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The glass and jamming transitions of soft polyelectrolyte microgel suspensions

We explore the influence of particle softness on the state diagram of well characterized polylectrolyte microgel suspensions using dynamic light scattering and rheology. Upon increasing the polymer concentration, we cross successively the well defined glass and jamming transitions which delimit four different states: dilute colloidal suspension, entropic glass, jammed glass, and dense glass. Each state has a specific dynamical fingerprint dictated by two key ingredients related to particle softness: elastic contact interactions, and osmotic or steric deswelling. Soft interactions control yielding and flow of the jammed glasses. The shrinkage of the microgels makes the glass transition look smoother than in hard sphere suspensions. We quantify the relation between the polymer concentration and the volume fraction, and show that the glass transition behaviour of soft microgels can be mapped onto that of hard sphere glasses once the volume fraction is used as the control parameter.

Introduction

The phase behaviour of colloidal suspensions becomes increasingly complex at large volume fractions. Fairly monodisperse Brownian hard sphere suspensions have long been considered as the archetypal problem in the field and have attracted a lot of interest. Colloidal hard spheres are rigid particles of submicron size that interact through the repulsive excluded volume potential only. They form glasses when their volume fraction exceeds a value of about 0.58. 1,2 In a glass, each particle can be seen as kinetically trapped in a cage formed its neighbours. Cages restrict macroscopic motion over a period of time exceeding the experimental time window over which the suspensions are observed. [START_REF] Pusey | Liquids, Freezing and Glass Transition[END_REF] At the macroscopic scale, hard sphere glasses thus exhibit solid-like properties, i.e. reversible elastic deformation and resistance to flow at rest or at small applied stresses, but yield and flow at stresses exceeding the socalled yield stress. [START_REF] Petekidis | [END_REF] The magnitude of the elastic modulus is set by the thermal energy per particle, kT/R 3 where R is the particle radius, resulting in very weak moduli of the order of a few pascals. The rheology of hard sphere glasses has motivated a lot of experimental studies. [START_REF] Petekidis | [END_REF][5][6][7][8][9][10] On the theoretical side, mode coupling theory (MCT) provides a microscopic description of the linear and non linear rheology of hard sphere suspensions and glasses. [11][12][13][14] Besides hard spheres, soft and deformable particles constitute an important class of colloids that are ubiquitous in practical applications: 15 emulsions, microgels, multilamellar vesicles, copolymer micelles, and star-like polymers. For Brownian particles, it is relevant to characterize the relative importance of elastic and thermal forces by the non dimensional parameter ε = W/kT, 16 -18 where W is the elastic energy of the particles. Hard spheres are recovered in the limit ε = ∞ while ultrasoft particles such as star polymers correspond to ε ≈ 1. At high density, soft particle suspensions exhibit non ergodicity and caged dynamics like hard spheres. 19 However, while the volume fraction of fully random hard-sphere glasses cannot exceed close-packing at φ J ≈ 0.64, also termed the jamming point, [16][17][18][19][20][21] soft particles can be packed at much higher volume fractions due to their deformability. In this regime, they experience soft interactions which are characterized by repulsive pair potentials of various forms. [22][23][24] Soft particles can also undergo changes in volume in response to external stimuli like pH and temperature, or upon a concentration increase, because of osmotic or steric phenomena. 25,26 Interdigitation is another important manifestation of softness that occurs when dangling chains are present at the periphery of the particles. 27 Open and important questions are whether and how the interplay between softness and Brownian effects affects the phase behaviour and rheology of soft colloidal suspensions.

Today there is growing evidence that soft particle suspensions do not obey a universal description. Different scenarios have been reported. Emulsions can be considered as the simplest situation of soft suspensions. Emulsion droplets are quite rigid (ε ≈ 10 6 -10 7 ) and deform at constant volume. They exhibit a glass transition at φ G ≅ 0.58, which is well described by MCT, and a jamming transition around φ J ≅ 0.64. [28][29][30][31] Star polymer solutions are ultrasoft particles which involve all the components of softness, i.e ultrasoft interaction potential (ε ≈10 1 -10 2 ), deformability, deswelling, and interdigitation. 27 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins They exhibit a liquid to solid transition with the hallmarks of a glass transition, at a well defined concentration, without clear evidence for jamming. 32 These experimental observations are qualitatively supported by recent simulations. 17,33 Microgel particles constitute a broad class of colloids with intermediate softness (ε ≈ 10 4 -10 5 ), which are tunable at will by varying the crosslinking density and the physicochemical environment. [START_REF]Microgel Suspensions: Fundamentals and Applications[END_REF] Aqueous suspensions of thermosensitive Nisopropylacrylamide (PNIPAm) core-shell particles have been found to be exquisite model systems for studying the flow behaviour of colloidal glasses with quantitative comparison to MCT theories. [START_REF] Fuchs | [END_REF][36][37][38] Different studies have interpreted the solidliquid transition of concentrated PNIPAm microgel suspensions as a thermal glass transition, 39 an athermal jamming transition, 40 or a combination of both. 41 Simulations suggest that soft PNIPAm microgels should undergo a colloidal glass transition far from the jamming limit. 33 Polyelectrolyte microgels form another important class of soft particles. Our former work in the field was mainly focused on concentrated suspensions where the rheology was described in the framework of an athermal micromechanical model. 16 Experiments from other groups on crystallising polyelectrolyte microgels have shown that dynamical arrest is approached very gradually 42 or suppressed, 43 and that colloidal softness affects the phase diagram. 44 It is thus evident that thorough investigations are highly desirable and timely, particularly with the aim of building a generic framework to rationalize the state diagram and the rheology of soft microgel suspensions.

In this work, we take-up on this challenge and report on the dynamics of well-characterized colloidal microgel suspensions, which encompass several key ingredients associated with softness: elasticity, deformability, and osmotic or steric deswelling. We analyze the state diagram and the rheological properties of the suspensions from very dilute to highly concentrated regime using light scattering, steady and oscillatory shear rheology at small and large amplitudes. In Section 2, we describe the microgel suspensions, their preparation and the experimental techniques and protocols which have been implemented. In Section 3 we present and discuss the experimental results. We identify the glass and jamming transitions which delimit dilute colloidal suspensions, entropic glasses and jammed glasses in the state diagram. A careful analysis of the rheological properties, combined with a simple model of swelling, provides a relation between the actual volume fraction and the microgel concentration. In Section 4, we conclude and highlight the impact of softness on the state diagram and suspension properties.

Materials and methods

Microgel synthesis and characterization

The suspensions used in this study were prepared from polyelectrolyte microgels in water. The microgels are spherical crosslinked polymer network synthesized by emulsion polymerisation at low pH (≅ 2) using ethyl acrylate (64 wt%) and methacrylic acid (35 wt%), and the difunctional crosslinker dicyclopentenyl-oxyethyl methacrylate. 45 We implemented a semi-batch technique in starved-feed conditions and continuous feeding of initiator and reactants. The conditions of synthesis (temperature, feeding rate) were optimized to yield constant conversion rate and linear particle growth with time. These conditions are known to reduce inhomogeneties of composition and limit the occurrence of dangling ends. 46,47 In the following we will thus consider that our microgels are uniform in composition. This is in contrast with other systems studied in the literature which consist of a soft brush-like shell coupled to a dense core. 48 The average number of monomeric units between two crosslinks is of the order of 128 assuming a uniform distribution of crosslinks. Unreacted monomers, surfactants and other impurities present in the product of the synthesis were removed by ultrafiltration. The solid content of the stock suspension was determined by thermogravimetry. Microgels suspensions were prepared by diluting a volume of stock solution at the desired concentration and adding sodium hydroxide which ionizes the methacrylic acid units and provokes the swelling of the particles. The degree of neutralization is characterized by the molar ratio f between NaOH and COOH functions; f = 1 in all the experiments reported below.

The hydrodynamic radius, the radius of gyration and the size distribution of the microgels were determined by light scattering (Section 2.3). At low pH where the microgels are collapsed, the radius of gyration determined using a Guinier plot of the static intensity in the range qR g <1 is R g ≅ 60 nm; the hydrodynamic radius measured by dynamic light scattering is R h ≅ 78 nm. The particles thus behave very much like hard spheres (R g /R h ≅ 0.8). The particle distribution is weakly polydisperse with a mean-square deviation of about 0.1. For f = 1, swollen microgels have a hydrodynamic radius R h ≅ 305 nm; the swelling ratio is Q ≅ 60. In the limit C→0, the polymer concentration C and the particle volume fraction φ are proportional: φ 0 = kC with k = 0.11 ± 0.01 g/mg (Section 3.6).

The coefficient k can be expressed as: k = m/vρ S where m is the mass of a microgel, v its volume (=4π ܴ ୦ ଷ /3), and ρ S the suspension density which is equal to the water density. We deduce easily the mass of a microgel (m = 1.2×10 -15 g), the total polymer volume fraction and the methacrylic acid concentration in the collapsed and swollen states (ϕ 0 = 0.7 and ϕ ≅ 0.01; c 0 = 2 M and c = 0.03 M), in fairly good agreement with previous reports. 25,45 At higher concentrations, microgels are able deswell osmotically so that the volume fraction is not known a priori. We will use the polymer concentration, C, as the control variable (0.1 mg/g<C<50 mg/g).

Rheological measurements

Rheological measurements were carried out using an Anton Paar MCR 501 rheometer. For the most dilute samples (C < 12 mg/g) the rheometer was equipped with a double-wall Couette geometry (internal cylinder diameter: 23.820 mm; external cylinder diameter: 27.594 mm; capacity: 3.9 cm 3 ). For concentrated samples (C 12 mg/g) the rheometer was mounted with a cone and Peltier plate geometry with a diameter Please do not adjust margins Please do not adjust margins of 50 mm, a 2° angle, and a truncation of 48 μm. The shearing surfaces were sandblasted to provide a surface roughness of 2 to 4 μm, which prevented the occurrence of slip. A solvent trap was placed around the sample to minimize water evaporation, and the interior atmosphere of the trap was saturated using a small volume of distilled water. All measurements were made at 20.0 ± 0.1°C. Prior to all measurements, suspensions were presheared at a shear rate of 500 s -1 for 30 s in order to erase the mechanical history and place them in a reproducible state. Before frequency sweep tests, which needed to be performed close to equilibrium conditions, they were kept at rest for a waiting time of about 4 hours to make aging effects negligible. 49 We performed two types of rheological tests: steady shear experiments and oscillatory measurements.

Steady shear experiments, where the stress σ was measured as a function of the applied shear rate Ȗ , were performed by applying constant shear rates varying from ≅ 10 3 to 10 -4 s -1 and recording the stress when steady state was reached. To quantitatively analyze flow curves ߪሺߛሶ ሻ, the experimental data were fitted to various phenomenological models. Dilute suspensions (C < 11 mg/g) had a purely viscous behaviour; the nonlinear steady-shear data were modelled using a version of the Carreau-Yasuda viscosity model which included a term for the viscosity at infinite shear-rate and a single slow relaxation process: 50
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η 0 and η ∞ are the low and high shear rate limits of the viscosity, respectively; τ 0 is the longest relaxation time which marks the onset of shear thinning; a and b are two fitting parameters. The Carreau-Yasuda model was implemented by minimizing the residuals between Eq. ( 1) and the experimental stress data using ordinary least-squares fitting. At high concentrations (C ≥ 16 mg/g), the suspensions exhibited yielding properties and the flow curves were fitted to the Herschel-Bulkley equation: 19 ߪሺߛሶ ሻ ൌ ߪ ௬ ݇ߛሶ

where σ y is the dynamic yield stress, k the consistency parameter, and n a real exponent. At intermediate concentrations (11 mg/g < C < 16 mg/g), we used a form which involves a linear combination of a constant yield stress and two power law variations:

ߪሺߛሶ ሻ ൌ ߪ ௬ ݇Ԣߛሶ ݇ߛሶ (3) 
where k, k ' , n, and p are parameters. Similar functional forms have been successfully used to describe the flow curves of glassy star polymers in good solvent conditions 32 and hard sphere entropic glasses. 37 Oscillatory frequency sweeps were used to measure the variations of the storage modulus G' and loss modulus G'' as functions of the angular frequency ω (10 -2 < ω <10 2 rad/s) at small strain amplitudes in the linear viscoelastic regime (γ 0 = 6 × 10 -3 ). The storage and loss moduli show the characteristic variations exhibited by many soft materials, i.e. a nearly constant plateau in G'(ω) and a much lower G''(ω) with a small minimum around a frequency ω m . We defined the plateau modulus of the suspension, G 0 , as the value of G'(ω) at ω m .

Oscillatory strain sweep experiments were performed by applying a periodic strain at a fixed angular frequency ω = 1 rad/s in order to obtain the variations of G' and G" with the strain amplitude γ 0 (10 -3 <γ 0 <10).

Dynamic light scattering

The microgel suspensions used in this study are visually transparent so that standard light scattering could be used to characterize their dynamical properties. The setup was a CGS3 Compact Goniometer System from ALV, equipped with a digital correlator and a Helium-Neon laser emitting at 632.8 nm. After preparation the suspensions were transferred into cylindrical borosilicate test tubes (diameter: 10 mm) commercially available from VWR. The sample tubes were inserted in a thermostated cuvette filled with toluene which was placed on a motor-driven precision goniometer (±0.01°) enabling the photomultiplier detector to rotate accurately from 20° to 150° scattering angles (1.4×10 -3 nm -1 <q<7.8×10 -2 nm -1 ). The time-averaged autocorrelation function of the light intensity at a scattering vector q was computed using a digital correlator (ALV-LSE 5004): ݃ ௧ ሺଶሻ ሺǡ ݐሻ ൌ ܫۃሺǡ ݐ ߬ሻܫሺǡ ߬ሻۄȀ ۄ‪ሺ߬ሻܫۃ ଶ . For C 11 mg/g, the suspensions were ergodic and the time averaged autocorrelation functions were equivalent to ensemble-averaged autocorrelation functions. The field autocorrelation function ݃ ௧ ሺଵሻ ሺǡ ݐሻ ൌ ܧۃሺǡ ݐ ߬ሻܧሺǡ ߬ሻۄȀ ۄ‪ሺ߬ሻܧۃ ଶ is related to the intensity autocorrelation function through the Siegert relation:
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The coherence factor of our set up was measured using dilute polystyrene sphere standards: β = 0.90 ± 0.02. This value is unchanged up to the largest microgel concentrations investigated, indicating that multiple light scattering does not significantly affect our measurements. The measurement time was of 300 s at low concentrations and was increased to 2000 s near the non ergodic transition. When the suspensions were non-ergodic, the time average correlation functions did not give directly access to the ensemble-averaged correlation functions. We used the Pusey-Schätzel method which relates the ensemble averaged field autocorrelation function to time-averaged correlation functions: 51
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< I > t is the time-averaged intensity associated with a single measurement of ݃ ௧

ሺଶሻ ሺǡ ݐሻ at a fixed wavevector q and < I > e is the ensemble-averaged intensity obtained by rotating the cylindrical tube containing the sample around its axis (duration: 300 s; angular velocity: 1 rpm). The correlation functions were analyzed via inverse Laplace transformation which, assuming a superposition of exponentials, determines a continuous spectrum of relaxation times. The characteristic relaxation times associated with different relaxation modes correspond to the maximum values of the spectrum. The inverse Laplace transform was computed using This journal is © The Royal Society of Chemistry 20xx
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Results and discussion

Local dynamics probed by Dynamic Light Scattering

Figure 1 shows the ensemble-averaged field autocorrelation functions ݃ ሺଵሻ ሺݐሻ measured at θ = 90° over a wide range of samples spanning two decades in concentration. At low concentrations, the field autocorrelation functions are well described by single exponentials. The relaxation rates are proportional to q 2 (data not presented), indicating simple diffusive behaviour with the self-diffusion coefficient D independent of the wavevector q. D decreases when the concentration increases (Fig. 1). Extrapolation to zero concentration yields the single particle self-diffusion coefficient: D 0 = 7.1¯10 -13 cm 2 /s. From the Stokes-Einstein-Sutherland relation D 0 = kT/6πη S R (η S = 0.98 mPa.s is the water viscosity at 20°C), we deduce the microgel radius at infinite dilution: R = 305 ± 10 nm. Above C = 8 mg/g, the shape of ݃ ሺଵሻ ሺݐሻ changes and a second decay appears at long time. The diffusion coefficients depend on the wavevector due to the presence of interparticle correlations. They decrease with increasing q, go through a weak minimum, before reaching constant values at large qR values. This behaviour is qualitatively similar to that found in other colloidal suspensions. [53][54][55][56] We can assign the fast and slow modes when qR > 6 to the short and long time self diffusion, respectively. The short and long time self-diffusion coefficients, D S and D L , are represented in the inset of Fig. 1. When the concentration is larger than C = 11 mg/g, the autocorrelation functions no longer decay to zero over the experimental time window and exhibit a frozen-in component which rapidly levels off with concentration. This behaviour is the one expected for a system undergoing a colloidal glass transition. The onset of non ergodicity will be designated by C G in the following and we will take C G ≅ 11 mg/g. 

Small amplitude oscillatory shear rheology (SAOS)

To corroborate the nature of the non-ergodic transition occurring at C G , we measured the frequency dependence of the loss and storage moduli, G' and G", for six increasing concentrations. The results are plotted in Fig. 2. For the 8 mg/g sample there is a terminal regime which extends over almost the entire frequency window, indicating that the sample is a viscous solution; G' and G" nearly coincide at high frequencies.

For C = 10.5 mg/g, the dispersion is a viscoelastic liquid with the onset of terminal behaviour detected at very low angular frequency ω = 10 -2 rad/s and a weak elastic plateau at higher frequency. The storage moduli for C = 11 mg/g and C = 12 mg/g are larger than the respective loss moduli over the entire frequency window revealing weak solid-like properties. For these two concentrations, the plateau modulus is not perfectly constant but increases with the angular frequency. Moreover the onset of terminal relaxation remains visible at the lowest frequency investigated. For C 14 mg/g, the plateau modulus is constant over the entire frequency window and terminal behaviour is shifted to much lower frequencies which fall outside the frequency window probed by rheology.

Based on the frequency sweep data presented in Fig. 2, we determine the plateau shear modulus G 0 of the different samples as explained in Section 2.2. The variations of G 0 with the concentration are reported in Table 1 and plotted in Fig. 3. Near the onset of non ergodicity at C G , G 0 is of the order of the characteristic modulus kT/R 3 associated with entropic elasticity (~ 1 Pa). G 0 increases moderately up to a concentration C J where it starts to rise sharply with a linear dependence on concentration. We estimate the crossover C J = 16 mg/g from the intercept of the line with the data at lower concentrations. For C > 40 mg/g, the data start to deviate from linearity, suggesting a possible change of behaviour at large concentration. Please do not adjust margins Please do not adjust margins These results give evidence for distinct dynamical states. Below C G , dynamic light scattering experiments and linear rheology indicate that the samples behave like dilute colloidal suspensions. We associate the concentration C G to the entropic glass transition and C J to the jamming transition. The domain C G < C < C J corresponds to the entropic glass regime. The particles are trapped in metastable cages which restrict longrange displacements on time scale larger than the experimental time window. Solid-like behaviour is due to the existence of elastic restoring forces of entropic origin which drive the particles back to their equilibrium position when they are sheared. Above C J , the microgel dispersions still have an amorphous structure but the particles adapt their shape to steric constraints and develop flat contacts through which they exert repulsive forces of elastic origin. 45 In this regime microgel suspensions can be viewed as disordered packings of athermal frictionless particles. 20 The moduli, which are controlled by elastic contact forces, increase rapidly with concentration because both the number of contacts per particle and the compression of particles increase. 24,45 The linear variation observed in Fig. 3 agrees with predictions from simulations for athermal elastic spheres in the jammed regime. 22,24 

Large amplitude oscillatory shear experiments (LAOS)

We conducted systematic strain sweep experiments (LAOS). In Fig. 4, we represent the variations of the storage and loss moduli, G' and G", and of the stress amplitude, σ, with the strain amplitude, γ 0 , when C G = 11 mg/g, i.e. at the onset of the entropic glass regime, and ω = 1 rad.s -1 . The results for the other concentrations and angular frequencies are qualitatively the same. G', G", and σ have the characteristic shapes expected for yield stress materials like soft particle glasses, 57 emulsions, 58 star polymer solutions, 32 and hard sphere glasses. 9 At low strain amplitudes, the suspension exhibits solid-like behaviour with G'>G"; both moduli are independent of the strain amplitude and the stress varies linearly with the strain, indicating that the rheological response is in the linear regime. At larger amplitudes G' decreases whereas G" goes through a maximum before declining and crossing the storage modulus: the onset of non linearity is associated with yielding. At even larger amplitudes both moduli decrease as ܩ ᇱ ሺߛ ሻ ן ߛ ିఓ and ܩ ̶ ሺߛ ሻ ן ߛ ିఔ . In the high strain limit, the stress is well fitted to a power-law ߪሺߛ ሻ ן ߛ ି which is represented by a straight line in double logarithmic coordinates. The intersection between the low strain linear variation and the high strain power law variation marks the intersection between the liquidlike and the solid-like behaviours. This method provides a quantitative determination of the yield strain and stress which will be discussed in Section 3.5. Please do not adjust margins
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We performed systematic LAOS experiments for microgel concentrations in the entropic glass and jammed glass regimes.

The variations of μ, ν, and m are reported in Table 1 and plotted in Fig. 4b. Above C G = 11 mg/g, both μ and ν first increases before reaching plateau values, μ = 1.38 ± 0.01 and ν = 0.76 ± 0.01, at C J = 16 mg/g. At the largest concentrations investigated, we observe a slight decrease in μ and ν . It is interesting to note that the ratio μ /ν takes values close to 2 (μ /ν = 1.82 ± 0.02 in the jammed glass regime) as observed in many soft materials. 32,57 The variations of the exponent m also allow us to distinguish the entropic and jammed glass regimes. m decreases steadily in the entropic glass regime before plateauing at a value of about 0.2 in the jammed glass regime. In conclusion, LAOS experiments provide an efficient way to identify thermal and jammed glasses as well as the associated transitions.

Steady-shear rheology in the dilute suspension regime

We used steady-shear rheology to characterize the flow behaviour of microgel suspensions and glasses over several decades in applied shear rates and a wide range of concentrations. Figure 5 depicts the variations of the steadystate shear stress σ as a function of the applied shear rate Ȗ in the dilute colloidal suspension regime when the concentration is smaller than the glass transition concentration C G . For C < 2 mg/g the suspensions exhibit Newtonian behaviour with the stress being proportional to the shear rate over the entire range of shear rates. At higher concentrations, Newtonian behaviour is still observed at low shear rates but the suspensions become shear-thinning at high shear rates. The onset of shear-thinning is shifted to low shear rates as the concentration increases. The flow curve for C G = 11 mg/g does not exhibit terminal behaviour over the experimental window and marks the limit of the dilute suspension regime. This is in agreement with the appearance of non-ergodicity in light scattering experiments (Fig. 1) and the emergence of solid-like response in the linear viscoelastic experiments (Fig. 2).

We determined the low-shear and high shear rates viscosities, η 0 and η ∞ , as well the longest characteristic time τ 0 which marks the onset of terminal behaviour by fitting the experimental data to the Carreau-Yasuda equation (1). Below C = 2 mg/g, only η 0 can be determined whereas at larger concentrations, we are able to determine η 0 , η ∞ and τ 0 up to C = 10.5 mg/g. For C = 11 mg/g, the terminal regime falls outside the accessible shear-rate window and η 0 is no longer determined. The variations of the relative zero-shear and high shear viscosities, η 0 /η S and η ∞ /η S , are plotted in Fig. 6 against the polymer concentration. η 0 /η S increases steadily by five orders of magnitude over the range of concentration where it can be determined. The inset is an enlargement of the very low concentration regime for C < 2 mg/g where the relative low shear viscosity is well described by a second order polynomial of the form η 0 /η S = β 0 + β 1 C + β 2 C 2 with β 0 = 1 ± 0.001, β 1 = 0.26 ± 0.02, and β 2 = 1.1 ± 0.3. The relative high shear viscosity, η ∞ /η S , increases more slowly than the relative lowshear viscosity and lays well below it. The longest characteristic time, τ 0 , follows the variation of the low-shear viscosity within a constant prefactor.

To connect these macroscopic results to the local dynamics properties depicted in Fig. 1, we calculate the characteristic time that a microgel takes to diffuse in the environment formed by its neighbours over a distance comparable to its radius: ߬ ᇱ ൌ ܴ ଶ Ȁܦ . Remarkably, τ 0 and ߬ ᇱ coincide as shown in Fig. 6. This demonstrate that the onset of terminal regime is set by the structural time ߬ ᇱ Ǥ When ߬ ᇱ is smaller than the hydrodynamic time ߛሶ ିଵ ǡ Brownian motion controls the local structure and the suspension is Newtonian. When ߬ ᇱ ب ߛሶ ିଵ ǡ the applied flow modifies the equilibrium structure and the suspension is shearthinning. D L is given by the generalized Stokes-Einstein-Sutherland relation, 27,54 D L = kT/6πη 0 R, which involves the suspension zero shear viscosity. It follows that ߬ ᇱ ൌ ߬ and η 0 /η S are proportional through a coefficient of the order of 0.1, just as found in Fig. 6.

To close this section, it is important to note that the behaviour shown in Fig. 6 is qualitatively similar to that of other soft particle suspensions like star polymers, 32 and copolymer micelles. 59 It marks a distinct feature of soft spheres in comparison to hard sphere suspensions. In hard spheres, the viscosity first increases slowly before diverging making it very Please do not adjust margins Please do not adjust margins difficult to reach very high viscosities in a controlled way. In soft spheres the increase of the low shear viscosity is progressive and it is possible to achieve very high value of η 0 /η S . This result will be interpreted below in Section 3.6.

Flow and yielding through the thermal and jammed glass regimes

Figure 7 shows the flow curves at high concentrations. They do not extrapolate to zero stress at low shear rate, supporting the existence of a dynamical yield stress σ y . Moreover, we observe a clear qualitative difference between the flow curves of samples just above C G = 11 mg/g, i.e. in the entropic glass regimes, and those at higher concentrations than C J = 16 mg/g in the jammed glass regime.

In the entropic regime (C G < C < C J ), the flow curves are well described by the generalized Herschel Bulkley relation (3).

The numerical values of the fitting parameters (p, k, k', n, σ y ) as well as the yield strain γ y are reported in Table 2. One important result concerns the value of the exponent p describing the low shear behaviour of the flow curves, which decreases when the concentration approaches C J . This observation is in agreement with recent MCT predictions for hard spheres entropic glasses. 37 The high shear rate exponent n also decreases as shown in Table 2.

In the jammed glass regime (C>C J ), the flow curves are characterized by a flat plateau at low shear rates (p ≅ 0) and a single power law variations at high shear rates. They are well fitted to the Herschel-Bulkley equation (2). The values of the yield stress σ y , yield strain γ y (γ y = σ y /G 0 ) consistency k, and shear thinning exponent n are reported in Table 2. We observe that the exponent n is constant within the experimental uncertainties up to C = 30 mg/g (n = 0.50 ± 0.03) and decreases at higher concentrations. Secondly the ratio α = k/G 0 is constant (α = 0.020 ± 0.001), indicating that the consistency parameter is dominated by elasticity.

These results can be interpreted using a micromechanical model which describes the flow properties of jammed particle Table 2 Values of experimental parameters determined from non linear rheology experiments of concentrated microgel suspensions in the entropic and jammed glass states. All the parameters result from fits of the flow curves to Eq. ( 3) and ( 4) except for the yield strain γ y which is defined as γ y = σ y /G 0 . The values of G 0 used to compute α = k/G 0 are given in Table 1 glasses. 16 A glass is modelled as a dispersion of non-Brownian, elastic spheres with contact modulus E * which are dispersed at a volume fraction above random close-packing (φ > 0.64) in a solvent of viscosity η S. Each particle has contacting facets with several neighbours. It is subjected to a net repulsive force and a net drag force which are the sum of the elastic and elastohydrodynamic forces at its contacting facets, respectively. The model predicts that the flow curves obey a constitutive equation of the Herschel-Bulkley form: σ = σ y + ݇ߛሶ ଵȀଶ with α = k/G 0 = K(η S /E * ) 1/2 where K = 80 ± 3. E * is the particle contact modulus which depends on the Young modulus E and the Poisson ratio ν : E * = E/2(1-ν 2 ). This prediction matches well with the experimental results. One useful application is the determination of the particle contact modulus E * (= η S K 2 /α 2 ), which is unknown a priori and cannot be readily measured for submicron microgels: E * = 16 ± 1 kPa. The model also predicts a universal constitutive law: ߪȀߪ ௬ ൌ ͳ ሺߟ ௌ ߛሶ Ȁߛ ௬ ଶ ܧ כ ሻ ଵȀଶ . To check the validity of our analysis, we replot the flow curves Please do not adjust margins Please do not adjust margins shown in Fig. 7 using the non-dimensional stress σ/σ y and rate ߟ ௌ ߛሶ Ȁߛ ௬ ଶ ܧ כ . Fig. 8 shows that the flow curves for C > 16 mg/g collapse on a master curve which agrees with the expected constitute law. The data for the concentration C = 16 mg/g, which is the closest to the jamming transition, deviates from the prediction. The data for the highest concentrations C = 40 and 50 mg/g also collapse although the high shear rate exponent is different from the expected value 0.50 and the coefficient α is no longer constant suggesting again a change of behaviour.

Let us now discuss the yielding properties. Fig. 9 shows the variations of the yield strain determined by the strain sweep method in LAOS and the steady shear method. In the jammed regime, both data sets agree within the experimental accuracy. This is not the case in the glassy regime where the yield strain measured by LAOS clearly overestimates the value determined from the flow curve. This result is reminiscent of previous observations for star polymer solutions where yielding occurs in a range of shear rates although terminal regime is reached at low shear rates. 32 The discrepancy comes from the fact that LAOS measurements probe the behaviour at a particular finite frequency whereas the yield strain measured by steady flow is obtained in the low frequency limit.

Determination of the actual volume fraction of suspensions

The rheological properties of soft particle dispersions are usually expressed in terms of the effective volume fraction computed from the single particle hydrodynamic size. 42 Since microgels are able to shrink, the actual volume fraction can be very different from the effective volume fraction based on the low concentration limit. 25,26,60 So far, very few studies have tried to determine the actual volume fraction of soft dispersions.

Here we capitalize on the results presented in the previous sections to quantify the importance of deswelling and express a semi quantitative relation relating the experimental control parameter C to the actual volume fraction φ.

Suspensions in the limit C→0

For very dilute suspensions, a linear relation between C and the volume fraction φ is found by mapping the viscosity variations Fig. 9 Variations of the yield strain and yield stress (inset) versus the polymer concentration. Open symbols are relative to thermal glass state; full symbols refer to the jammed glass state. {, z: data obtained from LAOS (Fig. 4); , ¡: data obtained from flow curves (Fig. 7).

described as a second-order polynomial in Fig. 6 to the Einstein-Batchelor equation for Brownian hard spheres (Eq. A1): φ 0 = kC with k = (0.11 ± 0.01) g/mg. This relationship is represented in Fig. 10; it predicts that microgel dispersions should be solid at C = 7 mg/g, which is not the case in our experiments due to deswelling.

Dilute suspensions

Swelling at finite concentrations is regulated by the distribution of ions inside and outside the particles. In crosslinked microgels most of the counterions associated with the ionized units are trapped inside the microgel by the electric field created by the fixed charges borne by the polymer; only a small fraction Γ (≅ 0.15) of counter ions are free to move in the suspending solution. 25 When the volume fraction of the particles increases, the free counterions are confined in a smaller volume, their concentration increases, and the net osmotic pressure decreases causing the deswelling of the microgels.

This problem has been addressed independently by two different groups. 25,26 The following expression was shown to relate the actual volume fraction to the volume fraction φ 0 estimated in the limit C→0:

൬ ߶ ߶ ൰ ଶȀଷ ൌ ͳ െ ߁ ͳ െ ߁ ߶ ͳ െ ߶ (5) 
This relation is valid for φ < 1-Γ. Αt higher volume fractions the counter ions concentration inside and outside the microgels are equal so that osmotic deswelling becomes negligible. The validity of prediction ( 5) has been successfully tested. 25,26 In Fig. 10, we have plotted the volume fraction obtained by solving Eq. ( 5) with Γ = 0.15. We find that the relation between The model also provides expressions for the concentration of counterions inside and outside the microgels:

C in = f (1-Γ)c
and C out = f Γcφ/(1-φ) (f: ionization degree; c: methacrylic acid concentration inside the microgels). From these relations we can estimate the effective charge borne by the microgels, σ = 0.01 e/nm 2 and the Debye lengths inside and outside the microgels, Λ in and Λ out . 25,43 The effective charge is very low and Λ out becomes rapidly much smaller that the microgel radius when φ increases (Λ out ≅ 10 nm for φ = 0.1). In conclusion, the free counterions suffice to screen the repulsive electrostatic interactions due to the weak charge borne by the microgels even in the absence of any residual salt. This suggests that the rheological behaviour of microgel suspensions is dominated by excluded volume interactions like in hard sphere suspensions.

To test this conclusion, we compare the experimental data presented in Fig. 6 with the theoretical values expected for hard sphere suspensions (Appendix). For the low shear viscosity we use Eqs A2 and A3 with φ G = 0.615 being the value of the volume fraction predicted by Eq. 5 for C G = 11 mg/g. Given the experimental uncertainties which affect the determination of the Please do not adjust margins Please do not adjust margins volume fractions, we can consider that the experimental data and the theoretical predictions are in reasonable agreement.

Entropic glasses

In the entropic glass state, the osmotic deswelling model remains valid and can also be used to quantify φ(C) (Fig. 10). The glass transition is found to occur at φ G = 0.615, a value slightly larger than the established value φ g = 0.58 for conventional hard spheres. Different reasons can explain the discrepancy: the polydispersity of our microgel suspensions but also the uncertainties which are inherent to the derivation of the φ(C) relation. The model predicts that deswelling becomes less and less important as the polymer concentration increases. This is because the concentrations of counterions inside and outside the microgels tend to become equal.

Jammed glasses

In the jammed glass state, Eq. 5 no longer applies. We relate φ and C by comparing the experimental variations of G 0 /E* with the concentration to the theoretical form: 24 G 0 /E* = 0.19(φ -φ J ). We use the values of G 0 given in Table 1 and E * = 16 kPa. We observe that the volume fraction increases linearly with the concentration, which signals that osmotic deswelling is negligible in this regime, as expected from the model. The counterion distribution is essentially uniform over the suspension. At the jamming point, the predicted volume fraction φ J = 0.66 falls slightly above the expected value φ J = 0.64 but again we are limited by experimental uncertainties.

Dense glasses

The volume fraction approaches its maximum value 1 for C ≅ 30 mg/g. At these concentrations, the microgels are packed into dense suspensions without significant free volume left between them. In dense glasses, the actual volume fraction remains close to 1 and microgels cannot absorb enough water to reach swelling equilibrium. We call steric deswelling this new mechanism according to which the particles accommodate the steric constraints by reducing their size. The linear and non linear data reported in the previous sections indicate systematic deviations from the behaviour of jammed glasses (see for instance Figs 3 and4 as well as Table 2). A more systematic study would be useful to determine whether these deviations come from the changes in the individual microgel properties (size, Young modulus, osmotic compression) or more fundamentally from a breakdown of the micromechanical model.

Concluding remarks

The colloidal microgels studied in this manuscript have a softness parameter ε = E * R 3 /kT ≅ 10 5 , which is intermediate between parameters of emulsions and ultrasoft particles like star polymers. They exhibit a rich state diagram with well separated glass and jamming transitions, and four different states: colloidal suspension, entropic glass, jammed glass, and dense glass. The crossover we observe between entropic elasticity and jamming elasticity is reminiscent of the behaviour of concentrated emulsions. This result somewhat contradicts previous observations that dynamical arrest in microgels is controlled by the glass transition and that they should not be well suited to study the jamming transition. The state diagram is strongly affected by the particle softness and in particular the capacity of microgels to deswell. Although the determination of the volume fraction of a suspension is a difficult task, we have been able to account for particle deswelling and get reasonable estimates of the actual volume fraction. The glass and jamming transitions seem to occur slightly above the values expected for hard spheres. Despite the experimental uncertainties inherent to our method, we can argue that the effect of softness on the location of the glass and jamming transition is negligible in our system. More accurate determinations of the volume fraction would be useful to better disentangle deswelling effects from rheology.

In the dilute suspension regime, where osmotic deswelling plays an important role, microgel suspensions have a purely viscous behaviour. The variations of the low and high shear viscosities with the concentration appear to be softer than for hard spheres. However, once expressed in terms of the actual volume fraction, the data closely match the variations for hard sphere suspensions. In the jammed glass state, osmotic deswelling becomes negligible. The flow curves can be rationalized in terms of a micromechanical model incorporating elastic and elastohydrodynamic forces. This highlights the importance of elastic contacts between interlocked neighbouring particles. In the dense regime at high concentration, the actual volume fraction remains close to its maximum value 1. The microgels accommodate the constraints by sterically deswelling. Systematic deviations from the predictions are found, which raises the question of the validity of the micromechanical model for dense suspensions. Additional experiments coupling particle scale rheology and microstructure analysis would be useful to go further. Please do not adjust margins Please do not adjust margins These results highlight two important manifestations of softness, i.e. elastic deformations and volume changes, which act independently. In that respect, we think that our findings represent generic behaviours which should be found in many other systems once the proper protocol to deal with such soft systems is recognized and implemented. More complex situations where interdigitation between particles takes place remain a challenging issue. This calls for future investigations of hybrid architectures such as star polymers and well controlled hairy microgels.

Appendix: models for the viscosity of hard sphere suspensions

The modelling of the viscosity of hard sphere suspensions has stimulated a lot of work and reasonable predictions are now available. In the very dilute regime when φ →0, the low shear relative viscosity of Brownian hard sphere suspensions is well described by the following equation first derived by Batchelor: 61 The high frequency relative viscosity is modelled by the validated semi-empirical correlation: 63
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Finally in the literature, the high shear relative viscosity is well represented by the correlation: 64
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Fig. 2

 2 Fig. 2 Frequency dependent storage (z) and loss ({) moduli for increasing polymer concentrations (from top to bottom and right to left).

Fig. 1

 1 Fig.1Ensemble-averaged field autocorrelation functions for suspensions with C = 12, 11, 10 (….), 9, 8, 6, 4 (---), 2, 1, 0.1 mg/g (from right to left) at q = 0.021 nm -1 (qR h ≅ 6). The inset shows the variations of the short ({) and long (z) time self-diffusion coefficients, D S and D L , measured for qR h >6.

Fig. 4

 4 Fig. 4 (a) Dynamic strain sweep at ω = 1 rad/s of the microgel suspension with C = 11 mg/g; μ, ν, and m are the exponents of the power law variations for the storage modulus (z), loss modulus ({) and shear stress () at large strains. (b) Variations of μ (z) ν ({), and m (+) versus polymer concentration; the arrows point to the entropic glass (C G ≅ 11 mg/g) and jammed glass (C J ≅ 16 mg/g) transitions as explained in the text.

Fig. 3

 3 Fig. 3 Variations of the plateau modulus of microgel suspensions in the entropic glass ({) and jammed glass (z) regimes versus the polymer concentration. The black arrows in the main graph point to the glass and jamming transitions. The inset shows the data in lin-log representation. The solid lines are the best fit of the data to a linear variation in the jammed glass region.

Fig. 6

 6 Fig. 6 Variations of the relative zero shear rate viscosity (η 0 /η S ; z), high shear rate viscosity (η ∞ /η S ; {), longest relaxation time (߬ ; +), and structural time ( ߬ ᇱ ; ×). The continuous line represents Eq. A2 calculated using the φ(C) relation established in Section 3.6 with φ G = 0.615. The dotted line represents Eq. A4. The inset is an enlargement showing the zero-shear viscosity in the low concentration limit.

Fig. 5

 5 Fig. 5 Flow curves for microgel suspensions in the dilute suspension regime. The polymer concentration increases from bottom to top: C = 2 (z), 4 (S), 6 (¡), 8 (T), 9 (), 9.5 (¤), 10(W), 10.5 (X), and 11 (+) mg/g. The black lines represent the fits of the experimental data to Eq (1).

Fig. 8

 8 Fig. 8 Master curve obtained by plotting the flow curves measured in the jammed regime (Fig. 7) in the set of coordinates derived from the elastohydrodynamic model [C = 16 ({), 18 (U), 20 (), 22 ( ), 24 (V), 26 (+), 30 (), 40 (Y), 50(Z) mg/g]. The solid line is the theoretical flow curve expected from the model.

Fig. 7

 7 Fig. 7 Flow curves of entropic [C = 12 ({ + ), 13 (U + ), and 14 ( + ) mg/g] and jammed glasses [C = 16 ({), 18 (U), 20 (), 24 (V), 30 (), 40 (Y), 50(Z) mg/g]. Lines are fits of the data to Eq. 2 (C G <C<C J ) and Eq. 3 (C>C J ).

  the concentration and the actual volume fraction is highly non linear. Deswelling in the dilute suspension regime is a significant effect. The linear relation φ 0 (C) is only valid at very low volume fractions (φ < 0.2). At C = 10 mg/g, i.e. close to the glass transition, microgels deswell by 40 % in volume and their radius is reduced to about 260 nm.

Fig. 10

 10 Fig. 10 Relations between the polymer concentration C and the actual volume fraction φ. Open symbols ({) and continuous line: data calculates from the osmotic deswelling model. Full symbols (z): data obtained by mapping the flow curves to predictions for jammed athermal elastic spheres. The dashed line represents the relation determined in the absence of deswelling. Star symbols (½) represent the location of the glass and jamming transitions expected for hard spheres at φ G = 0.58 and φ J = 0.64 respectively.

62 ߟ

 62 an expression based on MCT is known to correctly capture the increase of the relative low shear viscosity in the dilute colloidal suspension regime and the divergence at the glass transition φ g = 0.58:

Table 1

 1 Values of experimental parameters determined from SAOS and LAOS experiments in the entropic and jammed regimes (ω = 1 rad.s -1 ).
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