precursor and blends at 

different ring mass fractions is to integrate the stress relaxation modulus as 휂0 =

∫ 𝐺(𝑡)𝑑𝑡
𝜏

0
.  

11.2.3. Comparison the phenomenological model with 

experiments  

The result of the theoretical prediction for the linear precursor and blends in terms of 

G(t) is shown in figure 11.2 along with the experimental results (transformed into G(t) 

representation). The experimental relaxation modulus was obtained through conversion 

of the dynamic data showed in figure 11.1A by using Schwarzl method.54 The 

theoretical prediction for pure ring polymer melt and the corresponding data are not 

shown as the corresponding theoretical description goes beyond the scope of the present 

work and has been already discussed in previous publications32,33,55,56. The procedure 

used to model the stress relaxation modulus is described in detail below. The first step is 

to estimate reptation time L and entanglement time e as the reciprocal frequencies of 

the low and high frequency intersections of storage and loss moduli respectively (see 
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figure 11.1A). Values are =L= 14 s and e = 0.002 s (also reported in table 11.1). The 

second step is to fit the linear precursor stress relaxation function using equation 11.9 

with R=0 and with a single fitting parameter , using experimentally determined 

reptation time. The optimized curve was found with =2.13 (see black line in figure 

11.2). Previous experimental results on two polybutadiene linear chain systems with 

molar masses 355,000 g/mol and 70,900 g/mol reported =1.8 as a best fit parameter,7 

which is very close to the one reported in this work. The value of  was also kept for the 

blends, therefore, once the parameters were fixed, only the ring fraction in equation 11.9 

was changed. The predictions of the phenomenological model for linear-ring blends are 

compared with experimentally measured stress relaxation functions for five blends with 

weight fractions of rings varying from 5% to 30%. The data are shifted vertically for 

clarity of presentation. The reference is the precursor, and the arbitrary shift factor  

takes values 3, 8, 20, 50 300 with increasing ring fraction. In order to measure how well 

the observed outcomes are replicated by the model, the coefficient of determination R2 

(equation 11.10) was calculated for all the data-sets and reported in figure 11.2. 

 
R2 = 1 −

∑ (𝑦𝑖 − 𝑓𝑖)
2

𝑖

∑ (𝑦𝑖 − �̅�)2𝑖
 (11.10) 

where yi represents the ith experimental value, fi the predicted one and �̅� the mean 

experimental value. The predicted values display at most an error of the 8% (only for 

the case of ϕL=0.95) compared to the observed data. For the pure linear polymer 

precursor, the difference results even less than 2%. Hence, this constraint release model 

for linear-ring polymer blends describes well the experimental data for 5 blend fractions 

(above 0.6 in linear) with only one (the same) fit parameter. 

The viscosity of the blends is shown in figure 11.3 in terms of specific viscosity 

defined as 
𝜂𝐵𝑙𝑒𝑛𝑑

𝜂𝐿𝑖𝑛𝑒𝑎𝑟
− 1 as a function of the ring polymer mass fraction along with the 

predicted values (green points). Such a representation shows three important findings: 

1) a relatively small fraction of ring polymer (nearly 20% in weight) can almost double 

the viscosity of the blend, 2) the trend is non-monotonic with the ring fraction, and 3) 

the predicted values resulted in very good agreement with the experimentally measured 
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viscosity. The standard deviation R2 in this case is 0.82, suggesting a very good 

agreement with the experimental data (less than 20% error). A conjecture for the 

increase of the viscosity of the blends was attributed to the entropically driven 

penetration of rings by the linear chains32 confirmed also by molecular dynamic 

simulations.28,29,57 The fact that linear chains relax at the entanglement lifetime which 

rings relax at much longer time as given by the constraint release process of eq.11.7 

explains the enhanced rheological response of such blends. Nevertheless, as soon as the 

mass fraction approaches that of pure ring polymers, the specific viscosity assumes 

negative values as the viscosity of a pure ring polymer melt is far lower than its linear 

polymer precursor.  
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Figure 11.2. Relaxation modulus for the linear chain precursor. The reference temperature is 

150°C. Black arrows indicate respectively the entanglement time (e), Rouse time (R) and 

reptation time (L) of the linear polymer precursor. R2 values are also reported in the plot. 
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Figure 11.3. Specific viscosity as a function of ring mass fraction. Experimental points (black 

circles) are reported along with model predictions (green squares). Dotted black line is a guide 

for the eye. The vertical dashed red line indicates the overlap ring fraction calculated as 

c*/= where = g/cm3 is the polystyrene density and 𝑐∗ = 3𝑀𝑤/

[4𝜋𝑁𝐴(√𝑐∞(
𝑀𝑤

2
)/6)3]. Where 𝑁𝐴 is the Avogadro number, Mw the weight-average molar mass 

and the Flory characteristic ratio 𝑐∞ is equal to 𝑐∞ = 0.0047nm2 mol g-1.58 

Table 11.1. summarizes the main molecular characteristics of polystyrene (from 

literature, synthesis and rheological measurements) used here. All the characteristic 

times refer to the linear polymer precursor at a reference temperature Tref= 150°C.  
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Table 11.2. Molecular characteristics and relaxation times. 

Symbol Description 

M0=720 g/mol Molar mass of a Kuhn monomer 

Me= 17,500 g/mol Molar mass of an entanglement strand 

Mw= 185,000 g/mol Weight-average molar mass 

b= 1.8 nm Kuhn monomer length 

Ge= 2x105 Pa Plateau modulus  

e=0.002 s Rouse time of an entanglement strand 

R = 0.22 s Rouse time of the linear precursor 

L = 14 s Reptation or disentanglement time of the linear precursor 

=we= Number of entanglements 

 

 

 

 

11.3. Conclusions 

We have combined linear viscoelastic measurements and modeling in order to explore 

the dynamics of symmetric linear-ring polymer blends in the high-linear faction regime. 

Linear polymer melts display unique rheological properties when small amounts (below 

0.4) of ring polymers with identical molar mass are added. Even though viscosity and 

relaxation time of pure ring melt is lower than that of linear chains melt, the terminal 

relaxation time and the zero-shear viscosity of the investigated ring-linear blends 

increase above the values for pure linear melts with increasing ring fraction. The 

viscosity of the blends is higher than that or pure polymer chains, and its enhancement 

nearly reaches a factor of 2. Remarkably, the overall trend of the viscosity with the ring 

fraction is non-monotonic. The origin of this phenomenon lies on the threading of ring 

polymers by linear chains and the associated constraint release processes. In addition to 

the well-known relaxation processes for entangled linear polymer chains, a slower 

process is present in the blends: the coherent constraint release of the rings driven by the 

reptation of the linear chains. We have used the self-consistent theory proposed by 

Rubinstein and Colby for pure linear polymer chains and a simplistic Rouse model with 

a single time to treat the constraint release of rings. The model, which is appropriate for 

the regime of high linear fractions (above 0.6) predicts the G(t) and viscosity of 5 blend 

fractions, starting from the pure linear matrix, with only one fitting parameter. The latter 
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was optimized for the linear precursor and kept constant for all the blends for 

consistency.  

The results of this work provide two important messages: i) a new successful self-

consistent theory was developed for polymer blends involving a different molecular 

architecture, overcoming the current state of the art, which refers to the simplest case of 

linear polymer chains. ii) It is possible to enhance the viscosity, and simultaneously the 

structural relaxation time of polymer melts just by adding small fraction of ring 

polymers. This finding contributes toward the development of a generic picture of 

polymer blend dynamics and suggests ways for tailoring the rheology of polymer melts. 
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Chapter 12 

CONCLUSIONS AND RECOMMENDATIONS 

The hybrid nature of soft colloids represents a powerful means to tailor the flow 

properties of suspensions and melts. Various control parameters have been explored as 

means to vary the mechanical properties of such systems in order to meet the 

requirements of daily-life goods, which become more and more challenging. This PhD 

thesis provides new key strategies to manipulate the rheology of soft composite 

materials by means of additives (mixtures/blends) and design materials with specific 

properties by using the shape of the colloid as a tunable parameter. In the former case it 

has been demonstrated that the state of a soft colloidal suspension, as well as its 

rheological properties, can be precisely controlled by adding a second component to the 

suspension or using the temperature to change the solvency conditions, hence, the flow 

behavior. Depending on the internal microstructure of the additive or the investigated 

temperature, different characteristics of the suspension can be achieved. These results 

contribute significantly to the state of the art of soft colloidal mixtures, providing new 

elements for a generic state diagram. The concept of mixing can also be extended to 

molten polymers. In fact, it has been demonstrated that it is possible to induce important 

changes in rheological behavior of entangled linear polymer chains by adding a small 

fraction of cyclic polymers with the same chemistry and molar mass. Whereas this 

finding has a strong impact on material properties, at the same time it represents a 

fundamental challenge in polymer physics as the manipulation of the entanglement 

dynamics by means of ring polymers was yet unexplored. A self-consistent model to 

predict the stress relaxation dynamics of such blends has been developed and tested 

with experimental results. 

Most of the investigated soft colloids refer to spherical systems. The reason is simple: 

they are easy to synthesize, model and simulate. However, this work demonstrates that 

using systems with different shape or degree of anisotropy opens new routes for 

material design. Firstly, the structural relaxation time and elasticity of the system can be 

controlled independently just by changing the shape of the colloid, which is not 
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straightforward with spherical systems. Second, because of the different particle 

arrangement and presence of mesophases, anisotropic systems exhibit a much more 

sensitive concentration dependence of their dynamic properties. The latter can certainly 

represent an advantage over the spherical counterparts. Although this research project 

involved only fundamental studies at this stage, it is possible to envisage applications. 

For instance, the dispersion of nanoparticles in a polymer matrix, generating polymer 

nanocomposites, represents a powerful method to improve properties of materials such 

as electrical conductivity, rheological and thermal properties. The polymer-particle 

interactions and particle spatial distribution are the key elements for ultimate desired 

materials. In this respect, anisotropic systems would certainly represent good candidates 

to explore. As a matter of fact, anisotropic systems may also be involved in many other 

applications such as separation membranes, food industry, cosmetics, oil industry et  

Take home messages and future perspectives for all the chapters are summarize 

below.. In chapter 3, it is demonstrated that the star polymer potential has limitations in 

capturing the dynamics of spherical di-block copolymer micelles. To this end, a 

modified brush interaction potential was used allowing to obtain a reasonably good 

agreement with experimental data. It is worth testing this potential with different 

systems and understand better its range of applicability, with the ultimate goal of 

identifying the differences between star polymers and grafted spheres.  

Self-suspended polymer-grafted nanoparticles were investigated in Chapter 4. In this 

case the softness is tailored by keeping constant both core size and grafting density and 

increasing the degree of polymerization of the tethered chains. The rheological response 

of these systems exhibited a broad relaxation spectrum where the colloidal and 

polymeric responses could be discerned as they are characterized by different time and 

length scales. A simple yet approximate brush conformation model was developed in 

order to quantify the polymeric and the colloidal response. Indeed, the latter model 

allowed us to shed light on both the liquid-to-solid transition upon decreasing the arm 

length and the portion of the grafted chain that can interdigitate with those of the 

neighbouring particles. Branch-on-Branch and Mode Coupling Theory models were 

used to predict the mechanical spectra resulting in very good agreement with the 

experimental data. Exploring the possible universalities of behaviour by comparing with 
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other systems and different grafting densities, as well as investigating the nonlinear 

shear response, represent challenging tasks for the future. 

In addition to the already established set of control parameters to tune the mechanical 

properties of colloidal systems (internal microstructure via functionality and molar mass 

of the arms, grafting density, depletion effects, temperature and concentration), we have 

also addressed the role of particle shape as an alternative route for materials design. In 

chapter 5 we investigated the structural and dynamic properties of short and soft 

nanocylinders, where softness is associated to the presence of the polymeric shell, akin 

to grafted spheres. Indeed, “short” and “soft” represent the two key parameters of this 

work. Short cylinders are known to exhibit a complex phase diagram destabilizing 

crystalline phases and promoting mesophases where particles get arrested in domains. 

On the other hand, the presence of a polymeric shell has a significant impact, especially 

on the dynamics of suspensions in the concentrated regime. We show in Chapter 4 that 

the interplay between aspect ratio and softness leads to a multi-domain arrangement 

with distinct colloidal and polymeric responses. Comparison with the spherical 

counterparts (spheres investigated in Chapter 3) reveals that cylinders, at the same mass 

fraction, exhibit higher moduli values as an effect of a larger volume fraction.  A 

systematic investigation of soft nanocylinders with different aspect ratios should reveal 

potentially interesting rheology and clarify the liquid-to-solid (glass) transition. 

In Chapter 6 we compare the linear and nonlinear viscoelastic response of soft 

spheres, cylinders and lamellae. Note that, all three systems have the same chemistry, 

arm molar mass and similar grafting density. Altering the shape of the systems provided 

new and unique features. For instance, the elasticity and the terminal relaxation time can 

be varied independently by simply varying the core shape. Moving from spheres to 

lamellae at the same mass fraction, would allow to have the same relaxation time but 

different elasticity (by more than one order of magnitude). Moreover, depending on the 

concentration, cylinders compared to spheres exhibit either same elasticity and yield 

stress but faster dynamics, or higher elasticity, yield stress and slower dynamics. 

Similarities and differences between anisotropic and spherical particles were also 

pointed out and generalized diagrams were also proposed. The emerging picture is still 

incomplete and more efforts are needed in order to include also the effects of attractive 
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interactions (e.g. gels). Nonetheless, the main ingredients for a material property “recipe 

book” are in place. Shape definitely affects the rheological response and is an effective 

control parameter for the flow properties of suspensions. An interesting future challenge 

is the investigation of mixtures, say spherical and cylindrical particles. Many clays are 

mixtures of different shapes. Osmotic pressure could be introduced via size asymmetry 

or the use of small non-adsorbing polymers as depletants. 

Mixing also represents effective ploy to obtain large mechanical property variations 

by means of small stimuli, i.e. the incorporation of additives of different internal 

microstructure. In chapter 7 star-hard sphere mixtures were found to exhibit a rich state 

diagram as a result of shrinking, depletion and caging effects. The various solid states 

encountered upon addition of small hard spheres displayed significant differences in the 

nonlinear shear behaviour. Different yield stress, yield strain and residual stresses were 

found. In Chapter 8 and 9 we discuss two different aspects of symmetric star-linear 

homopolymer mixtures. In the former we focused on the relaxation dynamics of linear 

chains whose motions were constrained by the presence of a glassy state formed by the 

stars. Whereas at low linear chain fractions their dynamics were slower (confined) 

compared to the star-free conditions, at larger fractions they recovered their bulk 

dynamics as a result of osmotic shrinkage exerted by the linear polymer chains on the 

stars. On another hand, starting from star polymer solutions below their overlap 

concentration it was possible to dynamically arrest them upon addition of small amount 

of linear chains. Such a peculiar phenomenon was assigned to depletion effects were the 

characteristic lengths are represented by the hydrodynamic star ratio and the mesh size 

characterizing the polymeric network. The presence of attraction promoted by depletion 

effects resulted in a critical gel-like behaviour was observed as well. In order to 

highlight the role on the interactions between star arms and linear polymers would be 

interesting to star-based mixtures with a symmetric yet entropic mixture of hard spheres 

and linear chains. Making the stars attractive (for example by telechelic 

functionalization of the arms) is a promising new direction; the addition of an extra 

parameter (attraction) offers more versatility in terms of tailoring the flow properties of 

dense suspensions. Extensional deformation of such soft colloidal glasses and the 

possible shear banding instabilities (by means of velocity profile measurements) 
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represent yet another challenge. Moreover, binary mixtures of non-spherical particles, 

say soft and hard nanocylinders of same of different size, are worth studying.  

In Chapter 10 nearly asymmetric star-star polymer mixtures were investigated in a 

thermal solvent. After having built the state diagram of the individual stars as function 

of temperature and mass fraction, their mixtures were also studied. As most of the 

works on mixtures involve athermal conditions, this chapter should be considered as the 

stepping stone for future investigations on soft colloids in a tunable thermal solvent. 

Starting from a star suspension in the glassy state, three different regimes were reached 

just by changing the concentration of the additives ranging from a weak viscoelastic 

liquid to a glass: i) percolated network, ii) viscoelastic liquid, iii) asymmetric glass. The 

temperature plays an important role on the properties of the mixture. In fact, as the 

temperature increases, solvency conditions improve, the particles swell and the 

rheological response exhibit a thermoreversible solid-like response at low frequencies 

which is strongly dependent on time. Extending these studies to different mixtures (say 

use linear polymers as depletant) and to nonlinear rheology is a worthy task. 

Finally, in Chapter 11 we developed a theoretical model in the frame of the polymer 

physics in order to predict the relaxation dynamics of symmetric linear-ring polymer 

blends at low mass fraction of rings. Theoretical predictions and experimental data were 

found to be in very good agreement. In addition to the well-known stress relaxation 

modes of entangled linear polymers, the presence of the rings adds an additional 

relaxation mode: the constraint release of rings driven by the reptating motion of the 

chains. This can be seen as a hierarchical relaxation dynamic, similar to the polymeric 

and colloidal responses already investigated. The presence of the rings has a twofold 

consequence: i) slowing-down the dynamics and ii) increasing the viscosity. The latter 

can reach values which are much higher than those of pure linear chains and has a non-

monotonic behaviour with increasing the fraction of rings. In fact, pure ring polymers 

exhibit a much lower viscosity compared to the linear counterparts. Ring polymers 

emerged as a valid alternative to tailor the rheological properties of blends as well as 

more effective depletants compared to linear chains with the same molar mass. 

Combining their colloidal nature with the support of the polymer physics it is expected 

to see them involved in various works including suspensions and mixtures. Future 
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directions include the study of asymmetric ring-linear and binary ring mixtures, as well 

as nonlinear rheology. 

Further generic recommendations include the use of rheo-physics (mainly rheo-

SANS) would provide important information about the induced deformation and 

possible yielding of the soft composites investigated. Additional experimental efforts 

involve nonlinear shear and extensional rheology, as well as velocity profiles. In the 

glassy and jammed regimes (whether they are distinct or not needs to be investigated), 

one can take advantage of modern developments in order to study possible particle 

deformation/packing (for example, using viscosity-sensitive fluids). They include 

fluorescence super-resolution microscopy with soft particles with incorporated 

fluorescent groups. High-frequency rheometry of different grafted particles has not been 

explored and represents an outstanding challenge.  
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Appendix 3 

Dynamic and static light scattering experiments in the dilute regime (data shown in 

figure A3.1) allowed the estimation of the diffusion coefficient, hydrodynamic radius 

and radius of gyration. Note that extrapolations at concentration and scattering wave 

vector to zero are needed in order to get the above-mentioned quantities.  

 

Figure A3.1. A) Normalized electric field auto-correlation functions along with the relaxation 

time distribution at two different scattering angles (30° and 150°) and at 4.3 10-4 g/ml. B) 

Normalized scattering intensity (by the solvent) against the scattering wave vector q at the same 

concentration as in panel A. Intensities from dynamic light scattering measurements are also 

reported (solid black squares). Red solid line represents Guinier1 fit to extract the radius of 

gyration Rg as extrapolation to q=0. C) Concentration dependence of the diffusion coefficient. 

D) Concentration dependence of the radius of gyration. Red arrows indicate values extrapolated 

at C=0. 

The form factor obtained experimentally by means of SANS measurements. It is 

depicted in figure A3.2 and fitted without free parameters with the Perdersen and 

Gersterberg form factor for spherical block copolymer micelles.2 The radius of the core 
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was measured through imaging analysis of TEM images in dry state (one shown as an 

inset in figure A2.2). The thickness was roughly estimated as the difference between the 

hydrodynamic radius and the radius of the core and found to be 48.5nm. This value was 

considered more appropriate compared to the shell thickness calculated with the 

imaging analysis as solvency conditions are extremely important and need to be taken 

into account. From knowledge of the size of the core and the grafting density3 the 

aggregation number was estimated and amounted to 212. Good solvency conditions 

were also considered in the model. 
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Figure A3.2. Intensity against scattering wave vector q. Red line represents the fitting of the 

form factor with the Pedersen and Gerstenberg model.2 No free parameters used in the fitting. 

Main input parameters: radius of the core (13.5nm), shell thickness (15nm), aggregation number 

(212) and solvency conditions (good solvent). TEM image in dry state is shown in the inset.  

In figure A.3.3. the q dependence of the decay rate for the three modes detected is 

shown for different volume fractions: =0.46, =0.76, =1.26. The error bars refer to 

the estimation of the relaxation times with the CONTIN analysis. Within measurement 

error, the three modes are diffusive, as expected for cooperative, collective and self-
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diffusion.4,5 The intensity variation with volume fraction is shown in figure A3.4. The 

intensity of the cooperative mode experiences a significant abrupt drop with increasing 

concentration, followed by a plateau in the proximity of the non-ergodic state 

(0.76<1.26). Contrary to what it is expected for the polymeric cooperative motion, 

the I~−  dependence was not observed. An abrupt drop is also observed for the 

intensity of the self-diffusion mode, instead of the expected I~− dependence.4,6 

Finally, the collective motion exhibits a weak dependence of the intensity on volume 

fraction, as also observed in block copolymer micelles.7 The reason for such a 

discrepancy compared to the theoretical predictions can be ascribed to the narrow 

volume fraction range where the three modes are clearly detectable before the system 

undergoes non-ergodic, therefore the ergodic-to-non-ergodic transition does not occur 

smoothly allowing for a clear intensity dependence on volume fraction. 
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Figure A3.3. Decay rate as a function of the scattering wave vector at three different volume 

fractions: =0.46 (panel A), =0.76 (panel B) and =1.26 (panel C). Dashed black line indicates 

the slope of a diffusive process.  
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Figure A3.4. Volume fraction dependence of the normalized intensity extrapolated at q→0 (by 

the solvent) divided by the volume fraction.  

Figure A3.5 depicts the experimental normalized electric field auto-correlation 

functions of PGNPs in chloroform at a fixed scattering wave vector and different 

concentrations. The rationale behind the use of chloroform is to obtain a nearly 

isorefractive conditions between the core and the solvent and increase the shell-solvent 

contrast to make the cooperative mode more visible. The scattering wave vector 

dependence of the normalized intensity is reported in figure A3.6. As there was no need 

to examine several concentrations as in the case of toluene, only the q-dependence is 

shown. Besides the fraction =0.08 where only one process is observable and the 

intensity decreases with q, the two larger fractions =0.5 and =1.84 show an increase 

of the intensity with increasing the scattering wave vector.  
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Figure A3.5. Normalized electric field auto-correlation function at various volume fractions at a 

given q. In the right-hand y-axis the relaxation time distribution normalized by the volume is 

plotted. Dashed black lines and black dots guide the eye to the speed-up of the dynamics with 

volume fraction. Red lines represent CONTIN fitting curves.  
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Figure A3.6. Total normalized intensity (by the solvent) divided by the volume fraction against 

the scattering wave vector at various volume fractions.  

Simulations as well as experiments show three relaxation processes when the same 

Contin analysis is performed to the normalized electric field auto-correlation functions. 

The origin of the presence of a very fast process is totally different. Whereas in 

experiments it was shown that such a very fast mode relates to the cooperative diffusion 

of the linear polymer chains, coarse-grained simulations cannot sense this mode as there 

is no polymeric contribution taken into account. Nonetheless, the presence of a fast 

mode in simulations is attributed to polydispersity as it is shown in figure A3.7. Note 

that the polydispersity was introduced into the system in order to avoid crystallization 

and when this is reduced or removed the fastest process disappear and only the 

collective and self-diffusion are present.  

 



 

 

 

 

359 

 

Figure A3.7. Normalized electric field auto-correlation function from simulation along the 

relaxation time distribution divided by the volume fraction: polydispersity effect. When the 

polydispersity is not inserted in the system, a narrow and single fast process is shown.   

Figure A3.8 shows normalized electric field auto-correlation functions obtained by 

simulations using the star-polymer potential at various  and packing fractions along 

with the experimental results at =1.26. Unlike the brush potential, the star-polymer 

potential is not able to capture the experimental data. This figure though, demonstrates 

that changing  and  may not be sufficient to match the experimental results.  
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Figure A2.8. Normalized electric field auto-correlation function. Comparison between 

experiments at =1.26 and simulations with star-polymer potential at various  and packing 

fractions. No optimizing parameters were found.  

When the polydispersity is removed from the simulated systems, crystalline states are 

obtained, as discussed in Chapter 3. The figure below (figure A3.9) reports the static 

structure factors obtained at two different packing fractions.  
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Figure A3.9. Static structure factors from simulations by using the brush potential for two 

crystalline states.  

Figure A3.10 reports the temperature effect on both hydrodynamic radius and radius of 

gyration obtained in different solvents. Note that the PGNPs in DEP (investigated 

rheologically) exhibit a very weak dependence on the temperature; the particle swelling 

from 10 ⁰C to 60 ⁰C is estimated to be about 8%. 

 
Figure 3.10. Temperature dependence of the hydrodynamic radius and radius of gyration in 

different solvents. The dashed red line marks the athermal limit reached with the suspension in 

toluene.  
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Appendix 4 

Given the remarkable extension of the mechanical spectra in the high-frequency range 

(see figure 4.5 Chapter 4), well within the glassy state, the question whether differences 

between systems can be also observed in this regime is naturally addressed. The 

analysis of the glassy region focuses on the loss modulus. Havriliak-Negami (HN) fit1 

was used to calculate the maximum dissipation, the asymmetry of the curve (), the 

broadness of the peak () and a characteristic time (). The HN relaxation represents an 

empirical modification of the Debye relaxation, accounting for the asymmetry and 

broadness of a dispersion curve. In our case it has been adopted to fit the loss modulus 

in the glassy regime, by keeping the same formalism of its original expression2:  

 
𝐺𝐻𝑁
∗ (𝜔) = 𝐺∞ +

∆𝐺

(1 + (𝑖𝜔𝜏)𝛼)𝛽
 (A4.1) 

Which leads to 

 

𝐺𝐻𝑁
′ (𝜔) = 𝑛 [(1 + 2(𝜔𝜏)𝛼 cos (

𝜋𝛼

2
) + (𝜔𝜏)2𝛼)

−
𝛽
2
cos (𝛽𝜑)] (A4.2) 

 

 

𝐺𝐻𝑁
′′ (𝜔) = 𝑘 [(1 + 2(𝜔𝜏)𝛼 cos (

𝜋𝛼

2
) + (𝜔𝜏)2𝛼)

−
𝛽
2
sin (𝛽𝜑)] (A4.3) 

 

with 

 

𝜑 = arctan(
(𝜔𝜏)𝛼 sin (

𝜋𝛼
2 )

1 + (𝜔𝜏)𝛼 cos (
𝜋𝛼
2 )

) (A4.4) 

The peak at G″(max) is located at  
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𝜔𝑚𝑎𝑥 = (
sin (

𝜋𝛼
2(𝛽 + 1)

)

sin (
𝜋𝛼𝛽

2(𝛽 + 1)
)
)

1/𝛼

𝜏−1 (A4.5) 

Results in terms of loss modulus G″ vs shifted frequency are reported in figure A4.1 for 

some of the investigated samples in Chapter 4. Given the slight differences in Tg, 

resulted from dynamic mechanical tests, curves are shifted at the same distance from Tg 

(see Chapter 4). A clear increase of the loss modulus is observed with increasing the 

silica content in the system. The curve of the neat polymer whose molar mass is 95k 

displays the lowest values. Besides the differences in Tg among different systems, 

which in any case are taken into account, it is possible to observe a variation of the peak 

of the loss modulus both in magnitude and position as the silica content increases (or the 

grafted chains shorten). As a result of the HN analysis, the dependence of G″(max), , 

, and  on the silica volume fraction are reported in figure A4.2, A4.3, and A4.4 

respectively. G″(max) exhibits two different dependences on the silica fraction: i) for 

the neat polymer and for small silica fractions (<8%) a significant increase in the loss 

modulus is detected, ii) at the same volume fraction where the solid-to liquid transition 

was detected (see Chapter 4) a much weaker dependence can be observed. Actually, 

given the narrow range of value in the y-axis of figure A4.2 the weak increase of the 

G″(max) can be considered as a plateau. Interestingly, it seems that the discrimination 

between different degree of polymerization of the grafted-chains may be detected also 

in the glassy state, hence, at extremely fast deformation times. Nevertheless those times 

are compatible with the same time scales probed by permeability tests performed on the 

same systems.3 Less evident, albeit discernable, the broadness of the peak () (figure 

A4.3) seems to show a non-monotonic trend where the peak occurs at SiO2=0.08 (solid-

to-liquid transition). The relaxation time  assumes values very close to the Kuhn 

monomer time 0 (detected as the moduli crossover, see figure 4.5 in Chapter 4) at small 

silica fractions. Interestingly, above the fraction at which the transition was detected, an 

increase of this characteristic time can be observable. However, the reason for that does 

not appear to be straightforward. 
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In spite the lack of a clear rationale for the above findings, it is worth noticing the 

potentials offered by the high-frequency data in comparing the dynamics of glassy 

systems having the same grafting density, same core size but different degree of 

polymerization per grafted-chain. As a future perspective it would be interesting to 

compare and combine the above-mentioned findings with other experimental techniques 

such as gas permeability tests, given the importance of these systems for gas 

permeability.3 

Figure A4.6. Loss modulus G″ as a function of the shifted frequency. Red lined represent the 

HN fit (see text). Curves are shifted at the same distance from the glass transition temperature 
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Figure A4.7. Peak of loss modulus G″ as a function of silica fraction. Black dashed lines are a 

guide for the eye. Vertical black arrow indicates the solid-to-liquid transition detected at low 

frequency (see Chapter 3). Error bars from the fit are within symbols. 
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Figure A4.3. Peak broadness () and asymmetry () as functions of silica volume fraction. Red 

dashed line is a guide for the eye. 
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Figure A4.8. Relaxation time t from the HN fit against silica volume fraction. The relaxation 

time of a Kuhn monomer 0, estimated as the high-frequency moduli crossover, is also reported 

as a green dashed line.  

A table collecting all the fitting parameters is reported below.  

Table A4.1. HN fit parameters. 

System 
k 

[Pa] 
 

[s] 

 

[-] 

 

[-] 

Neat 95k 1.4 109 ±7.7 106 6.9 10-7±1.8 10-8 0.76±0.01 0.34±0.01 

170k 1.8 109±1.8 107 6.3 10-7±3.4 10-8 0.75±0.01 0.34±0.02 

94k 1.9 109±8.6 106 7.6 10-7±2.3 10-8 0.75±0.01 0.38±0.01 

48k 2.1 109±1.7 107 1 10-6±4.9 10-8 0.74±0.01 0.32±0.01 

33k 2.2 109±7.0 107 1.3 10-6±7.1 10-8 0.82±0.01 0.25±0.02 
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Appendix 5 

Data in the dilute regime (4x10-4 g/ml) are shown in figure A5.1. Correlation functions 

show only one decay process at different angles, from 30° to 150°. This is also 

confirmed quantitatively by the values of the stretched exponents found through the 

Kohlrausch-Williams-Watts (KWW) stretched exponential fit function.1 The ratio 

between the decay rate  and the squared value of the scattered wave vector was found 

independent from the scattering wave vector, typical of diffusive motion, and equal to 

1x10-13 m2/s. 

 

Figure A5.1. Normalized electric field auto-correlation functions at six different scattering 

angles fitted with the Kohlrausch-Williams-Watts (KWW) stretched exponential function (red 

lines). The concentration is 4x10-4 g/ml (dilute regime). Stretched exponents have unit value. 

The inset shows the dependence of the ratio between the decay rate  and the squared value of 

the scattered wave vector on the scattering wave vector.  

The onset of the nonergodicity was monitored by means of dynamic light scattering 

experiments in toluene (figure A5.2). Fit with the KWW function provides the evolution 

of the broadness of the correlation functions with concentrations. A stretched exponent 



 

 

 

 

372 

equal to 0.5 coincides with the onset of nonergodicity as it was also observed in fd-

viruses.2  

 

Figure A5.2 Left panel) Normalized electric field auto-correlation functions of cylindrical 

particles in toluene at different concentrations and at a scattering wave vector equal to 

0.021nm1. Red solid lined represent fitting curves with a stretched exponential function. Right 

Panel) Concentration dependence of the stretched exponent  

For grafted cylinders where the core radius is much larger than the size of a monomer 

but smaller than the shell thickness, Binder et al.3 proposed the following relation to 

roughly estimate the shell thickness in good solvency conditions: 

 ℎ = 𝑎𝑏(𝜎𝑏2)0.259(M𝑛/M0)
0.74 (A5.1) 

 

where  is the grafting density at the core, Mn and M0 being the molar masses of the 

grafted chain (111 kg/mol) and Kuhn monomer (0.720 kg/mol4), whereas b is the Kuhn 

monomer size (b=1.8 nm4) and a is a proportionality constant which for simplicity is 

assumed equal to 1. Equation A5.1 yields a value of 56 nm. 

 

Figure A5.3 depicts the Transmission Electron Microscopy (TEM) and cryo-TEM 

Images of the investigated systems. Indeed, TEM images where used to estimate the 

average particle length and its polydispersity. The image analysis was performed on 

several images and only some typical results are shown in figure A5.3. Cryo-TEM at 

0.01 g/ml in DEP is reported as well to probe that systems are also stable in solution 
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keeping their cylindrical shape and arranging into domains with no prevalent 

orientational direction.  

 

Figure A5.3. a-c) Transmission Electron Spectroscopy (TEM) images at 3 different 

magnification. In panel c a single particle with detectable core-shell contrast is observable. d) 

Cryo-TEM image of cylinders in DEP at 0.01 g/ml.  

Figure A5.4 shows the form factor of the cylinders obtained by combining different 

scattering techniques. The intensity is normalized by that of the solvent (toluene in this 

case) and divided by the concentration. The high-q region, whose length scale (2/q) is 

compatible with the shell, is characterized by a slope of -2 which is reminiscent of 

Gaussian chains in good solvent with screened excluded volume interactions, whereas 

the slope -1 indicates the expected intensity dependence for one dimensional object.1 

Data points have been fitted with a form factor for core-shell cylinders implemented in 

the open source SASfit (https://sourceforge.net/projects/sasfit/) developed by Joachim 

Kohlbrecher (see red solid line in figure A5.4). Fitting parameters were: radius of the 

core, grafting density, length, radius of gyration of the grafted chain, solvency 

conditions and scattering length densities of core, solvent and shell. The length 

estimated through the analysis of TEM images (770 nm) was used for the fit, which 



 

 

 

 

374 

eventually provided reasonably well agreement between the model and the observed 

data.  

 

 
Figure A5.4. Form factor determined through static light (blue solid circles) and X-ray (green 

and black circles) scattering experiments. Solid red lines shows the core-shell model fit for 

cylindrical particles. Slopes -1 and -2 indicate the expected I(q) scaling for rigid rods and 

Gaussian chains, respectively. 

X-ray measurements performed on the self-assembly film5 and shown in figure A5.5 

display structural peaks compatible with a hexagonal crystalline structure. The dynamic 

moduli reported in the main text at C=0.76 g/ml exhibit a 1/3 slope against frequency, 

which is expected for hexagonally packed cylinders.6 Nevertheless, the possibility of 

having such a pure crystalline state is rather small because of the non-negligible 

polydispersity in length of the investigated short cylinders. 
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Figure A5.5. X-ray scattering intensity of the self-assembly film in solvent-free conditions. 

Black arrows point peak positions of a hexagonal crystalline structure. 

Figure A5.6 shows creep compliances at different concentrations. Applied stresses go 

from 1 Pa for the lowest concentration (0.1 g/ml) to 50 Pa for the highest concentration 

(0.6 g/ml). Error bars are calculated through 3 different measurements at different 

stresses per concentration to ensure that the rheological response is within the linear 

viscoelastic regime. 
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Figure A5.6 Creep compliance against time at different concentrations: from 0.1 g/ml to 0.6 

g/ml.  

Finally, some preliminary numerical simulations performed by K. Silmore and J. Swan 

(MIT) are briefly discussed.  

Nanoparticles are formed by an ensemble of beads as depicted in figure A5.7  

 

Figure A5.7. Scheme of modeling of nanocylinders. 
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The polydispersity (PD) is defined as  

𝑃𝐷 =
𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒

𝑚𝑒𝑎𝑛2
+ 1 (A5.1)  

This is known from the experimental system and is equal to 1.3. Along the same lines, 

the average aspect ratio L/D is fixed to 6. A log-normal distribution of lengths is 

assumed as  

𝜇 = log(�̅�) − 0.5log (𝑃𝐷) (A5.2)  

where �̅� is the mean length. The distributions are reported in terms of aspect ratio and 

number of beads in figure A5.8. 

 

Figure 5.8. Lognormal distributions of particle aspect ratio and number of beads per 

nanocylinder. 

The interaction between particles is mimicked through a repulsive interaction potential 

with tunable softness parameter k as shown in the next set of equations.  

𝑈

𝑘𝐵𝑇
=
(𝐷 − 2𝑅𝑐)

𝑘

(𝑟 − 2𝑅𝑐)𝑘
 (A5.3)  
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with U and 𝑘𝐵𝑇 being the internal and thermal energies respectively, Rc the radius of 

the core and r the particles distance. k is the softness parameter: the lower the value the 

softer the potential will be. Analogously, the force can be written as 

𝐹

𝑘𝐵𝑇
= ∇

𝑈

𝑘𝐵𝑇
=
𝑘(𝐷 − 2𝑅𝑐)

𝑘

(𝑟 − 2𝑅𝑐)𝑘+1
�̂� (A5.4)  

The interaction potential and the effect of the softness parameter k are shown in figure 

A5.9. 

 

Figure A5.9. Interaction potential and effect of softness. 

Once the polydispersity and the potential have been defined, N=1000 nanocylinders 

were simulated. Figure A5.10 depicts the equilibration scheme which is obtained by 

means of slowly shrinking of the simulation box. 
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Figure A5.10. Relaxation scheme of N=1000 cylinders at 0.4 g/ml. 

Figure A5.11 shows simulation boxes at various concentrations. Interestingly, between 

0.03 and 0.1 g/ml it is possible to observe a transition between particles still relatively 

far from each other to a formation of a structure. Such a transition has been also 

observed and discussed in Chapter 5 and assigned to the liquid-to-solid transition. In 

addition, at higher concentration, 0.4 g/ml, particles are significantly crowded and 

isotropically distributed throughout the particle box, as it has been seen through X-ray 

measurements at lower concentrations though. However, no signature of domains, 

where cylinders are locally organized, have been observed. The origin of this may lie on 

the effective potential in use which does not take into account the presence of linear 

chains, as well as the reduced number of particles simulated.  

 
Figure A5.11. Snapshots of equilibrated simulation boxes at various concentrations. 
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The structure factor of the 0.4 g/ml suspension is shown in figure A5.12 along with the 

effect of softness. The scattering is normalized by the “intra-rod scattering” as 

nanocylinders are constituted by beads which have their own scattering features. As 

expected, no crystalline structure has been observed, in agreement with the 

experimental results.  

 

Figure A5.12. Simulated normalized structure factor by that of intra-rod scattering for the 

suspension of nanocylinders at 0.4 g/ml. 

Lastly, the effect of softness on the orientational correlation for nanocylinders at 0.4 

g/ml is shown in figure A5.13. The orientational correlation function based on center of 

mass of rods is defined as 

𝑆(𝑟) =
3

2
〈(�̂�(0)�̂�(𝑟))2 −

1

3
〉 (A5.5)  

where �̂�(𝑟) is the orientation vector of the cylinder. The reported curves are several 

orders of magnitude lower than the value expected for pure nematic phase, 1. Whereas 

the 0 value corresponds to isotropic system. Increasingly, the stiffness appears to yield 

an increased ordering at moderate distances, but the effect is very weak. It is possible to 
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infer, to a first approximation, that overall such systems display a macroscopically 

isotropic structure.   

 

 

Figure A5.13. Orientational correlation function at various softness. Error bars represent 

one standard deviation of the mean over 250 snapshots. 
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Appendix 6 

In figure A6.1 the stress as a function of strain amplitude during dynamic strain sweep 

experiments is shown for spheres at =0.1 rad/s and fraction 13 wt%. Measurements 

performed in a cone-plate geometry exhibited wall-slip instability at this specific 

frequency. Indeed, above the yield strain y=10%, the stress decreases showing a 

minimum at =50%. Then, the stress increases again, however, without - reaching the 

expected value obtained with the serrated plates. Note that plate-plate configuration is 

never recommended for nonlinear viscoelastic measurements as the shear rate varies 

along the radial direction, potentially affecting the homogeneity of the flow. The effect 

of such an instability is also clearly observed in the elastic Lissajous-Bowditch 

representation shown in figure A6.2. Indeed, the deformation cycles appear strongly 

distorted, already at =20% which in fact, is beyond the yield strain (y=10%).  
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Figure A6.1. Dynamic strain sweep experiments in terms of stress versus strain for spheres at 13 

wt% and =0.1 rad/s. Experiments with serrated plates show no wall-slip instabilities above the 

yield strain (10%) indicated with a black arrow. 
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Figure A6.2. Elastic Lissajous-Bowditch representation of spheres at =0.1 rad/s, C= 13wt and 

different strains.  

While at 13 wt% cylinders exhibited a double yielding mechanism with two maxima in 

G″ being present, as the concentration increases up to 40 wt% no signatures of clear 
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viscous dissipation can be observed. Note that at this concentration, cylinders display a 

strong shell interdigitation and high frequencies. This translates into a clear decoupling 

of colloidal behavior at low frequency as the yield strain is around 10% and polymeric 

dominated response as the yield strain at =80 rad/s is around 150%. In this case the 

yielding point is taken as the crossover of the moduli. 



 

 

 

 

386 

10
0

10
1

10
2

10
3

10
4

10
5

40wt%

 [%]

G
',G

" 
[P

a]

 

 1rads

 30rads

 80rads

 

 

 

Figure A6.3. Dynamic strain sweep experiments in terms of dynamic moduli versus strain for 

cylinders at 40 wt% and different frequencies.  

Figure A6.4 depicts the normalized light scattering intensity by that of the solvent 

multiplied by the scattering wave vector q as a function of q for lamellae at a fraction of 

13 wt% and 25°C. In fact, small angle light scattering experiments were performed in 

order to probe the largest particle characteristic size. The average length of the lamellae 

was estimated to be 2/q at the onset of the plateau in the Guinier representation1 (see 

black arrow), from which a value of 7m was extracted. 
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Figure A6.4. Normalized intensity by the that of the solvent (DEP) multiplied by the scattering 

wave vector q as a function of the scattering wave vector in SALS measurements for lamellae at 

13 wt% at 25°C. Black arrow indicates the onset of the Guinier plateau. 
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Appendix 10 

Creep compliance for the 212-67k (16%)-362-24k (14%) mixture is shown in figure 

A10.1. The applied stress was 0.05 Pa to ensure a linear viscoelastic response. Different 

stresses around that value were also applied (not shown) to confirm the linear behavior. 

Subsequent creep tests reveal a strong time-dependent response of the suspension where 

the compliance levels off resulting in a solid-like behavior. The creep 3 test was 

converted into dynamic moduli and shown in the main text of Chapter 10. After the last 

creep test, more than 38 hours of waiting time were passed.  

 

Figure A10.1. Creep compliance J(t) at 30°C as a function of time for the 212-67k (16%)-362-

24k (14%) mixture. Between experiments, frequency sweep tests in the linear viscoelastic 

regime were performed. Black arrow highlights the decrease of the compliance with waiting 

time.  

In figure A10.2 the relative viscosity for the 212-67k (16%)-362-24k (20%) mixture is 

shown. The decreasing behavior with temperature reflects the fact that the suspension 
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follows the trend of the suspending medium. No swelling effects upon heating were 

detected.  
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Figure A10.2. Relative viscosity as a function of temperature. The viscosity of the suspension 

was extracted from the mechanical spectra as = G″/ in the low-frequency region.  

 


