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ABSTRACT 

Star polymers with tunable number and size of arms, and thus interactions, 

represent ideal model systems for exploring the regime of soft material behaviour that 

interpolates between hard spheres and polymeric coils. This regime is characterized by 

a rich variety of properties that reflect the combination of polymeric and colloidal 

features. In this review we discuss some of these properties, and in particular the host 

of kinetic frustration phenomena encountered with such ultrasoft particles. They 

include soft colloidal glass-like transitions (a kind of jamming), induced upon 

increasing volume fraction (by heating or increasing the mass concentration), and the 

glass melting upon application of thermal (depletion) forces. 
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1. JAMMING: A CHALLENGE IN SOFT MATTER RESEARCH 

In the last two decades we have witnessed the emergence of soft condensed 

matter physics [1-14] as an interdisciplinary field of science, addressing fundamental 

research problems and having widespread technological applications. One of the 

foremost challenges in this area is exploring the potential universality in properties of 

different classes of soft materials [4, 5, 9, 10, 13-15]. As a particular example, 

theoretical and experimental works on complex fluids (ranging from polymers to 

surfactants and from colloids to granular materials) under conditions of high volume 

fractions have indicated the occurrence of a phenomenologically common feature, the 
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so-called “jamming” [16]; it describes how different materials and external parameters 

(density, temperature, flow) can influence (enhance or eliminate) the ability of a 

system to flow [15-18]. The schematic jamming phase diagram of Fig. 1 provides a 

unified picture for the ergodic-to-nonergodic transition in a wide range of soft matter 

systems [15, 17, 18].  

 

 

Figure 1: A possible phase diagram for jamming. The jammed region, near 

the origin, is enclosed by the depicted surface. The line in the temperature–

load plane is speculative, and indicates how the yield stress might vary for 

jammed systems in which there is thermal motion. The region of main 

interest in this article is thet temperature-density diagram, whereas reference 

is made to the density-load region as well. Adapted from reference [15]. 

 

 

Some specific jamming situations (or kinetic frustration) include glass 

formation, gelation or shear thickening [19-30]. In fact, although the word “jamming” 

was originally preserved for stress-induced arrest in structured fluids [16, 18, 22, 24-

30], arrest in the sense of frozen mobility can be induced by other means, i.e., without 

flow [15, 17, 18]; this is actually the subject of the present article. To put things in 

perspective, the nature of glass transition is one of the oldest unsolved problems in 

condensed matter physics [23, 31-36]. Experimental evidence (from rheological and 

diffusivity studies) suggests that in the dense state, colloids and polymers, two main 

representatives of soft matter, exhibit many similarities in the dynamic response (for 
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example, solid-like behaviour, strong dependence of zero-shear viscosity or self 

diffusion coefficient on volume fraction). This, in conjunction with their sharp 

differences (size scales, type and range of order, origin of stress, to name a few) 

renders the detailed investigation of the intermediate range between these two limits 

necessary. To this end, a hard colloidal sphere with grafted polymer chains represents 

a typical intermediate system [37-39], that interpolates between the colloidal and 

polymeric limits: if many short chains are grafted, the colloidal nature prevails 

whereas for a few very long chains the polymeric response is dominant. Alternatively, 

micelles formed by block copolymers in selective solvents also serve as tunable 

colloidal particles, depending on the composition of the block copolymer. Among the 

many other possibilities for tuning the softness, and thus behaviour of particles, 

manipulation of microgels (via pH or temperature and/or solvent quality) has received 

a great deal of attention. In section 3 below, we present a very brief literature review 

on these three classes of soft colloidal systems (grafted particles, micelles, microgels). 

Colloidal star polymers, i.e., stars with large number of arms f (functionality) 

are now established as a novel class of model soft colloidal systems with behaviour 

between linear polymeric chains and hard colloids [40-43]; the former case 

corresponds to 1,2f =  and the latter to high functionalities ( f → ∞ ). In fact, their 

wide-ranging weak repulsive potential [42, 44] is monitored by the number and size of 
the arms, as discussed below. They are characterized by a nonuniform monomer 

density profile (see Fig. 3 below) and can be thought of as ultrasoft colloidal spheres 

with a very small deformable core and a corona consisting of grafted chains (arms) 

[40, 43-46]. In these systems the polymeric and colloidal features, which influence 

their dynamic response, have been identified and relate primarily to arm (or arm 

segment) collective relaxation [47-49] and overall star self-diffusion [47-50], 

respectively. Their interplay reflects the various possibilities for designing and 

controlling such hybrid soft materials with the aim to achieve desired properties. 

In this review, we present some intriguing properties of dense suspensions of 

colloidal stars, which are in fact universal for systems exhibiting very soft interaction 

pair potentials. We show the rich variety of kinetic arrest phenomena one can explore 

by tuning this kind of potential at molecular level, and thus shed light on the 

mechanisms of dynamic arrest (such as colloidal glass transition). More specifically, 

we focus our attention on two problems associated with colloidal stars: (i) their 

reversible thermal vitrification, and (ii) the effect of added depletion agents on their 

dynamic state. 

 

 

2. A PICTURE OF DENSE SOFT COLLOIDS 

The main issue when considering dense systems is that of topological 

constraints a given object feels due to its neighbours. For the present discussion we 

consider polymers and colloids. Concerning the former, say linear flexible chains in 

solution at very high volume fraction (ϕ) or in the melt, when the molecular mass is 

large  enough,  the   topological   constraints   of   the   large   number   of   neighbours  
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(entanglements) confine a chain within a so-called tube [51-53], as illustrated in 

Fig.2a. The dynamics of this dense system are equivalent to the escape of the chain 

from its tube, the so-called reptation [51, 54]; this is treated within the mean field 

approach. On the other hand, when colloidal hard spheres reach a volume fraction of 

about 0.58, they form a glass [55]. In such a situation, a particle is constrained by its 

neighbours (a small number not exceeding 12) which restrict and eventually arrest its 

macroscopic motion (on the scale of its size), forming an effective cage [56-58], as 

illustrated in Fig. 2b. Local motions of the particle within its cage are of course 

possible ( β -relaxation). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Schematic representation of crowded soft systems:  entangled 

polymers (a), colloidal hard spheres (b), and colloidal star polymers (c). The 

former are described by the tube model for entanglements, whereas the latter 

two by the general cage model for colloidal glasses. 
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(a)  Entangled polymers:  tube model 
 

(c) Colloidal star polymers: cage model 
 

(b) Colloidal hard spheres: cage model 
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The so-called cage escape of the particle ( α -relaxation) is the determining 

factor for the flow of the glass. Lastly, in the intermediate case of soft colloids, for 

example the colloidal stars, one can consider a modified cage effect: The terminal 

motion of the dense star suspension signalling macroscopic flow is that of the center of 

mass of the star [48-50]. The star is constrained within the cage of its neighbours; 

however, at the same time, due to their conformation (long arms) the stars 
interpenetrate forming effectively some entanglements of the outer blobs. It is 

necessary for the star to disengage from its neighbours (a process absent in hard 

spheres) and move its center of mass (cage escape) for macroscopic flow to occur. 

This is illustrated in Fig. 2c, and this interaction of the outer blobs of the stars has 

consequences on their properties. The latter modified cage situation brings analogies 

to attractive glasses, where a caged particle is bonded to some neighbours [59, 60]. 
Note however, that despite the similarities (also observed in the viscoelastic response 

[60, 61]), the physics in the two systems is not quite the same. 

 

 

3. SHORT REVIEW OF SOME CLASSES OF SOFT COLLOIDS 

 

3.1. Solid Particles with Grafted Polymer Chains 

It is known that surfaces are often modified, typically by grafting polymeric 

layers, in order to control or alter the surface interactions. This methodology has 

reached a high degree of sophistication. For example, recently the use of copolymers 

has yielded responsive surfaces that can change a physical property (hydrophilicity, 

biocompatibility) upon an external trigger, such as temperature, pH, or salt 

concentration (polyelectrolytes). The grafting of polymers on surfaces leads to the 

formation of the so-called polymer brushes [62-67]. One important advantage of 

polymer brushes is their high degree of synthetic flexibility, particularly towards the 

introduction of a variety of functional groups. Brushes are commonly prepared by 

grafting polymers to surfaces, either via chemical bond formation between reactive 

groups on the surface and reactive polymer end groups, or by physi-sorption of 

(asymmetric) block copolymers with ‘sticky’ segments (or simply telechelic polymers) 

[63]. The grafted surfaces can be made of organic or inorganic materials. A recent 

concise review on the synthesis of polymer branches was presented by Edmondson et 

al. [68]. Moreover, in Ref. [69] and in the references therein one can find procedures 

for grafting of polymer chains (PS, PEO, PDMS) on oxide particles (SiO2, TiO2, 

Fe2O5, ZnO, Cr2O5), as well as PMMA and PEO chains on PS latex particles. Below, 

we focus on the grafting of nano- and micron-size solid particles. 

Grafting of silica particles has been studied extensively. Several inverstigators 

[70-74] used PS or n-octadetyl chains grafted on silica particles in order to compare 

directly “soft” against equivalent “hard” sphere systems for studying depletion effects. 
In Ref. [70] the behavior of silica-g-PDMS systems was also investigated as a function 

of concentration. Similar grafting with PDMS was also carried out for the 

investigation of the effects of softness on the dynamic structure factor of concentrated 

suspensions in mixed solvents [75]. Stearyl alcohol was also used as a grafting layer to 
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create model adhesive dispersions for studies of shear-induced structural changes [76, 

77]. Along the same lines, Rueb and Zukoski [78, 79] investigated the flow properties 

of suspensions of silica particles with covalently bound n-octadetyl chains. 

Furthermore, Cawdery et al. [80] investigated SiO2-g-PS and PS-g-PEO particles for 

stability in various environments (changing pH). Nommensen et al [37, 81] used silica 

particles with PDMS grafted chains as a model system to investigate the shear 
rheology of soft sphere suspensions. At about the same time, Mewis and co-workers 

[82] employed suspensions of silica particles with poly(butyl methacrylate) grafted 

chains and investigated the shear thickening effects as function of volume fraction. 

Temperature was proven a sensitive control parameter for changing the soft colloid 

volume fraction through the variation of the solvent quality [82, 83]. Green and Mewis 

[84] related the rheology with the wetting behavior of silica-g-PDMS spheres in 

PDMS matrix. They generated a phase diagram showing the stable and aggregating 

regions as a function of grafting density and free matrix polymer length, suggesting 

ways for obtaining the optimum grafting density of particles for stable suspensions 

[85]. Castaing et al. [86] measured the shear rheology of small (about 30nm in 

diameter) silica spheres with long grafted PDMS chains, in good solvent for PDMS 

and at different volume fractions. 

PMMA latex particles have also served as a model colloidal system for many 

years. In fact, Pusey and co-workers employed PMMA coated with short hydroxy 

stearic acid (HSA) chains as model hard sphere systems [55, 56, 59, 87]. Along the 

same lines, Genz et al. [88] used the same model system and changed the core size and 

the degree of polymerization of the HSA corona chains in order to identify the 

interaction potential of soft spheres. In that way, the specific effects of the grafted 

polymers were explicitly taken into account through a hard core plus a soft tail 

potential. The question here is whether at short enough HSA length the grafted particle 

becomes truly a hard sphere. Despite the reported good comparison in the zero-shear 

viscosity data between bare silica and PMMA-HSA particles, which suggests an 

extended viscosity master curve [89], it turns out that the rheological behavior of 

grafted colloidal particles always deviates from that of true hard spheres, no matter 

how short the grafted layer is. This was recently studied in detail by Wagner and 

Mewis [90-92]. Note also that comparison between grafted and adsorbed chain have 

shown that the adsorbed chain particles have similar rheological behavior with 

chemically grafted particles [93].  

Spherical polyectrolyte brushes constitute another versatile grafted colloidal 

model with tunable properties. A typical such system consists of a glassy polystyrene 

core onto which linear poly(acrylic acid) (PAA) or poly(styrene sulfonate) chains are 

chemically grafted. This system was studied in solution (mainly its size variation) by 

DLS (Dynamic Light Scattering) as a function of pH, ionic strength and valency of 

counterions [94, 95], as well as by viscosimetry [96]. Further details on the system’s 

potential as a model colloid can be found in the reviews by Ballauff [97, 98] and the 

subsequent work [99-102] on the in-situ binding of proteins to spherical polyectrolyte 

brushes.  

Several other combinations of particles and grafted layers have been proposed 

in the literature and used in conjunction with rheological studies. We only mention a 

few here. Aoki et al. [103, 104] probed the linear and non-linear rheology of ABS 

samples. The rubber particles had poly(styrene-co-acrylonitrile) chains grafted on their 



D. Vlassopoulos, E. Stiakakis and M. Kapnistos, Rheology Reviews 2007, 179 - 252. 

© The British Society of Rheology, 2007    (http://www.bsr.org.uk) 185 

surface, at different composition. Fritz et al. [105] investigated colloidal systems 

consisting of PS-PBA particles with PMMA chains grafted; the focus of their work 

was the examination of the influence of pH, electrolyte concentration, and amount of 

polymer in the stabilizing layer on the stability and rheology of the dispersions. An 

interesting study on the reversible thermal gelation of PS particles with PEO grafted 

chains was presented by Shay et al. [106]; by changing the temperature and varying 
the solvent quality this soft colloidal suspension was shown to undergo a liquid-to-

solid transition. Recently, Zackrisson et al. [107] studied the structure, dynamics and 

rheology of poly(ethylene glycol)-grafted polystyrene nanospheres in wide range from 

the liquid, ergodic to the glassy, non-ergodic regime. We close this section with a 

mention to the recent study of Bell et al. [108]. They utilized SiO2-g-PMMA particles, 

where the polymer chains contained spirobenzopyran photochromic molecules; by the 

application of UV radiation, the stable suspensions underwent a transition causing a 

rapid aggregation. 

The above brief discussion concerned spherical colloidal particles. Naturally, 

there is a huge literature on anisotropic colloidal particles, ranging from inorganic clay 

products to hybrids and from synthetic organic systems (e.g., block copolymers) to 

biological model particles (e.g., fd-virus). Refs. [109-121] provide a very small, partial 
account of the wide range of systems and behavior available. 

 

3.2. Block Copolymer Micelles 

Copolymers (diblock, triblock, etc) under appropriate conditions (use of 

selective solvent for one block) self-assemble into supramolecular structures, called 

micelles. The micelles most frequently take a cylindrical (worm-like) or spherical 

(star-like) shape, depending on the blocks composition, the latter shape being 

structurally very similar to stars [122-124]. To enhance the stability of the micelle 

(given the exchange kinetics of the aggregated copolymer chains [125]), the core is 

usually a crosslinked [126] or glassy material [127, 128]. The micelles are formed 

through a physical process, contrary to chemically grafted colloids or star polymers. 

This has the advantage that chemistry is simple and relatively inexpensive. A key 

disadvantage is the stability (due to the exchange kinetics), especially in cases of 

temperature variation. There are ways to overcome this difficulty, for example by 

crosslinking the core, say via UV radiation [126, 129, 130]. Recently, a versatile class 

of starlike poly(ethylene propylene)/poly(ethylene oxide) block copolymer micelles 

were introduced, that were stable due to a combination of high block incompatibility, 

kinetically frozen core and high interfacial tension between core and solvent [131]; 

furthermore, by using a co-solvent of varying composition, the aggregation number 

was controlled. 

From the huge literature available on the subject, including a large variety of 

different materials that can be combined to create micelles, the different self-

assembling capabilities of those systems (driven by combination of entropic and 

enthalpic interactions), and the tunability of their interactions, we select here a 

representative list with emphasis on their use in rheological investigations. The critical 

micelle concentration and aggregation number of diblock copolymer micelles were 

found to increase as the copolymer-solvent compatibility increased, and as the 
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copolymer asymmetry increased [132]. The relative size of the corona to the core 

dictates, to a great extend, the order-disorder transition and phase diagram of micelles 

[133, 124, 134]. On the other hand, the solvent selectivity has made it possible to 

physically modulate the geometrical characteristics of the micelles, and thus their 

phase behavior [135-137]. This has lead to the utilization of several ‘external’ 

parameters for tuning micellar systems: The pH strength [138-140], the 
polymer/solvent concentration [141, 142] and the use of different solvents or matrices 

[143-145]. In addition, changing the temperature was found to be a particularly 

effective means for monitoring the micellar formation [146]. Alexandridis et al. [147-

149], have reported very large numbers of micellar structures by adjusting the 

concentrations of two solvent plus copolymer systems. These results can lead to 

important applications as with relatively simple and easily accessible materials a large 

variety of structures can be achieved [150]. 

It has been demonstrated via the use of rheological measurements, that by 

tuning the relative core/corona size one can obtain a wide range of viscoelastic 

response, from polymeric to colloidal [151-153]. The colloidal character is typically 

attributed to the hard core and the polymeric character to the softer corona [154]. 

Cloitre et al. [155-156] have prepared micelles from triblock terpolymers. With 
appropriate solvent selection and concentration, bridge formation is promoted leading 

to elastomer blends with improved mechanical performance. Boudet et al. [157] have 

used thermosensitive block copolymer to control chemical crosslinking. By changing 

the temperature they were able to control the reactivity, creating a molecular 

switchable system. 

Another development is the use of highly asymmetric block copolymers or end-

functionalized polymers, which associate into micelles via electrostatic or hydrophobic 

interactions. Relative sizes are the key parameter controlling aggregation number and 

softness in a given solvent, and these systems exhibit a wealth of rheological proprties 

from liquid to crystal to kinetically arrested states [158-160]. 

Recent advances in interesting nanotechnological applications, such as 

templating and shape control with block copolymer micelles [161-163], the use and 

manipulation of block polyelectrolytes [140, 164, 165], the synthesis of doubly 

responsive (pH and salt) diblock and triblock copolymers [166] and the use of 

architecturally complex block copolymers [167, 168], suggest the potential of these 

systems as models for a wide range of technological problems. To this end, a better 

characterization and control of the achieved aggregation number and stability will be 

very helpful. 

 

3.3. Microgel Particles 

Microgel particles are cross-linked latex particles that are swollen in a good 

solvent. These particles are conveniently prepared by surfactant-free emulsion 

polymerization (SFEP) and may be viewed as sterically stabilized particles with or 

without a core [169]. The synthesis often suffers from poor particle size uniformity 

[170-175]. However, Saito and Ishizu [172] have reported an elegant approach for the 

synthesis of microgel particles, which is capable of producing nearly-monodisperse 

samples. The narrow particle size distribution combined with the inherent steric 
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stabilization of the particles prepared by SFEP, makes them ideal model systems for 

the study of rheology and dynamics in solution. For instance, by changing the solvent 

quality the microgel particles swell or shrink. As a particular example, poly(N-

isopropylacrylamide), abbreviated as PNIPAM, undergoes thermally induced low 

critical solution temperature, de-swelling when the solution temperature is increased 

above its LCST in water [173]; this is the most extensively studied water-swellable 
microgel system. The change of PNIPAM particle dimensions and internal structure 

(solvent or no solvent inside the particle) have of course direct influence in the intra- 

and the inter-particle interactions. This type of PNIPAM-response of colloidal 

particles to external stimuli has attracted significant attention lately, because of the 

enormous capabilities in applications [174, 175]. Another possibility for controlling 

size and softness variation in colloidal particles is by grafting PNIPAM microgels with 

poly(ethylene oxide) chains, yielding high grafting densities and eventually attraction 

of the densely grafted microgels, as the temperature increases [176]. 

The ionic microgel particles prepared to date frequently contain carboxylate 

groups derived from acrylic acid or methacrylic acid. Microgel particles containing 

these monomers swell at high pH [175]. On increasing the pH from low values to high 

values, the swelling extent increases as the (weak) carboxylic acid groups inside the 
microgel particles ionise. This effect may be described in terms of internal electrostatic 

repulsion or, equivalently, the osmotic contribution from mobile counter-ions in the 

ionic particles [177]. The particle swelling results in a substantial increase in the 

accessible segments for the microgel particle. The deformable nature of microgel 

particles has important implications for their rheological properties. Buscall [178] 

reported that the rheological behaviour of microgel particles is equivalent to that of 

hard particles with a thin, soft shell. The interaction between swollen microgel 

particles comprises contributions from steric and electrostatic terms, and this depends 

on the degree of crosslinking. In the fully swollen state, dispersions of microgel 

particles are intrinsically stable. As de-swelling occurs, the van der Waals forces 

become increasingly more significant and this has consequences on their structure and 

rheology [179, 180]. If charged groups are incorporated (in the surface or in the 

interior) into the particles during polymerization, then electrostatic interactions play a 

role in determining the stabilization. 

Cloitre and co-workers [177, 181, 182] studied the rheology of polyelectrolyte 

microgels as a function of the physico-chemical environment (pH, ionic strength, 

degree of ionization), concentration and time. They found that their dynamics of 

polyelectrolyte micro-networks exhibit common features with both colloidal 

(polydisperse hard-sphere) suspensions and polymer gels. In terms of time dependence 

they found aging and rejuvenation phenomena similar to glassy colloidal systems. 

Additionally, these particles exhibited wall slip phenomena during flow [182].  

A very promising microgel system for tuning softness and investigating 

rheological properties was studied in detail by Ballauff and Richtering. Concentrated 

colloidal dispersions of a core-shell latex with a PS core and a cross-linked, 

temperature-sensitive PNIPAM shell were investigated as a function of temperature 

and concentration. Below the transition temperature, the shell collapsed [183-191] and 

this had immediate effects on the viscosity of the dispersions. In fact, it was found that 

in the collapsed state, the dispersions behave similarly to hard-sphere suspensions 

(also yielding crystals and glasses), whereas in the swollen state they behave like soft 
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colloids [186, 187, 192-194]; the PNIPAM crosslinking density also contributed to the 

softness of the overall particle, with interesting implications on the rheological 

properties [187, 192, 194-197]. It was also reported that it is possible to modulate the 

size of both the shell and the core independently with the use of both thermosensitive 

particle and polymer layers, yielding a rich phase diagram [184, 192, 197]. Note that, 

in swollen conditions and at high shear rates the shell is partially drained [196]. Aging 
effects have also been observed in microgel suspensions [181, 194] even in the 

swollen state (low mobility). Additionally, similar thermally responsive star-like 

microgels with potential for rheology studies have recently been synthesized (star 

block copolymers of PNIPAM and dimethylacrylamide) [198].  

Recent use of nanoscopic microgel particles in nanocomposites revealed a host 

of intriguing phenomena, such as decrease of viscosity upon addition of the particles 
to the polymer matrix [199]; these effects confirm the importance of these systems as 

rheological  research tools, but their description is beyond the scope of this article. 

 

 

4. COLLOIDAL STAR POLYMERS AS MODEL SOFT SPHERES 

Given the above developments, one may wonder why there is need (if any) for 

yet another model colloidal system, and further what makes the stars so unique. As 

this is a central point in this article, it does merit some attention. Actually, by looking 

at the available experimental evidence in the literature, one can realize the following 

facts: 

Despite the wealth of systems available, with different softness, most systems 

are not so well characterized: polydipsersity, limited control of aggregation or grafting 

density, difficulty in reproducing exactly the same composite particle, particle stability 

(particularly with respect to time and to temperature). They are also heterogeneous in 

the sense that chemically different species are combined to form, say, a core-shell 

particle. On the other hand, their softness can be tuned by various external parameters, 

more notably temperature, pH, solvent and additives. 

In addition, a proper microscopic description of the particles interaction 

potential is highly desirable. Related to this point, and given the complexity of 

interactions, model systems with as simple as possible, well-understood interactions, 

are needed: for example, no charges, no enthalpic, only entropic (excluded volume) 

interactions. It is a rather formidable task to account for all these factors quantitatively 

and at the same time tune the particle’s softness (by varying the number and/or size of 

the ‘grafted’ chains) in a way that allows exploring the regime between the polymeric 

and hard colloidal limiting behaviours. As to the possible question whether all these 

factors matter, the answer depends to a large extent on what is at stake. From the point 

of view of understanding the fundamentals of the interrelation between interactions 

and properties, and thus eventually exploring the universality of behaviour and the 

degree to which it holds, these factors matter indeed. In particular, rheological 

properties are extremely sensitive to small differences in particles characteristics, 

stemming from such factors. As an example here, we iterate the deviation of the 
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PMMA-HSA particle viscosity from the true hard sphere behaviour, even when the 

HSA layer is tiny [89-93].  

Colloidal star polymers are, in our view, ideal soft colloidal model systems, that 

resolve nearly all of the above uncertainties. Due to their synthesis procedure (high 

vacuum anionic polymerization), they are as monodisperse as possible [41]. They are 

homopolymers, with only excluded volume interactions, chemically and structurally 
homogeneous. Their softness is tuned by synthesis (number and size of arms) and/or 

temperature in different solvents. At the same time, they are stable, and they can also 

be functionalized in various ways [200]. Their only disadvantage, admittedly not an 

unimportant one, is their far nontrivial synthesis, which makes them not readily 

available [41]. But there can be a direct analytical description of the softness [42, 44, 

45] and, therefore, they are indeed models for exploring important aspects of the 
physics and rheology of colloidal suspensions, and to this end we feel that they are 

important. At the same time, they offer possibilities for creative thinking in terms of 

methodologies for preparation of (improved) particles with similar performance [40-

43, 201].  

Multiarm 1,4-polybutadiene stars were synthesized by Roovers and co-workers 

via two distinct routes: 

(i) using chlorosilane chemistry, central dendritic cores of spherical shape 

and different generations were synthesized, on which the desired 

number of polymeric arms were grafted [41, 202, 203]; for the present 

discussion we focus on such regular stars with nominal functionality, 

f=18-128 and nominal arm molecular mass 
aM =10000-80000 g/mol 

(for the measured exact values of molecular weights and functionalities 

the reader is referred to Refs 41, 202, 203 and Table 1). Note that star 

polymers are distinctly different from dedrimers; the latter represent 

another class of model colloidal particles [46, 204, 205], not considered 

in this review. 

(ii) a short 1,2-polybutadiene backbone chain was hydrosilylated with 

HSi(CH3)Cl2 yielding two coupling sites per monomer unit, which were 

substituted with 1,4-polybutadiene by addition of 

poly(butadienyl)lithium [206]; in the present article such irregular stars 

(without central spherical core) with nominal f=270 and 
a

M =11000-

42000 g/mol are considered.  

There have been alternative efforts for synthesizing star polymers of 

intermediate functionality (up to 36) [207, 208] or high functionality (up to 239) [209], 

but there are issues with their characterization (and ability to reach higher 

functionalities in the former case). In addition, limited studies with those stars have 

been reported [207-209]. Today, it is widely accepted that Roovers’ stars are the best 

characterized, true model systems. 

All star polymers obtained from the above procedure are nearly monodisperse 

with Mw/Mn<1.1 (Mw being the total weight average and Mn the total number average 

molecular masses), and their main molecular characteristics are listed in Table 1. 
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Code f Mwx10
6 

(g/mol) Na 
(1)

 Rg (nm) 
(2)

 

LS6 263 11.2 783 42.4 

LS5 269 7.9 540 36.7 

LS4 267 4.9 337 24.5 

12880 122 8.8 1333 42.4 

12856 127 5.95 870 34.5 

12828 114 2.98 483 21.6 

6480 59 4.2 1318 34.1 

6460 61 2.89 880 28 

6430 56 1.34 443 18.5 

6415 60 0.725 224 12.7 

6407 62 0.395 117 9.8 

3280 34 3.01 1738 37.6 

3237 35 1.33 768 22.4 

3220 33 0.644 372 14.5 

3216 32 0.558 322 13.4 

3210 31 0.301 174 10 

3718 18 0.762 778 19.9 

2518 19 0.541 523 17.4 

1518 18 0.311 318 12.4 

 

Table 1: Molecular Characteristics of the 1,4-Polybutadiene Stars. Data 

taken from references [41, 202, 203, 206, 40, 43]. 
(1)

 Degree of 
polymerization per star arm. (2) From SANS measurements in dilute 

solution (in the good solvent methylcyclohexane). 

 

 

Based on the Daoud-Cotton model [45], multiarm star polymers constitute 

effective core-corona particles with core radius 21
c f~r  and softness defined as 

)r(LL s c+= , L being the corona thickness [43, 47, 83]; typical value of s for the 

128-arm stars is about 0.885 [210]. Fig. 3 illustrates a cartoon representation of a 

single multiarm star in a good solvent; the different shaded areas are meant to depict 

the density profile. Due to topology, the blob size increases with the radial distance 
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and three monomer density regimes can be observed [43, 45, 211]: the melt-like core 

regime, the theta-like (or unswollen) regime, where the blobs are ideal and only 

solvent can penetrate in a dense suspension, and the excluded volume (or swollen) 

regime, where the blobs are swollen and star-star interpenetration can take place in 

dense suspensions. For details the reader is referred to Ref. 45. Note further, that the 

form factor, as measured by SANS in dilute solutions, can be analyzed using the 
Daoud-Cotton scaling as also done in the case of micelles [123, 124, 212]. From the 

extracted radius of gyration Rg (from SANS or SALS, the latter for larger systems, in 

dilute solutions) and hydrodynamic radius Rh (from DLS in dilute solution [47, 211]), 

in good solvent, the ratio Rh/Rg was found to increase slightly with functionality as 

follows [40, 43]: Rh/Rg = 1.24 for f = 18 , 1.28 for f = 32 , and 1.4 for f = 64 or 128. 

These values are consistent with the consideration of these stars as soft colloidal 

particles [40, 43]. 

 

 

 

 

Figure 3: Schematic of a single colloidal star polymer (here with 16 arms) in 

good solvent, along with is monomer density profile φ(r). From the core to the 

periphery the three different regions, namely melt-like (core), ideal 

(unswollen) and excluded volume (swollen) region are depicted. 

 

 

 

5. TUNING THE SOFTNESS: FROM POLYMER COILS TO HARD 

SPHERES 

Recently, Likos et al. [44] have proposed an effective potential that describes 

the interaction between two stars. The idea is that for high functionality these systems 

are virtually spherical objects exhibiting a Yukawa type of interaction at long 

distances, typical for sterically stabilized colloids, whereas at short distances they feel 

a strong logarithmic repulsion. In the limit of low functionality they resemble polymer 

coils whereas in the other extreme of very high functionality they approach hard 
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sphere behavior. Thus, the number of arms provides a means for tuning the star-star 

interaction from hard-sphere-like to polymer-like, which is solely based on excluded 

volume constraints. The potential ( )U r  is given by (see also inset of Fig. 4) [44]: 

 

3/ 2 1

3/ 2 1

(5 /18) ln( / ) (1 / 2) for ( )

(5 /18) (1 / 2) ( / ) exp ( ) / 2 for B

f r f rU r

k T f f r f r r

σ σ

σ σ σ σ

−

−

  − + + ≤  
= 

 + − − >  

 (1) 

 

where σ  is the effective corona diameter (e.g., 1/ 5 3/ 5

af Nσ ∝ for good 

solvents, 
aN  being the arm degree of polymerization) [40, 42, 45]. This strong 

variation of ( )U r  is also reflected in the macroscopic properties of colloidal stars.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Relative zero-shear viscosity as function of the effective volume 

fraction (based on the hydrodynamic radius) for various soft systems: (1) hard 

spheres [(open star) poly(methylmethacrylate) in decalin, 640 nm diameter 
[213] (filled star) poly(methylmethacrylate) in decalin, 602 nm diameter  

[214]], (2) colloidal stars of 1,4-polybutadiene [215] [(�) LS6; () 12880; (�) 

12807, f = 128, Ma = 7000 g/mol; (�) 6407, f = 64, Ma = 7000 g/mol; (�) 

3280, f = 32, Ma = 80000 g/mol] and (3) linear chains (×) (1,4-polybutadiene, M 

= 165000 g/mol). See also Table 1. Data taken from reference [210]. The solid 

line is the Einstein prediction. Inset: Prediction for the star-star interaction 

potential of Likos et. al. [44] as a function of the normalized star-star distance 

(eq. 1). Functionality from right to left f = 32, 64, 128. Vertical line is the hard 
sphere potential. 
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A representative example is given in Fig. 4 which depicts the variation of the 

relative (to the solvent) zero-shear viscosity with the effective volume fraction (based 

on the hydrodynamic radius hR ) for stars of varying functionality [210, 215]. For 

comparison, reasonably well-understood data from hard spheres ( f → ∞ ) [213, 214], 

linear polymer solutions ( 1,2f = ) and an intermediate star functionality ( 32f = ) 

[215, 6] are also included. It is clear from this master plot that, as the functionality 

increases the colloidal stars tend toward hard sphere behaviour [216], whereas stars of 

low functionality behave as linear polymer coils [6].  

Another manifestation of the internal structure of the stars is their ordering at 

high concentrations, a direct consequence of their excluded volume interactions on the 

star size scale. Despite theoretical predictions [42, 217-220] suggesting that 

crystallization takes place over a small concentration window around the star overlap 

(due to interplay of osmotic and elastic forces of the star arms), nearly all experimental 

observations indicate liquid-like order [221-225, 211, 212]. There is only fragmental 

information suggesting evidence of crystallization for stars with 128 arms, which were 

sheared prior to SANS measurements [224], as well as for larger but not so ‘regular’ 

and well-characterized stars [209]. This is a delicate issue that certainly needs further 

elaboration in the future. The star polymers investigated in the context of this review 

are listed in Table 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Dynamic frequency sweeps of 12880/decane 4.6 wt% solutions, 

indicating the thermal liquid-to-solid transition (: C20o , Ο: C25o , ∆: C30o , 

∇: C33o , ◊: C35o . Solid symbols: G′ ; Open symbols: G ′′ ). Data taken from 

reference [225]. 
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6. HEATING-INDUCED REVERSIBLE VITRIFICATION  

 

6.1. The phenomenon   

Recently, it was reported that concentrated solutions of colloidal stars in an 

intermediate solvent (where stars can swell with increasing temperature) undergo a 

reversible vitrification upon heating [211, 212, 225]. This counter-intuitive 

phenomenon was attributed to the formation of clusters of interpenetrating swollen 

stars, causing a dynamic arrest of the solution. The dramatic effect of temperature in 

inducing a liquid-to-solid transition is easily probed with simple rheological 

experiments. A characteristic example is shown in Fig. 5, where the storage ( G′ ) and 

loss ( G ′′ ) moduli of a non-dilute star solution (4.6% wt of 12880 in decane) are 

plotted as function of frequency for various temperatures. At lower temperatures the 

polymer solution behaves like a viscous liquid, whereas at higher temperature it 

exhibits a solid-like response. The transition from a liquid-like terminal behavior with 
2

~G ω′ , ω~G ′′ , GG ′>′′ to an elastic solid-like response with GG ′′>′ exhibitng a 

very weak frequency dependence, is accompanied by a sharp enhancement of the 

moduli (especially G′ ).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: (a) Temperature dependence of the effective hydrodynamic radius 

Rh of stars in various solvents, as determined from dynamic light scattering 

measurements in dilute solutions (c<c*). (�: 12828/decane, �: 

12856/decane, �: 12880/decane, �: LS6/decane, *: 12880/tetradecane). The 

lines are drawn to guide the eye. 

(b) Dynamic temperature ramp experiment for LS6/decane 5 wt% solution 

monitored at 5 rad/s, min/C1o . Solid symbols: G ′′ ; Open symbols: G′ . 

Data taken from references [211, 212]. 
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This effect is remarkably manifested in dynamic temperature ramps at low 

frequencies and heating rates (typically 1ºC/min), as demonstrated by the plot of Fig. 

6b. Upon heating, the stars swell, as indicated by the increase of the hydrodynamic 

radius upon heating in a dilute star solution (Fig. 6a) [211, 212].  Note that the 

opposite effect is observed for low functionality stars (f < 32) and linear polymers, 

which exhibit the typical Arrhenius temperature dependence (moduli decreasing with 

temperature); in these cases swelling is insufficient to compensate for the classic 

liquid-state viscosity decrease [201]. 

Once the thermally-induced glassy state is formed, cooling to the initial 

temperature yields melting and eventually the initial viscous liquid is recovered. The 

kinetics of the glass formation (upon heating) and melting (upon cooling) processes 

are rather complex and not fully understood yet, but they are clearly characterized by 

relatively short glass formation times (around 2 hours, see for example Fig. 7a) and 

recovery times (which can exceed 10 hours, see for example Fig. 7b). Naturally, these 

times depend on the system, the concentration and the temperature difference. 

 

 

 

 

 

 

 

 

 

Figure 7: (a) Linear viscoelastic spectra ( G′ , G ′′ ) of 12880/decane 5.2 wt% 

at 7°C (taken through a jump from about -10°C) and different times, 

demonstrating the long vitrification kinetics (o: original measurement at time t 

= 0 after the measurement temperature was reached; �: t = 25 min, 

∆: t = 52 min, ◊: t = 81 min, : t = 116 min, ∇: t = 230 min). Solid symbols: 

G ′′ ; Open symbols: G′  

(b) Representative dynamic time sweep upon quenching 12880/decane 3.9 

wt% to 20°C (from 45°C) at 1 rad/s, demonstrating the long time for 

fluidization experiment (solid-to-liquid). Data are taken from reference [212]. 
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Independent DLS measurements provide useful information, in addition to the 
quantitative confirmation of these findings [212, 225]. In fact, they show that the high-

temperature glassy state is associated with the presence of a slow mode, typically 

assigned to cluster formation [226-229]; this mode disappears upon melting of the 

glass [212]. A typical example is depicted in Fig. 8. Furthermore, the extracted typical 

average size from the moduli in the ‘solid’ regime (see for example Fig. 5), 

( ) 31
B GTk ′=ξ , is slightly above the single-star Rh, conforming to the presence of 

some kind of larger entities (the clusters) [211, 212]. 

 

6.2. Interpretation  

To interpret this phenomenon, the following mechanism has been postulated 

[211, 212, 225]: as the temperature increases, the solvent quality improves and the 

peripheral  blobs  of  the  interacting  liquid-ordered  soft   spheres  swell,   yielding  an  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Normalized intermediate scattering function of 12856/decane 5.5 

wt% at a value of the scattering wavevector Q=0.033 nm-1, measured at 55°C in 

the solid (glassy) state and at different times upon subsequent cooling to 20°C 

in the liquid state. The various relaxation processes are indicated by arrows. 

Note that the solid state is characterized by the slow cluster mode which looses 

intensity upon cooling and eventually disappears when the equilibrium liquid is 

recovered (after 10h). Data taken from reference [212]. 
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enhanced overall size (see also cartoon of Fig. 9). Consequently, the stars increase 

their arms’ overlap, but not to a large extent because of the strong excluded volume 

repulsions [42, 44]; at the same time, the star-star distance, is unaffected due to the 

overall incompressibility of the system [42, 217, 229], as confirmed by small angle 

neutron scattering (SANS) experiments (see for example the data of Fig. 10) [211, 

212, 225]. This crowding eventually leads to a dynamic frustration (i.e., a form of 

jamming) of the stars due to the formation of clusters consisting of a few ‘trapped’ 

spheres, in equilibrium with ‘free’ spheres [19, 60, 211, 212].  

The cartoon of Fig. 9 attempts at representing a snapshot of this situation. The 

single star swells upon heating (top). The respective concentrated star suspension 

(bottom) becomes more crowded as its effective volume fraction is increased, as also 

reflected in the areas of overlap. This kind of jamming leads to the macroscopic 

immobilization of the system. In addition, the present findings show how the effective 

volume fraction of these crowded soft systems can increase with temperature apart 

from density, offering new possibilities for dynamically arrested states. The star 

swelling  affects  the  effective  potential  as well, and by accounting for its change it is  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Cartoon representation of the heating-induced vitrification process. 

Single star swelling upon heating (top) and crowding of the swollen stars at 

high concentration. 
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possible to predict the same qualitative trends, i.e., kinetic frustration upon heating; the 

latter is manifested as a long-time plateau in the star mean-squared  displacement 

[229]. In addition to the DLS experiments, the presence of clusters was also detected 

with pulsed-field gradient NMR measurements, which probed a long-time non-

relaxing plateau in the S(Q,t) and the mean-squared displacement [225, 50].  

It appears, therefore, that the star arm expansion upon heating is responsible for 

the slow formation of long-lived clusters (the effective cages [4, 56, 57]), which 

involve some kind of cooperativity and kinetic arrest of the system, forming a solid, 

much like a glass (or gel) formation process [4, 229-234]. This observation is rather 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Double logarithmic plot depicting the SANS scattering intensity I 

versus the scattering wave vector Q for : (a) 12880/d-tetradecane 5.47 wt% at 

three temperatures C43o (*; liquid), C48o (�; liquid) and C65o (; glass); 

and (b) 12880/d-tetradecane 6.44 wt% at three temperatures C21o (�; liquid), 

C25o (*; glass), C43o (; glass). To appreciate the differences in two 

concentrations, see also the state diagram of Fig. 11 and the discussion in 

[211]. Insets: Temperature dependencies of the peak intensities Ipeak. Lines are 

drawn to guide the eye. Data are taken from reference [211]. 

 

10
-1

10
0

10
-1

10
0

10
1

10
2

40 45 50 55 60 65
100

200

300

400

500

10
-1

10
0

10
-1

10
0

10
1

10
2

20 25 30 35 40 45
150

200

250

300

Q  (nm
-1
)

 

 

I 
 (
cm

-1
)  

 

I p
ea

k 
 (
cm

-1
)

T  (
o
C)

 

 

I 
  
(c
m

-1
)  

 

I p
ea

k 
 (
cm

-1
)

T  (
o
C)



D. Vlassopoulos, E. Stiakakis and M. Kapnistos, Rheology Reviews 2007, 179 - 252. 

© The British Society of Rheology, 2007    (http://www.bsr.org.uk) 199 

generic, at least for a wide class of soft materials that can increase their volume 

fraction at constant number concentration. Note that, for the core-corona star systems 

considered here, the size ratio of ‘grafted’ layer to central core is about 100 times 

larger than in most well-studied block copolymer micelles [141, 235-245] or tunable 

sterically stabilized colloids (see for example Ref. 81 and section 3.1 above].  

With the rheological determination of the temperature for dynamic arrest (i.e, 

vitrification), Tsolid, it is possible to construct kinetic state diagrams for different 

classes of  ultrasoft  colloids.  Fig. 11  shows  such a  diagram, where it depicts Tsolid as 

a function of the concentration for colloidal stars (with f = 128) in two different 

solvents, decane [212, 225] and tetradecane [211]. The dashed lines through the data 
represent state lines separating the liquid (below) from the dynamically arrested solid 

(above) regimes. The effects of solvent quality are evident and suggest that for the 

reduced solvent quality 12880/tetradecane system at the same star concentration, more 

thermal energy is needed to reach the vitrified state. Alternatively, a certain mass of 

star at a certain temperature can exhibit either liquid or solid response depending on 

the solvent used.  Note that the extrapolated Tsolid difference in the dilute limit ( 0c → ) 

between the solvents reflects the difference in thermodynamic quality of the two 

solvents, as measured for example by the second virial coefficient or the 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Vitrification temperature Tsolid as function of polymer 

concentration c for stars in various solvents (: 12880/decane, �: 

12856/decane, �: 12828/decane, �: 12880/tetradecane ). Lines are drawn to 

guide the eye; they are state lines separating liquid (below) from glass. Data 

are taken from references [211, 225]. 
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hydrodynamic radius [211, 246]. A generic diagram can be obtained for different stars 

if an effective volume fraction is used instead of concentration [211]. 

A more rigorous description of this reversible thermal glass transition was 

obtained from the Molecular Dynamics (MD) simulations of Rissanou and Bitsanis 

with dense suspensions of the colloidal star polymers used in the experiments [229]. 

These star polymers were modeled as soft-spheres interacting via the theoretically 
developed potential of mean field; this potential allows for the temperature effect to be 

accounted for via the temperature-dependent hydrodynamic radius (Fig. 6a) and is 

given by Eq. (2) below [246, 229]:  
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Figure 12: Star mean squared displacement as a function of time for 

temperatures between o35 CT =  and o55 CT = . Plateaux are evidence of 

“caging effects” at high temperatures. Data are taken from reference [229]. 
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Results [229] indicate a transition towards a glassy state at a temperature very 

close to the one reported experimentally. The features of the transition are consistent 

with those of ideal glass transitions, as described by ideal Mode Coupling Theory 

[247, 248]. In particular, whereas typical liquid-like ordering (as reflected from the 

shape of the pair correlation function and the related structure factor) is manifested at 

the lowest temperature, at high temperatures a gradual split of the second peak of the 
structure factor is observed, along with the steady development of a ‘shoulder’ 

(incipient split) of the third peak and the flattening of the fourth peak; these are 

indications of the development of a crystalline (FCC) structure. Indeed, such 

microstructural changes reflect the competition between a ‘frozen’ crystalline state and 

a ‘mobile’ amorphous state. These new features are often suggestive of vitrification. 

Furthermore, the monitoring of the soft sphere mobility via the time dependence of the 

mean squared displacement (MSD) reveals important information (see Fig. 12): A 

linear time dependence, typical of Fickian diffusion, is very clear at 35
o
C (as well as 

below 35oC, not shown in the figure); a weak ‘shoulder’, indicative of a slight delay at 

intermediate times can be seen in the T=45oC curve. However, at 50oC and moreover 

at 55
o
C, the short range mobility is followed by a pronounced stagnation, which 

persists for two decades in the timescale of Fig. 12. Soft-sphere mobility recovers only 

at much longer times, and the resulting self diffusivity is substantially lower (by 2 

orders of magnitude) than that observed in the liquid suspension (T ≤35
 o

C). This type 

of time evolution of the MSD curves is characteristic of “caging”, i.e., the temporary 

confinement of particles in cages formed by their immediate neighbours [231-234] 

(see analogous studies with hard spheres [249, 4, 250]). 

 

 

6.3. Implications and relevence 

A number of interesting possibilities for the rational design and engineering of 

soft materials arise. Temperature is an advantageous volume fraction control 

parameter and can be used for monitoring the processing performance of a given 

formulation without the need for additives. To this end, the underlying challenge is the 

development of predictive tools for structures and transitions in colloidal systems of 

varying interactions, repulsive and attractive [251-253]. In addition, several complex 

structures are thermally responsive and yield inverse freezing [254, 255]; this is a 

potentially important feature for assemblies of biological relevance, such as hydrogels, 

[256-258]. Of course, such systems are characterized by a complex interplay of 

different interactions and the interpretation of their phenomenologically similar 

thermal freezing may be different; such is the case for systems exhibiting 

thermodynamic phase boundaries [106, 259]. We note in particular the work of Shay 

et al [106]. These authors investigated the thermoreversible gelation of polystyrene 

latex particles bearing grafted poly(ethylene oxide), PEO, chains of low molecular 

weight. In water, where PEO exhibits a LCST behaviour, as the temperature increased 

the frequency-dependent G ′  (reproduced here in Fig. 13) exhibited a remarkable 

resemblance with the star data of Fig. 5; of course, the explanation for the observed 

gelation in that case involved an attractive element due to the solvent conditions.  
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Figure 13 : Elastic modulus ( G′ ) as a function of frequency (ω) for 

dispersions at volume fraction φ=0.1 of two different PS latex colloids (a) the 

L12 latex with moderate PEO graft density and (b) the L24 latex with a high 

PEO graft density. Data are shown for a range of temperatures between 25 and 

65oC. Adapted from reference [106]. 
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Figure 14: Phase diagram of the L64/D2O pluronic system. The dotted line 

marks the equilibrium phase boundary between the disordered micellar phase 

(liquid) and the ordered, metastable, liquid crystal hexagonal phase. Solid 

symbols on the high-concentration side represent L(liquid)-G(glass)-L(liquid) 

transition boundaries. Note similarities of the percolation line and the Liquid-

Glass line to the state lines of Fig. 11. Adapted from reference [260]. 

 

 

However, these data are suggestive of a universal thermal liquid-to-solid 

transition phenomenology, for systems with a range of soft interactions. Highly 

relevant is also the recent work of Mallamace and Chen [260-262]. They investigated 

in length aqueous solutions of a copolymer micellar system of the pluronic type using 

rheology and scattering. They reported a variety of equilibrium disordered and 

crystalline as well as metastable (gel and glassy) states, which were compiled in a 
proposed phase diagram of temperature against concentration. Parts of this diagram, 

which we present in Fig. 14, relating to the percolation and glass lines, exhibit a 

remarkable resemblance to the star state diagram of this work, and point to a 

universality of behaviour in these soft colloidal systems. On the other hand, it should 

be kept in mind that the pluronic micelles have attractive interactions, something 

presumably absent in the present star systems. Naturally, this phenomenon affects the 
self-assembly of soft matter and can be significant for the formation of novel 

supramolecular structures [263-265, 251-253].  

As we note in Ref. [225], block copolymer micelles also exhibit this reversible 

thermal vitrification. Based, on the above discussion, the phenomenon should be 

universal. There is, however, an additional feature that merits attention. Sato et al 

[154] reported a similar thermoreversible effect, but upon cooling, for polystyrene-

polyisoprene - polystyrene   (SIS)  and   polystyrene - polyisoprene  copolymers  in  an 
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isoprene-selective solvent, n-tetradecane. They assigned the liquid-to-solid transition 

with reducing temperature to gelation. 

The change of linear viscoelastic spectra upon cooling through the transition is 

remarkable, and indeed the system goes through a critical gel-like transition [266], as 

seen in Fig. 15 which we include for illustration purposes. Another way to interpret the 

data of this figure is to consider the liquid-to-solid transition as the volume fraction of 

the micelles changes (through the change of temperature). In such a case, the 
rheological signature of the lowest temperature is that of a colloidal glass [267, see 

also Fig. 16], and the system undergoes a rather gradual transition from liquid to glass, 

through a critical gel-like regime; this, in fact can be also observed by a closer 

inspection at the hard-sphere glass data of [267] in Fig. 16. Moreover, a similar 

 

 

Figure 15: Storage and loss moduli, )(G ω′ and )(G ω′′  (filled and unfilled 

symbols, respectively), of a 40 wt % SIS-2/tetradecane solution at various 

temperatures. The plots at each temperature are shifted vertically by the factor 

A as indicated for clarity. Adapted from reference [154]. 
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gradual liquid-to-glass rheological transition through a gel-like state was also reported 

for colloidal stars in good solvent by varying the volume fraction [268] and can be also 

observed in the data of Chen and Mallamace for pluoronic micelles [262], as well as 

those of Bhatia and Mourchid for block polyelectrolyte micelles [269]. In the latter 

two cases, attractive glasses were formed. This brings up issue of analogies between 

gel and glass transtions [270, 271, 231] and may have consequences in the rheology of 

concentrated suspensions [272, 273, 216], and therefore needs further work in the 

future. 

Lastly, a remark on the analogy to thermodynamic transitions is in order. The 

concept of inverse melting was reported for different semi-crystalline polymers [274, 

275]; in particular, a heating-induced crystallization and a re-entrant melting upon 

further increase of the temperature were reported. Although this phenomenon, which 

goes back to the re-entrant phase diagram proposed by Tammann [276] has a 

completely different origin (large difference in specific volume between liquid and 

crystal phases) than the present heating-induced vitrification of the model soft 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: The frequency dependences of the storage (a) and loss (b) moduli 
for different volume fractions, φ, of PMMA-HSA hard spheres. The solid lines 

represent MCT predictions (not further discussed here). Adapted from 

reference [267]. 
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colloids, the analogies of behaviour are intriguing and the role of entropy is of great 

significance. For completion, we mention that preliminary rheological measurements 

with the concentrated star suspensions which form glassy states upon heating as 

already discussed, are suggestive of a tendency for melting upon further increase of 

temperature [277]. 

 

7. DEPLETION IN GLASSY STAR-LINEAR POLYMER MIXTURES  

 

7.1. The phenomenon 

It is well known that when non-adsorbing polymers (of size Rg) are added to 

stable colloidal suspensions, the particles (of size R>>Rg) experience an induced 

depletion attraction, whose origin is the unbalanced osmotic pressure due to the 

exclusion of the polymer molecules from the region between colloids [11]. The key 

parameters controlling the effect are the size ratio ξ=R/Rg (controls the range of the 

attraction) and the polymer concentration (controls the strength of the attraction). 

The essential physics was first proposed by Asakura and Oosawa [278, 279] 

and later by Vrij [280]. The classic works on the experimental and theoretical phase 

behavior of a colloid-polymer mixture are those of Russel and co-workers [281-283] 

and Lekkerkerker et al. [284]. It was found that when ξ was less than a certain critical 

value ξc (~0.33 [285]), the addition of polymer basically expanded the fluid-crystal 

coexistence region of pure hard spheres (the latter occurring at a colloid volume 

fraction between 0.494 and 0.545); on the other hand, for ξ>ξc a colloidal liquid was 

obtained, exhibiting a colloidal gas-liquid critical point and a region of three-phase 

coexistence (colloidal gas, liquid and crystal). The implications to the rheology and 

microstructure of suspensions are significant [11, 286-288]. A summary of the key 

findings can be found in [11, 289, 290]. 

An interesting extension of this work is exploring the non-ideality of the 

depletant. To this end, mixtures of colloids and star polymers (with functionalities up 

to 32) were studied [291-293]. The results indicate that the observed phase diagrams 

exhibit many similarities with the colloid-linear polymer mixtures and further suggest 

that stars with f=32 behave like hard spheres, provided that they are smaller than the 

hard particles. 

With this background, it is tempting to consider mixtures of colloidal stars and 

linear chains, the latter now serving as depletants. Indeed, this is what we shall 

describe below. Given the difficulty in observing crystalline phase in stars, we focused 

on the high star volume fraction regime, i.e., the frozen state. 

Experimental evidence from rheology and scattering suggests that, when a 

linear polymer is added to a glassy colloidal star suspension, it can induce melting 

depending on its relative size with respect to the star and/or concentration; within the 

melted region, the reduced star viscosity drops upon further addition of linear polymer 

[294]. This is a direct consequence of the depletion effect induced by the linear 

polymer additive, and can be explained in terms of the effective star-star interaction in 

the presence of linear polymer [42, 294, 11, 46]. Dynamic rheology is shown to be a 
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powerful tool for probing this type of solid-to-liquid transition. A characteristic 

example is shown in Fig. 17 for a vitrified colloidal star suspension of LS6 (see Table 

1) at a concentration of 2.5 wt% in the athermal solvent toluene, which exhibits nearly 

frequency-independent G′  and G ′′  (with GG ′<′′ ), over a wide frequency range. It is 

important to note here, that the rheological signature of the star glass is identical to 

that of glasses from hard spheres [267] or other soft colloids [see for example 105, 

260, 262]. To illustrate this point, we show here (Fig. 16), for comparison, a classic set 

of data from the literature, on concentrated PMMA-HSA suspensions approaching the 

glass transition [267]. 

Furthermore, Helgeson et al [61] showed recently that the star glass data can be 

described with the modified mode coupling theory methodology, exactly as in the case 

of hard spheres of Fig. 16 (note that qualitatively the same viscoelastic spectrum 

signifies the response of concentrated microgel solutions as well, see references 295 

and 296). The addition of linear homopolymer chains (1,4-polybutadiene) with 

molecular mass of 22600 g/mol in Fig. 17 to the star glass, at different concentrations 

(here, from 0.6 wt% to 2.51 wt%), leads to a reduction of the G′  as the concentration 

is increased, and eventually to terminal flow )~G,~G,GG(
2 ωω ′′′′<′′ . The same 

qualitative effect (melting) is achieved if the linear polymer is added at constant 

concentration but increasing molecular mass.  

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Dynamic frequency sweeps of  LS6/toluene 2.5 wt% solution 

(�,) at C10o  and several mixtures with linear polymer of molecular mass 

22600 g/mol and different concentrations, Clin: (�,�) 0.6 wt%, (�,�) 1.53 

wt%, (filled star , open star) 2.51 wt% (Solid symbols: G′ ; Open symbols: 

G ′′ ). 
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One way to combine the molecular weight and concentration influences is to 

plot both the storage (or plateau) moduli of the various solid-like star-linear polymer 

mixtures and the reduced (to the solvent) zero-shear viscosities of the depletion-melted 

mixtures for all linear polymer concentrations and molecular masses. As seen in Fig. 

18, all data collapse into master curves when plotted against the reduced linear 

polymer concentration */lin linc c  (i.e., the effective linear homopolymer volume fraction 

lin
effϕ ) [294]. This type of kinetic transition can be represented in the state diagram of 

Fig. 19, in terms of linear polymer concentration against linear polymer molecular 

mass for a fixed concentration of the colloidal star suspension. Starting from a vitrified 

star suspension, the state diagram of the mixture shows areas of solid and liquid states, 

depending on the concentration and molecular mass of the added linear polymer. 

Interestingly, as the molecular mass of the added polymer increases beyond a 

threshold (of about 300,000 g/mol here), a re-entrant glassy-like state is probed (see 
the lighr-gray grid area of Fig. 19). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Plateau moduli '
pG of the glasses (solid symbols) and reduced 

zero-shear viscosities solventηη of the liquids (open symbols) for various star-

linear polymer mixtures at constant star concentration 2.5 wt % in toluene and 

different linear polymer concentration and/or molecular mass in g/mol (*:LS6, 

�:LS6/1000, �:LS6/2730, �: LS6/6250, �: LS6/9150, �: LS6/22600, �: 

LS6/61000, X: LS6/105700, �: LS6/165000) against the effective volume 

fraction (reduced concentration) of the linear polymer, lin
effϕ . Data taken from 

reference [294]. 
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The linear viscoelastic response in this region is qualitatively different from the 

low-molecular mass glass, with a power-law G' and additional relaxations (seen 

clearly in G"); this can be seen in the comparative plot of Fig. 20. Note also that G′ of 

the re-entrant glass drops faster as the frequency is lowered. 

 

 

 

 

 

 

 

Figure 19: Rheological state diagram of star-linear polymer mixtures in 

toluene, in terms of concentration of the added linear polymer against the 

respective molecular mass. Star concentration is 2.5 wt% (in the glassy state). 

Light and dark gray regions denote solid-like behaviour (S) and white denotes 

the liquid-like behaviour (L). The dashed line marks the linear chain overlap 

concentrations *
linc . For 100000MWlin <  g/mol, *

linc lies above 6 wt% (not 

seen in the figure). The light-gray grid region on the right denotes the re-

entrant solid (glassy) state. 
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Figure 20: Dynamic frequency sweeps of mixtures LS6/linear polymer in 

toluene with star and linear concentration 2.5 wt% and 1.53 wt%, 

respectively, for different linear polymer molecular masses: (�,�) 6250 

g/mol (glass) and (�,) 1243000 g/mol (re-entrant glass). (Solid symbols: 

G′ ; Open symbols: G ′′ ). 

 

 

 

7.2. Interpretation 

The polymer-mediated melting phenomenon was accounted for Likos, who 

used the effective interactions between the components of the mixture [42, 294, 297]. 

It was demonstrated that the addition of the chains causes a drastic decrease of the 

peak of the star-star structure factor, with the effect becoming stronger as the chain 

size (or concentration) increased; this conforms to the melting picture. A typical 

theoretical prediction is depicted in Fig. 21a, where the stars here are considered to 

crystallize. Whereas this was not the case experimentally, the analogy holds here: 

melting of the structure (loss of correlations). Indeed, in Fig. 21b we show SANS data 

with selected mixtures, which confirm the predictions [294]. It appears that the linear 

chains tend to occupy spaces in the interstitial area between overlapping stars, and thus 

reduce the fluctuations in the system.  

These results can be understood in terms of an effective potential )r(Ueff  

acting between the stars in the presence of the linear chains, related to the star-star 

radial distribution function. This was calculated by Likos [294, 297] and is depicted in 
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Fig. 22. In fact, the linear chains reduce the range of the bare star-star repulsion due to 

the osmotic force they exert on the stars, which is manifested as a depletion 

mechanism. Indeed, smaller chains cause an effective attraction between larger 

colloidal particles [42, 297-305]. In the case at hand, the depletion attraction is 

superimposed on the soft repulsion among the stars, and thus its dominant effect is to 

bring about a reduced repulsion among them. As the interstar repulsions become 

weaker, the correlations in the fluid are reduced and the latter regains stability. The 

further experimental confirmation of the depletion mechanism comes from the 

hydronamic radii measured with DLS in dilute star suspensions as function of the 

added linear homopolymer concentration, depicted in the inset of Fig. 22. Note that at 

high *
linlin cc  the effective attraction dominates, yielding cluster formation [297]. 

 

 

 

 

Figure 21: The calculated structure factor S11(Q) of the stars (component 1) at 

a normalized star density 0.35, for various normalized concentrations of added 

linear polymer chains and for size ratio q =0.30; and (inset) star-star SANS 

scattering intensities from a star-linear polymer mixture at the same size ratio, 

at a star concentration cstar=2.5 wt% and for different linear chain 

concentrations ( clin: �: 0.11 wt%, : 1.5 wt%, �: 4 wt%). Shown is only the 

Q range around the first maximum of I(Q). Data taken from reference [294]. 
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The cartoon of Fig. 23 attempts to capture the main physical difference between 

small and large linear chains when interacting with a single star. The idea is that in the 

latter case the large chains (with respect to the star arm) create an osmotic force that 

shrinks the star and eventually yields star-star clustering at high concentrations (see 

also Fig. 22), analogous to the well-known manifestation of depletion in hard 

sphere/linear polymer mixtures [11, 288-291]; these clusters appear to be stable [302, 

305, 306]. This latter indication should be assessed in view of recent suggestions based 

on colloid-polymer depletion gels, according to which dynamic arrest appears to occur 

via cluster growth and association [307]. On the macroscopic level, the depletion 

relates to reduced correlations, enhanced mobility and a fluid response [294, 301]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: The effective star-star potential Ueff(r)/kBT, mediated by polymer 

chains of size ratio q=0.44, at various linear polymer volume fractions *
lincc  

from right to left, as shown by the arrow (0.00, 0.104, 0.418, 0.522, 0.626, 

0.679, 0.731). Inset: Normalized effective hydrodynamic radius of the star 
0
hh RR  as a function of *

linlin cc . The dotted line is drawn to guide the eye. 

Open symbols correspond to the star cluster (see text). Data taken from 

reference [297]. 
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Figure 23: Cartoon illustration of the polymer-mediated melting 

phenomenon.  Small linear chains can swell a single star (a), whereas 

large chains will shrink it (b). In dense suspension, the osmotic forces 

of the large linear chains lead to depletion (c), as discussed in the text. 

 

Naturally, the type of depletion discussed here (i.e., with effective pair 

potentials) takes place when the size of the linear polymer (typically, its hydrodynamic 

radius, lin

h
R ) is smaller than that of the star ( star

h
R ) [11, 289, 294, 305, 293-298], i.e., in 

the colloid limit. In fact, for values of the size ratio / 2star lin

h h
S R R= >  this depletion 

mechanism is active and enhanced when S decreases, but it breaks down around 

~ 0(1)S  [294]. In the range S<1, i.e., the so-called protein limit, the behavior of a 

colloid-polymer mixture is changing, and many-body effects need being considered 

[308-310].  

In the present star/linear polymer mixture, the experimental phenomenology 

(Fig. 19, 20) suggests a re-entrant solid-like behavior that is reminiscent of the 
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bridging flocculation reported in the colloid-polymer literacture [311, 11]. It should be 

noted however, that the latter effect is usually a consequence of adsorption of the 

polymer onto colloidal particles, something that is not the case in the mixtures 

considered here. On the other hand, the possible interaction of star arms with linear 

chains (due to the star structure, as illustrated in Fig. 3), makes this analogy relevant 

for further consideration. A recent detailed study of the depletion mechanism effects of 

linear chains in star-linear polymer mixtures [306] considered size ratios  in the range 

2<S<10; although smaller ratios were not studied, in that range the linear polymer-

mediated binary star effective interaction was found to be insensitive to the linear 

polymer concentration. This was in agreement with the experimental data [301, 294] 

and tentatively attributed to the worsening of the solvent quality for the stars as linear 

chains are added; beyond a threshold (overlap concentration), the theta state is reached 

[306]. 

These intriguing findings can be compared against those from more 

conventional colloid/polymer mixtures. In these systems, addition of small amount of 

polymer indeed leads to the melting of the colloidal glass; however, upon increase of 

the polymer concentration a new attractive glass emerges [59, 87, 299, 305, 312, 313], 

and this phenomenon is restricted to small polymer-to-colloid size ratios. Therefore, a 

universal picture of glassy states and their manipulation and transitions seems to 

emerge. Evidently, this also sets the stage for further work that is necessary in this 

direction.  

 

7.3. Implications and relevance 

A key point to address, again, is the rheological behavior of the star glass. As already 

mentioned, it is qualitatively identical to hard colloidal glasses. In addition, other 

liquid-to-solid transitions of colloidal particles of varying interactions, such as 

flocculation, exhibit the same phenomenology [91, 260-282, 314]; this brings up again 

the issue of distinguishing glasses from gels [231, 305], which however is not the 

subject of this work. The star systems here are considered to be in the glassy state on 

the account of their high volume fraction and repulsive pair interactions. The polymer-

induced melting of the soft colloidal solid brings to mind  analogies to the observed 

melting of a glass formed in a binary mixture of hard sphere-like microgel particles 

upon addition of chains [299, 312, 315], among other examples mentioned above. In 

fact, the proposed kinetic phase diagram for the microgel case (which we reproduce 

here for illustration purposes in Fig. 24) is very similar to that of Fig.19 for the present 

star/linear polymer mixtures. As that effect has been attributed to chain-mediated 

attractions between the microgels, it has been qualitatively modeled by a square-well 

potential acting between the spheres [60, 300, 316, 317]. 

Of particular interest is the distinction of glass from liquid behavior on the 

grounds of a different response of the intermediate scattering functions, i.e., non-

ergodic and ergodic, respectively. This is exactly the case for the star/linear polymer 

system [297]; moreover, in the latter case the non-ergodic behavior was directly 

correlated with a solid-like rheological response, both signatures being characteristic 

features   of   colloidal   glasses   [268].    The   connection  between  the  two  reported 
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Figure 24: Effect of increasing the free polymer volume fraction R
polymerϕ on 

the dynamics of a colloidal microgel suspension in a glassy state close to 

random close packing ( 67.0colloid =ϕ ) indicating the phenomenon of re-

entrant melting. (a) Density autocorrelation functions f(Q,τ) (probed by DLS 

at a scattering vector corresponding to the peak maximum of S(Q) of the pure 

colloid suspension at its glass-transition volume fraction 595.0g ≈ϕ ). The 

polymer reservoir volume fractions R
polymerϕ  are indicated by the numbers at 

the curves. Lines 1 and 6 correspond to nonergodic (glassy) samples. (b) 

Structural relaxation times ατ  versus polymer reservoir volume fraction 

R
polymerϕ  polymer. The vertical lines schematically indicate the transition lines 

to the respective nonergodic states. Adapted from reference [312]. 
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phenomena suggests a universality of the effect of added polymers in mediating the 

melting of soft solids, with profound implications in their flow control . 

Another intriguing connection is that of the present glass melting phenomenon 

with the suppression of crystallization induced by the depletant concentration [317-

319]. This, again points to a potential universality of the effects of depletion forces in 

causing eventually melting of solid structures.  

 

 

8. DEPLETION IN GLASSY BINARY ASYMMETRIC STAR MIXTURES  

 

8.1. The phenomenon and its interpretation 

One of the challenges emerging from the depletion studies discussed in the previous 

section, is exploring the role of the depletant. In particular, an interesting question is 

what would happen if the ideal linear polymer chain additive is replaced by a (small) 

star polymer additive; this yields a binary asymmetric star mixture. The controlling 

parameters are the same, i.e, the size ratio of small-to-large star, ξ, and the 

concentration of the added small (depletant) star, here in normalized units ρ2σ1
3
 (added 

small star being denoted as component 2). Small amplitude oscillatory shear 

measurements performed with such mixtures, where the large colloidal stars were in 

the glassy state and the small stars (of lower functionality and/or arm molecular 

weight) were added at different concentrations, revealed qualitative similarities to the 

star-linear polymer case, but still a more complex, behaviour: a melting of the glass 

upon addition of the small stars. However, with increasing the star size ratio ξ, a re-

entrant glass was observed [320-322]. Typical results are depicted in Fig. 25. It is clear 

that at low concentration of the small star the mixture exhibits the typical solid-like 

behaviour, observed in colloidal glasses [61, 267, 323, 296]; this is termed “single 

glass” in the sense that only the large star is vitrified, whereas the small is able to 

move (this was deduced from MCT calculations [247, 35, 320, 321, 324, 325]). As we 

add more of the small star of constant functionality and molecular mass (Table 1), the 

glass gradually weakens, as reflected in the rheological signal. In fact, the mixture’s 

plateau modulus (high-frequency G ′  limit) decreases, at the same time, the G ′′  

remains virtually unchanged, suggesting that the key effect of the additive is the 

softening of the cage elasticity of the big stars. Eventually, as the small star’s 

concentration  increases further, the cage  apparently opens up, the glass melts, and the 

classic viscoelastic liquid response is reached. This is a remarkable finding given the 

change of viscoelastic moduli by orders of magnitude upon changing the concentration 

of the small star (here, basically doubling the concentration). Note that the same 

behaviour is observed qualitatively, when we keep the concentration of the added 

small star constant while we change its molecular mass [320, 321].  

Similarly to the star/linear polymer mixtures of the previous section, this 

rheological information can be compiled into a kinetic state diagram of concentration 

of the added small star against its molecular mass, for constant concentration of the 

large star. In this diagram, shown in Fig. 26a, where we map the rheological signature 

of the star mixture as we change the additive. One can observe that by increasing the 
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concentration of a given small star, the mixture is transformed from a solid (glass) to a 

viscoelastic liquid. On the other hand, at constant concentration of the small star, 

increasing its molecular mass yields a melting of the glass; eventually, at very high 

molecular mass, there is an apparent tendency for a re-entrant vitrification of the 

mixture, and the overall kinetic phase diagram takes a U-shape. Moreover, for each 

combination of big glassy star and functionality of small added star there is one U-

shape curve signifying the liquid-to-glass boundary. These pertinent findings are 

qualitatively similar to the predicted state diagrams obtained from MCT (Fig.26b) 

[320, 321]. All related theoretical analysis and MCT calculations disussed in this 

context were carried out by Likos, Mayer, Zaccarelli and co-workers [320,321]. It 

should be noted here, that the apparent number of experimental data points is a 

consequence of the limited availability of model star polymers. On the other hand, for 

each size ratio several experiments were performed with varying the concentrattion of 

the small star additive. The data points indicated on the U-shape kinetic diagrams of 

Fig. 26 mark the higher concentration of added small star where glass-like behaviour 

was detected, and respectively, the lower additive concentration where liquid-like 

behavior was detected for a particular star/star polymer mixture.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: Dynamic frequency sweeps of binary asymmetric star mixtures 

LS4/6430 in toluene with constant LS4 concentration 2.5 wt% (in the glassy 

state) but different concentrations of 6430 [�,: 0.5 wt%, �,�: 3.5 wt%]  

(Solid symbols: G′ ; Open symbols: G ′′ ). 
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Figure 26: (a) Experimental kinetic phase diagram of binary star mixtures, indicating 

regions of liquid and glass for different concentrations of added small star ρ2σ1
3
 and 

size ratios ξ. Large stars of functionalities f1=270 and 128 were used, with normalized 

concentrations ρ1σ1
3=0.345 and 0.412, respectively. Open symbols denote a liquid and 

solid symbols a solid (glass) state. Only the data points closest to the melting lines are 

shown here. The lines through the data, passing above the full symbols and below the 

empty ones, are guides to the eye. 

(b) Respective theoretical kinetic phase diagram of binary star mixtures, calculated 

using MCT. The large-star functionality and concentration are fixed at the values 

f1=270 and ρ1σ1
3=0.345. The diagram is shown for three different functionalities f2 of 

the small stars. Circles: f2 =16; squares: f2=32; triangles: f2 =64. The solid lines going 

through the calculated points are guides to the eye. The dotted lines and respective data 

reperecent MCT without considering double glass scenario (see ref. 320). The cartoons 

display local arrangements in a single big-star glass with mobile small stars (left) and 

in a double glass in which there is mutual caging of both components (right). Single 

glass has lower elasic moduli than the double glass. Data taken from reference [320]. 
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Figure 27: (a) Phase diagram of the binary hard sphere mixture. Dots represent 

homogeneous fluids, open triangles are samples separating into fluid (F) and 

crystal (C), filled triangles are completely crystalline, filled squares are glassy 

samples (G). The solid line is the fluid-solid binodal, dashed lines are glass 

transition lines. 

(b) Construction of the fluid-solid binodal (solid line). Triangles are 

compositions separating into fluid and crystal. Dashed lines are tie lines 

connecting coexisting compositions (circles). The dotted line is the theoretical 

prediction. Adapted from reference [326]. 
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Again, as in the case of star-linear polymer mixtures, we note here that for large 

values of ξ, this simple depletion scenario does not hold anymore (see also relevant 

discussion in Section 7); in fact, the theoretical analysis is restricted to 45.01.0 ≤≤ ξ , 

and beyond the upper threshold no melting is predicted. A simple explanation suggests 

that, as ξ increases, the small stars become as large as the voids in the glassy matrix of 

the large stars, and get trapped there, forming themselves a glass within the big star 

glass: this is the so called double glass (see cartoon in Fig. 26b). In such a case, the 

small stars contribute to the cage formation. Naturally, as ξ grows, this trapping 

mechanism becomes more effective and the slope of the vitrification line is reversed; 

this is described by the two-component MCT [320, 321]. As ξ grows further, the 

caging mechanism becomes so strong, that no melting is predicted. Therefore, the 

important result of this analysis is the prediction of two different glassy states under 

the melting boundary: a single glass (at lower ξ), when the small star component 

remains mobile, and a double glass (at higher ξ), when both star components become 

arrested (cartoon of Fig. 26b). Note that the same type of behavior was reported for 

binary mixtures of hard sphere colloids with large size asymmetry [326], with the 

important distinction that in that case a melting of the large hard sphere glass upon 

addition of the small component was not observed. In Fig. 27, we reproduce the phase 

diagram of the binary hard sphere mixture [326] for comparison.  

The two different glasses have distinct signatures: as seen in Fig. 28 (a) and (b), 

the non-ergodicity factors are different. In fact, it appears that the double glass is 

strongly non-ergodic in the sense that both components exhibit non-ergodic response. 

On the other hand, the single glass is weakly non-ergodic, as only the large star 

component exhibits a non-ergodic response. In addition, the elastic modulus of the 

former is clearly larger, and this has been confirmed experimentally as well; actually, 

the dependence of the experimental and predicted normalized G ′  on ξ is depicted in 

Fig. 28 (c). In the single glass, the fluid-like small star component does not contribute 

to G ′  and it contributes to the softening of the cages formed by the large star 

component; this leads to a lower G′ . On the other hand, as ξ increases, the small stars 

participate to the glass formation themselves, and thus they contribute to the 

enhancement of the G ′ . The experimental support of this trend provides a 

confirmation of the single/double glass picture put forward. Note that different types 

of glasses have been observed experimentally in PMMA/PS colloid/polymer mixtures 

[327], pluronic copolymer micelles [328, 261, 262], micellar solutions of associative 

polystyrene-poly(acrylic acid) block copolymers [329, 330], and in thermally 

reversible coated silica suspensions [331]. Whereas a distinct difference in the moduli 

and non-ergodicity parameter between glasses was detected, all cases involved 

repulsive-to-attractive glass transitions. Here it appears that as the strength of 

depletion increases in the single-glass and the double-glass states, re-entrant attractive 

and repulsive glasses are formed respectively [332, 333]. Nevertheless, a universal 

picture may emerge, suggesting ways to tune the properties of disordered colloidal 

systems to obtain different glassy states, and thus different rheological properties [332-

334, 23, 253] 
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Figure 28: The nonergodicity factors f11(k) (a) and f22(k) (b) of the large and 

small star components, respectively, for  f1=270, f2=32, ρ2σ1
3
=0.02, at different 

ξ values. Note that for ξ = 0.3, the system is ergodic. (c) Plot of the 

ratio 0GG ′′ , where 0G′  is the modulus of the big star system without additive, 

against the size ratio ξ close to melting. Theory refers to the case f2=32, while 

experiments refer to a compilation of several measured elastic moduli of star-

star mixtures, obtained with different big and small stars at various 

concentrations of the additives. Data taken from reference [320]. 
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9. THERMAL VITRIFICATION IN STAR MIXTURES 

 

9.1. Relevance 

We revisit the problem of heating-induced glass transition of the colloidal stars 

(discussed in section 6) and consider a star/linear polymer mixture, where the linear 

chains interact with the stars, as discussed in section 7; depending on their size ratio, 

they may swell the stars or deplete them [211, 297]. This situation can, in fact, be 

realized by replacing the athermal solvent of the star-based mixtures in sections 7 and 

8 above, with a solvent of intermediate quality. Indeed, Fig. 29 depicts dynamic 

frequency sweeps of the star/linear mixture 12880/1000 (1000 g/mol is the molecular 

mass of the linear polymer; concentration was clin=1.4 wt%) [301] in decane, at 

constant star concentration (c12880=3.9 wt%) and different temperatures.  It is observed 

that at low temperatures the system is liquid and from 7 to 10°C there is virtually no 

change in its rheological behavior. Then, at 15°C the sample still exhibits a liquid-like 

response, but with a slight enhancement of the loss modulus and a weaker increase of 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29: Dynamic frequency sweeps of G′ (closed symbols) and G ′′ (open 

symbols) for 3.9 wt% 12880 in the mixture decane/linear 1,4-polybutadiene 

1000 g/mol, (linear polymer concentration was clin=1.4 wt%), at different 

temperatures: 7°C (�), 10°C (�), 15°C (�), 20°C (�), 30°C (�), and 40°C 

(�). Inset: For the same system, the temperature evolution of zero-shear 

viscosity () in the liquid regime and plateau modulus (�) in the solid regime 

are shown . The vertical line indicates the vitrification temperature. The dotted 

lines are drawn to guide the eye. Data taken from reference [301]. 
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the elastic modulus. At 20°C however, the sample solidifies and exhibits the 

rheological signature of a reversible weak soft glass [61, 323]. Further increase of 

temperature (up to 40°C here) yields a stronger caging effect [320, 321], thus glass, as 

judged by the increase of G ′ .  

The temperature dependence of the zero shear viscosity ( oη ) of the liquid and 

plateau modulus of the glass ( G ′ ), are depicted in the inset of Fig. 29, and bring 

analogies to the plot of Fig. 18 as a means for determining the glass transition Whereas 

in the latter case the glass transition volume fraction is determined, in the present case 

the effective colloidal glass transition temperature is obtained. To rationalize this 

behaviour, which is qualitatively similar to that discussed in section 6, it is instructive 

to probe the change of hydrodynamic radius of the star suspended in the linear 

polymer solution, as function of temperature (Fig. 30). Clearly, the increase of volume 

fraction is again responsible for the kinetic freezing of the mixture. In this case, 

however, a more complex freezing process takes place, because of the presence of the 

linear chains. The latter in the present case are small enough to penetrate the stars (Fig. 

23a) and induce an additional swelling effect, whose consequences are evident in the 

vitrification process, discussed in terms of state boundaries below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30: Temperature dependence of the hydrodynamic radius, Rh, of 

12880 star in solutions of linear 1,4-polybutadienes in decane at different  

molecular masses: 1000 g/mol (�) and 165 000 g/mol (�). The star 

concentrations are 0.015 and 0.010 wt %, whereas the linear polymer 

concentrations are 1.4 and 1.1 wt %, respectively. Also shown in this plot are 

the Rh (T) data for 12880 in net decane () and tetradecane (�), as well as the 

limiting values for athermal solvent cyclohexane (�, measured at 25 °C), and 

theta-solvent dioxane (�, measured at 26.5 °C).  Data taken from reference 

[211, 301]. 
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As in the case of the single star suspensions, the dynamic frequency sweeps at 

different temperatures and dynamic temperature ramp experiments at different 

frequencies can be compiled into a jamming state diagram, which is depicted in Fig. 

31. There, the Tsolid of different 12880/1000 mixtures in decane  (with a linear-to-star 

size ratio of about 0.04) for different effective volume fractions of 12880 is shown, 

with a constant linear polymer concentration clin=1.4 wt% (thus the solvent C10/1000 

exactly the same for all star solutions considered) [301]. For comparison, this figure 

includes also the Tsolid data for 12880 in neat decane [212, 225] and tetradecane [211]. 

The data strongly indicate that the addition of the small linear chains reduces the Tsolid. 

This reduction is smaller as c12880 increases but this may relate to the fact that 

eventually at high c12880 the Tsolid should be independent of c12880 (as it has been 

observed for 12880 in tetradecane) [211]. This result is a manifestation of the effective 

improvement of solvent quality upon addition of small linear chains which can 

penetrate the stars, and consequently swell them. Eventually as the temperature 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31: Vitrification temperature Tsolid as function of the effective volume 

fraction φeff for 12880 in three solvents:  decane (C10, �); tetradecane (C14, 

); decane/short linear chains (C10/1000, �). Lines are drawn to guide the 

eye. The vertical arrow indicates the critical volume fraction φc (see text). 

Data taken from reference [211, 301]. 
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increases in this particular example, the hard sphere limit is virtually reached at 

T=50ºC. In fact, if we consider the concentration of c12880=4.5 wt% in Fig. 31, the 

effect of solvent quality on Tsolid is remarkable: the highest Tsolid is exhibited by the 

poorest solvent, tetradecane (the 4.5 wt% corresponds to effective volume fraction 

0.96~effϕ ), and as the solvent quality improves Tsolid drops substantially (about 30 °C 

in decane and another 20 °C in the decane in the presence of the small linear polymer 

chains).  

Considering the effect of increasing the linear/star polymer size ratio, 

experiments with a linear polymer of 165000 g/mol (about the span molecular mass of 

the star) reveal that increasing the temperature has an appreciable influence on the 

star/linear mixture via an increase of the moduli and a change from a liquid-like 

mixture to a viscoelastic fluid. This eventually should bring about a glassy state, but 

presumably at temperatures beyond the experimentally used ones. In fact, in this 

particular case with a linear-to-star size ratio of about 0.5, the linear chains do not 

penetrate the stars but instead exert an osmotic force that tends to shrink them, as seen 

in Fig. 30 [301, 306] and Fig. 23b. The addition of linear chains has as a consequence 

an effective worsening of the solvent quality for the stars [306], shifting the glass 

transition temperature to high values. Extension is this work would provide the 

necessary information for the coarse-grained description of star/linear polymer 

mixtures in intermediate solvents [306]. 

 

9.2. Implications 

The development of predictive tools based on appropriate star-star effective 

interaction potentials, will be an important step forward in our quest for designing and 

formulating soft colloidal composites with desired properties. It will also open the 

route for tailoring the rheology of such systems. Therefore, further experimental 

efforts in a wider range of linear-to-star size ratio (the crucial parameter) should have 

an impact.  Moreover, there is always a concern of the presence of weak dispersion 

forces in these systems where the increase of temperature yields a better quality 

solvent. To this end, a connection with attractive glasses [59, 23, 87] may help 

revealing the universal aspects of glass formation and different glassy states in 

colloidal suspensions. Naturally, this last aspect applies to the problems discussed in 

sections 6, 7 and 8 as well. 

 

 

10. CONCLUDING REMARKS AND OUTLOOK 

 

Tailoring the flow of soft colloidal suspensions represents a grand rheological 

challenge. This, in turn, necessitates the proper description and control of the effective 

interactions in these systems. Undoubtedly, such a formidable task becomes 

complicated by the variety and the coupling of the interactions. This means that a good 

control of the particle interactions is needed. To this end, colloidal star polymers 

represent an ideal model soft colloidal system, amenable to experimental studies. They 
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exhibit tunable, excluded volume (entropic) interactions, which can be described at a 

coarse-grained level with reasonable accuracy. Their structural and transport 

properties reflect the combination of polymeric and colloidal features. Of particular 

interest in this work is the behavior in the dense state and the possible manipulation of 

their rheology. There, these soft colloids become kinetically arrested and a variety of 

intriguing features of the glassy state are revealed. Based on the control parameters for 

monitoring these states, one can distinguish two situations: 

(1) Upon heating, concentrated suspensions of colloidal stars in a solvent of 

intermediate quality undergo a reversible glass-like transition.  This phenomenon is 

attributed to the increase of the stars effective volume fraction with temperature, 

leading to the formation of clusters and causing a kinetic arrest. 

(2) The addition of linear or star polymers to a colloidal star glass brings about 

melting of the glass. Depletion is the origin of this effect and the control parameter is 

the additive-to-star size ratio (smaller than 1). Re-entrant glasses are formed up 

increasing depletion range (size ratio) or depletion strength (additive concentration). 

Naturally, a combination of these two phenomena, e.g., thermal vitrification of 

star mixtures, reflects an interesting interplay of the swelling and depletion effects. 

The above striking properties of soft colloids manifest the very nature of soft 

matter, i.e., the dramatic impact of weak external fields in inducing large macroscopic 

changes in this class of materials. Moreover, along with others, they can provide a 

‘toolbox’ for the rational design and engineering of novel soft materials and the 

control of their rheology.  To meet these challenges, several important problems need 

being addressed [201]. Here we only mention some interesting possibilities for further 

rheologically relevant investigations: 

It is evident from this work with model colloidal star polymers, that it is 

possible to manipulate transitions in soft colloids with various thermal forces 

(temperature, solvent, depletion). This, in turn, provides the key for tailoring their 

rheology.  There are still important open issues, such as the understanding of the re-

entrant behaviour of star/linear polymer mixtures (and other soft colloid/polymer 

systems) in the protein limit, the possible re-entrant behaviour of the thermal soft 

colloidal glasses (preliminary studies are suggestive of this tendency, which brings 

analogies to the observations with the pluronic micelles [260]), the re-entrant glass in 

binary soft colloidal mixtures as the strength of depletion increases [333]. In the latter 

case, it is a prime importance to explore the different glassy states that may exist and 

understand their similarities and differences, as well as the rheological consequences 

of their presence. To this end, probing the high-freqency modulus of different solid-

like soft colloidal systems is of great relevance, and may further yield novel material 

properties [335-337, 268, 269]. Along the same lines, a possible association of 

different glasses to fragile or ductile behaviour is of significance [32-34]. Of course, 

the number and length of the ‘grafted’ layers represents an additional parameter for 

softness, and thus rheology control [42, 210]. In this class of problems, the distinction 

between rheological (and other dynamic or structural) signatures of colloidal gels and 

glasses remains an ever challenging topic [270, 17, 232-234, 23, 271]. 

The discussion in this article was restricted to linear rheological response. 

There is a wide range of intriguing phenomena of immense scientific and 
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technological interest, that relate to the nonlinear rheology of soft colloids. Some 

representative examples, drawn from the fragmental evidence with the model colloidal 

stars (but applicable to a wide range of soft colloids) include: (i) Yielding behaviour of 

the glasses: exploring the different mechanisms by which soft glasses melt under the 

influence of an external load, usually shear [61, 323, 338, 339]. To this end, a possible 

universal description of yielding in solid-like soft matter systems remains an open 

issue [340-347, 323, 327, 61, 328]. (ii) Aging of soft glasses and its relation to that of 

hard glasses [348-357], as well as its consequences on rheology [351, 352, 61, 358-

360, 181]. (iii) Thixotropic behaviour [361-366]. (iv) Shear banding phenomena [367-

371]. (v) Possible flow-induced structural changes in these deformable systems [76, 

372, 371-373]. 

In closing, we hope that developments in this front with these model systems 

will be also valuable for assessing recent modelling approaches attempting at 

describing the rheological and dynamic properties of colloidal glasses [351, 356, 76, 

368, 374-379]. 
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