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Introduction 

 

The global skincare market encompasses a wide and diverse variety of applications going from 

cosmetics such as makeup and skin creams to medical care such as wound dressings. This 

growing market must present innovating materials to keep up with the constant product renewal 

and face the new technical and societal challenges. In the light of this highly competitive 

market, stimuli-responsive polymers, also called “smart polymers”, are a promising route 

towards innovation. In the recent years, a special interest has been driven on stimuli-responsive 

microgels which consist of hydrogel colloidal particles able to swell or collapse upon the 

variation of environmental stimuli such as temperature or pH. This novel property has been 

considered particularly useful for the design of controlled delivery systems of drugs and 

bioactive molecules.  

 

In this research framework, the two leading French companies URGO and LVMH Perfumes & 

Cosmetics, specialized in wound healing and cosmetics respectively, have wished to 

collaborate with IPREM lab, from the University of Pau and pays de l’Adour and CNRS, to 

develop an innovative and adhesive material for skin. This work was performed within the 

common Lab LERAM between UPPA and URGO Company. The designed material would 

target a wide range of applications with diverse functions such as to protect, heal, hide or simply 

cover and adhere to skin.  

 

Hence, the subject-matter of this thesis falls in line with research works previously realized by 

our group on multi-responsive oligo(ethylene glycol)-based microgels.1 These microgels have 

shown novel properties thanks to their biocompatibility and their dual pH- and thermo-

responsiveness allowing their uses as delivery systems in cosmetic and medical applications.2 

Furthermore, these microgels exhibit film-forming properties thanks to the self-assembly of the 

particles into a cohesive and free-standing film upon the simple evaporation of the aqueous 

solvent.3,4 Hence, these systems doubtlessly present very promising physico-chemical 

properties. By consequence, the former research works have raised perspectives and questions 

that could be summarized by the following interrogation: Do the microgel-based films present 

the suitable physical properties to meet the requirements imposed by the particular skin 

substrate in the light of potential cosmetic and medical applications?  
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In that perspective, the present work has been realized with the will of relating structure and 

properties in order to fully comprehend the mechanisms driving the film properties.  

 

In the continuity with the former works realized on oligo(ethylene glycol)-based microgels by 

our group, a major objective of the present thesis is to investigate further down the film-forming 

mechanism of these systems. During the aqueous solvent evaporation, the microgel suspension 

successively evolves from a fluid to a soft gel paste to finally reach the state of a cohesive film. 

Herein, we intend to fully understand the assembly mechanism of particles taking place during 

the film formation process by evaluating the parameters that drive and influence such self-

assembly. With the perspective of relating structure and properties, we aim at characterizing 

the macroscopic properties of microgel-based films and studying in what extent the particulate 

structure formed by the self-assembly influences them. Finally, we aspire to evaluate the 

suitability of the film properties in respect to the requirements imposed by the potential 

application on skin.  

 

The first chapter is dedicated to the state of the art regarding colloidal particles-based 

dispersions and films. The first part brings a general overview on the physico-chemical 

properties of multi-responsive microgels and in particular on the poly(oligo-(ethylene glycol) 

methacrylate)-based microgels synthesized within our group.1 The second part focuses on the 

rheology of colloidal dispersions especially at high concentration. The influence of the 

interactions between particles as well as the particle characteristics on the rheological response 

will be discussed. Finally, the relationship between structure and properties for particle-based 

films will be described for the case of latex and microgels. 

 

The second chapter covers the rheological behavior of colloidal dispersions composed of the 

poly(oligo-(ethylene glycol) methacrylate) microgels. The mechanical strength of particulate 

films partly hinges on the structural arrangement of particles and the degree of chain 

interdiffusion between one another. The interpenetration of chains occurs during the film 

formation when particles are in close contact yet still not considered as a solid-like network. 

Hence, the objective is to explore the self-assembly and interpenetration mechanism in situ by 

rheological measurements on highly concentrated dispersions in the linear and non-linear 

regimes. Furthermore, we intend to evaluate in what extent the different architectures of 

microgels, e.g. different softness and structural morphologies, impact the assembly of particles 

in suspension and consequently, the film properties at a later stage. For the sake of comparison, 
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the different structural architectures of these microgels will be investigated by transverse 

relaxation measurements by nuclear magnetic resonance.  

 

The third chapter focuses on the mechanical and rheological characterizations of films formed 

from the self-assembly of poly(oligo-(ethylene glycol) methacrylate)-based microgels. More 

precisely, the relationships between the particulate structure, the degree of chain interdiffusion 

and the mechanical strength of the films are explored. In this scope, the different structural 

architectures of microgels are compared and related to the macroscopic properties of films by 

rheological measurements in the linear and non-linear domains. The deformation mechanism 

of the particulate structure is studied with uniaxial elongation tests coupled with the observation 

of the deformed films at the microscopic scale. Furthermore, in the previous works, we 

highlighted the formation of a polymer side-product during the microgel synthesis without 

particularly looking into neither its characterization nor its impact.1 Herein, we dedicate a 

special attention to the presence of this polymer, called thereafter water-soluble polymer, and 

to its influence onto the macroscopic properties of the microgel network.  

 

From an applied standpoint, the fourth chapter aims at evaluating the suitability of the microgel-

based films in respect to the potential cosmetic and medical applications. The first part 

investigates the applied properties of the films, in particular regarding the conformability, the 

adherence and the mechanical properties in comparison to the skin ones. In view of eventual 

future formulations with other ingredients, the second part explores a strategy to broaden and 

adjust the mechanical properties thanks to the combination of microgels and water-soluble 

polymer in a controlled ratio.  

 

Finally, the material preparation and the experimental methods are described in appendix.  

 

(1) Boularas, M. Synthèse de Microgels Biocompatibles, Hybrides et Stimulables Pour Des Applications 
Cosmétiques. PhD dissertation, Pau, 2015. 
(2) Aguirre, G.; Khoukh, A.; Chougrani, K.; Alard, V.; Billon, L. Dual-Responsive Biocompatible 
Microgels as High Loaded Cargo: Understanding of Encapsulation/Release Driving Forces by NMR 
NOESY. Polymer Chemistry 2018, 9 (6), 757–768. 
(3) Boularas, M.; Radji, S.; Gombart, E.; Tranchant, J.-F.; Alard, V.; Billon, L. Functional Film by 
Trigger-Free Self-Assembly of Adhesive Soft Microgels at Skin Temperature. Materials & Design 
2018, 147, 19–27. 
(4) Aguirre, G.; Khoukh, A.; Taboada, P.; Chougrani, K.; Alard, V.; Billon, L. Smart Self-Assembled 
Microgel Films as Encapsulating Carriers for UV-Absorbing Molecules. Polymer Chemistry 2018, 9 
(10), 1155–1159. 
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Introduction 

 

 

This chapter intends to review the rheological and mechanical behaviors of microgel 

dispersions and microgel-based films. In this scope, the first part provides a general overview 

on the most used thermo- and pH-responsive polymers, the microgel synthesis and the swelling 

mechanism of microgels. This section particularly focuses on the physico-chemical properties 

of poly(oligo ethylene glycol methacrylate)-based microgels firstly synthesized by Boularas et 

al.1 since they are the subject-matter of this research thesis. The second part of this chapter 

describes the rheological behavior of colloidal dispersions and especially of microgel 

dispersions. Since microgels are considered as complex systems due to their softness and 

swelling ability, the flow behavior of ideal hard spheres and of latex systems is firstly 

introduced. The variations in the rheological properties due to the type of interactions (repulsive 

or attractive) and particle characteristics (size, surface morphology, polydispersity) are also 

described in this section. Finally, the third part deals with particle-based films i.e. films formed 

from self-assembled particles upon the complete evaporation of the dispersion solvent. This 

last section describes first the mechanism at play during the film formation of latexes and the 

techniques developed to form cohesive films from responsive microgels. The mechanical 

properties of latex and microgel-based films are then reviewed through linear and non-linear 

rheology, tensile and adhesive tests. In addition, the impact of some parameters on the film 

mechanical strength is discussed such as particle morphology and crosslinking density or 

addition of hard phase.  
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I. Multi-stimuli responsive microgels 

 

Microgels are cross-linked hydrogel particles with diameters ranging from a few hundred 

nanometers to a few micrometers. These solvent-swollen colloids are commonly synthetized 

by precipitation polymerization or dispersion polymerization. Functional monomers sensitive 

to one external stimulus such as temperature, pH or ionic strength have been conjointly used to 

design multi-stimuli responsive microgels.2–4 The following section provides a general 

overview over thermo- and pH-responsive polymers, their synthesis mechanism and their 

swelling ability. The second part particularly focuses on pH- and thermo-responsive poly(oligo 

ethylene glycol methacrylate)-based microgels from Boularas et al. since they are the subject-

matter of this research thesis. 

 

1.  Introduction to multi-stimuli microgels  

 

1. Stimuli-responsive polymers 

 

Thermo-responsive polymers 

 

Thermo-sensitive polymers represent a class of stimuli-responsive polymers widely studied in 

the literature. They demonstrate a critical temperature at which a conformational change of the 

chains alters the solubility with water.5–7 Polymers with a Lower Critical Solution Temperature 

(LCST) are hydrophilic below this temperature and hydrophobic above it. On the contrary, 

polymers showing an Upper Critical Solution Temperature (UCST) are hydrophobic below this 

temperature and hydrophilic above it. While UCST polymers have been less studied than LCST 

polymers and are considered out of the scope of this thesis, we can nevertheless report recent 

examples of their uses.8,9  

Poly(N-isopropyl-acrylamide) (PNiPAM) is considered as the most representative of the LCST 

polymers. It has been the subject of a considerable amount of studies since its thermo-

responsive properties were discovered in 1950.10 PNiPAM exhibits a sharp LCST at about 

32°C, which is close from physiological temperatures. Structural techniques such as Nuclear 

Magnetic Resonance (NMR) and infrared (IR) coupled with scattering and calorimetric 

analyses have provided a complete understanding of the phase transition of PNiPAM. This 
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transition is based on the change of molecular interactions between the polymer and water as a 

function of temperature and can be shortly synthesized as follows: 

 

• In the hydrophilic state, the polymer is swollen in water thanks to the hydrogen 

bonds between water molecules and amido groups. In addition, the molecules of 

water are stabilized around the hydrophobic isopropyl groups in a fixed 

structure.  

• Passing above the LCST, a first conformational change exposes the hydrophobic 

groups to the medium. A second conformational change leads to the rupture of 

the hydrogen bonds which are then replaced by intramolecular bonds between 

amide moieties. This results in the collapse of the polymer chains and their 

aggregation.11–15 

 

The toxicity and the low level of biocompatibility of NIPAM strongly limit the potential use 

for healthcare and skincare applications.16 To overcome this concern, alternative thermo-

sensitive and biocompatible polymers have been thoroughly explored. Poly(N-vinyl 

caprolactam) (PVCL) exhibits a similar LCST at » 32°C.17–19 Its phase transition is due to the 

polar amido groups that are able to form hydrogen bonds with water and to hydrophobic groups 

that are able to trigger the conformational change. However, the phase transition of PVCL is 

strongly dependent on the molar mass and mass concentration in solution.20 Moreover, the 

phase transition is more progressive and not as sharp as the one of PNiPAM.   

In the recent years, a new class of thermo-responsive microgels based on poly(oligo ethylene 

glycol methacrylate) (PEGMA) has received an increasing interest since they demonstrate 

biocompatibility and a tunable phase transition.21 The hydrophilic pendant chains of ethylene 

glycol (EO) create hydrogen bonds with water whereas the carbon chain provides the 

hydrophobic nature required for the conformational change. An interesting property of this 

polymer is that the hydrophilicity of the EO chains varies as a function of the number of EO 

units i.e. the longer the chain, the more hydrophobic. The large variety of monomers allows to 

vary the phase transition from 26°C (with 2 EO units) to above 100°C (with 22 units). 

Furthermore, the combination of different monomers enables to precisely tune the targeted 

LCST. Adopting this strategy, Boularas et al. from our group have recently reported the 

synthesis of biocompatible P(MeO2MA-OEGMA-MAA) microgels that exhibit a phase 
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transition at about 32°C and concomitantly respond to temperature and pH (MAA: methacrylic 

acid). 22,23  

 

pH-responsive polymers 

 

The pH-responsive polymers are composed of either acidic or basic groups that generate a 

volume transition dependent on the pH of the medium. The polyacids present functional acidic 

groups such as carboxylic acids (COOH) and sulfonic acids (SO3H). At low pH, the functional 

groups are protonated and form hydrogen bonds with the carbon chain. At pH higher than the 

acid dissociation constant (pKa), the acidic groups deprotonate into their ionized form leading 

to electrostatic interactions within the polymer chain. This transition results in the swelling of 

the polymer chains. Conversely, polybases are deprotonated and swollen when the pH of the 

medium is lower than the pKa of the basic groups. Polyacids and polybases are strongly 

sensitive to the ionic strength of the medium. As predicted by the DVLO theory, named after 

Derjaguin, Landau, Verwey and Overbeek24,25, a high ionic strength provides counterions that 

may partially to completely screen the electrostatic interactions of the ionized groups and can 

lead to the collapse of the chain.  

 

2. Towards stimuli-responsive microgels  

 

Synthesis and structure of microgels 

 

Stimuli-responsive microgels are either synthesized by dispersion polymerization or 

precipitation polymerization. Both processes commonly start from a monophasic medium 

where the monomers are water-soluble, the only difference being the absence of surfactants 

during a precipitation polymerization. During a precipitation polymerization at high 

temperature, the monophasic medium, initially composed of monomers, a crosslinker and a 

charged initiator, evolves towards a biphasic medium in which are formed non-soluble polymer 

chains. The chains adopt a globular conformation and aggregate into spherical nuclei that will 

grow until becoming stable particles. The crosslinks points distributed within the particle 

prevent the redispersion of the chains at lower temperature. The colloidal stability of the 

dispersion arises from repulsive electrostatic forces, given by the charges from the initiator, and 

repulsive steric forces provided by the swollen dangling chains at the particle surface. To insure 
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the colloidal stability, the solid content is restricted to relatively low values during a 

precipitation polymerization. As an example, Pelton et al. reported a maximum solid content 

of 2.5 % for PNiPAM crosslinked with N,N’-methylenebisacrylamide (MBA), above which the 

formation of aggregates occurred.2  

The addition of a polyelectrolyte comonomer can greatly impact the structure of the final 

microgel particles depending on the pH of the reaction. Several studies have demonstrated that 

charged monomers enhance the stability and by consequence, induce a smaller particle size.26,27 

Yet, a charged comonomer may also increase the amount of free and soluble polymer chains 

that did not form finite particles during the synthesis. 26,27 To reduce the impact of the monomer, 

one can adjust the pH of the medium to insure its neutrality.  

The choice of the crosslinker also has a considerable influence on the structural 

morphology of microgels. As it was demonstrated for the first time by Pelton and coworkers, a 

highly reactive crosslinker such as MBA reacts faster than NIPAM monomer and results in a 

heterogeneous structure such as core-shell.28 In a similar approach, Imaz and Forcada 

demonstrated that MBA and poly(ethylene glycol)diacrylate (PEGDA), having a higher 

reaction rate than vinyl caprolactam monomer, generate a large amount of uncrosslinked and 

soluble chains.17 Several techniques were developed to describe the heterogeneous morphology 

of microgels such as static light scattering,29 small-angle neutron scattering (SANS),30–32 and 

1H-nuclear magnetic resonance (1H NMR) transverse relaxation measurements.18,33,34 

Balaceanu et al. and more recently, Pikabea and coworkers quantitatively characterized the 

heterogeneous morphology of thermosensitive microgels by coupling 1H-transverse relaxation 

NMR and the Flory temperature-induced volume transition theory. 35–37 They obtained relevant 

information such as the number of chains between two crosslinking points into the core and 

shell and the relative volume of the core.  

 

Swelling of microgels 

 

Designing microgels with thermo-responsive polymers confers the particles with a swelling-to-

collapse transition at the critical temperature so-called the Volume Phase Transition 

Temperature (VPTT). The swelling of thermoresponsive microgels has been widely described 

by theoretical models derived from the Flory-Rehner theory.38 This theory states that the 

swelling equilibrium of a gel occurs when the osmotic pressure 𝛱 is nil, i.e. when the chemical 

potentials of the solvent inside 𝜇𝑠𝑖𝑛𝑡 and outside 𝜇𝑠𝑒𝑥𝑡 of the gel are equal, such as:  
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𝛱 = −	 	 	 	 	 = 0	     (1)  

where 𝜈s is the molar volume of the solvent.  

 

If the osmotic pressure increases, the microgel swelling is favored, whereas if the osmotic 

pressure decreases, the swelling is disfavored. The Flory-Rehner theory describes the total 

Gibbs free energy a gel in its thermodynamic equilibrium as the sum of three combinations: the 

free energy of mixing, the elastic free energy and the ionic free energy. Since the osmotic 

pressure is proportional to the free energy, one can write that the swelling equilibrium of a gel 

occurs when:  

 

ΔG ∝ 𝛱 = 𝛱 +𝛱 + 𝛱 = 0     (2)  

where ΔG is the free energy, 𝛱mix the osmotic pressure of mixing, 𝛱el the elastic osmotic 

pressure and 𝛱ion the ionic osmotic pressure.  

 

In other words, the swelling of a gel depends on three physico-chemical aspects:  

• the mixing quality between the polymer and the solvent, i.e. if the solvent is a good solvent 

that favours the swelling of the gel;  

• the elasticity of the network, which is dictated by the degree of crosslinking. Indeed, these 

covalent crosslinks limit the extensibility of the gel, and by extent, the swelling. A higher 

crosslinking density reduces the swelling of microgel and can shift the VPPT towards 

higher temperature;  

• the presence of a polyelectrolyte copolymer greatly influences the swelling due to the 

eventual electrostatic forces within the microgels, as previously described.  

 

The Flory-Rehner theory assumes a homogeneous distribution of the crosslinks through the gel 

network, and by consequence, does not reflect the swelling of heterogeneous structure such as 

core-shell microgels. Acciaro et al.39 synthesized microgels with a same crosslinker content but 

using different polymerization types (batch versus feeding) to induce either a homogeneous or 

core-shell structure. The authors proved the core-shell structure led to a lower swelling ability 

of microgels compared to the homogenous ones.  
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The following conclusions were drawn:  

• The complete conversion of EGDMA crosslinker was observed in less than 15 minutes 

whereas the complete conversion of monomers was reached in 6 hours. As a result, 

EGDMA-crosslinked microgels are expected to have a typical dense core and a loose 

shell structure.  

• The conversion rate of OEGDA crosslinker is very similar to the monomers one. 

OEGDA-crosslinked microgels likely have a homogeneous crosslinking distribution. 

• Finally, MBA crosslinker is consumed very slowly compared to monomers. It was 

speculated that MBA-crosslinked microgels have a loosely crosslinked core and densely 

crosslinked shell. 

 

Boularas et al. reported that, at the end of the synthesis, the dispersions not only contain 

microgels but also water-soluble chains that did not take part to the formation of particles.1 The 

proportion of this water-soluble polymer (WSP) is non-negligible and varies on the crosslinker 

type as shown in Table 1. As one expects, the content of the soluble polymer is much higher 

with EGDMA (» 80%). Since this crosslinker is totally consumed in 15 minutes, it cannot 

crosslink the majority of the particles during the rest of the synthesis. Nevertheless, microgels 

and soluble polymer can be easily separated by a centrifugation process.  

 

Table 1 : Proportion of water-soluble polymer for P(MeO2MA-OEGMA-MAA) microgels crosslinked with 
OEGDA, MBA, EGDMA. From Boularas et al.1  

Crosslinkers OEGDA MBA EGDMA 

WSP (wt. %) 34 35 80 

 

2. Thermo- and pH-sensibility of microgels 

 

Boularas et al. have investigated the dual-response of purified P(MeO2MA-OEGMA-MAA) 

microgels by Dynamic Light Scattering (DLS).1 In Figure 3 (a), the profile of hydrodynamic 

diameter (Dh) versus temperature reveals the swelling-to-collapse transition for different pHs. 

In one hand, as the temperature increases, the polymer chains become hydrophobic and the 

particles gradually collapse at the volume phase transition temperature (VPTT). In the other 

hand, at a given temperature, microgels exhibit a larger diameter for increasing pH. This results 

from the ionization of the carboxyl groups that creates electrostatic repulsive forces within the 
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Microgels have been thoroughly studied in the literature in view of their attractive multi-stimuli 

responsive properties. The swelling properties depend on several parameters such as the 

combination of thermo- and pH-sensitive polymers, the crosslinking density and distribution, 

or the encapsulation of nanoparticles. Although PNiPAM microgels are frequently considered 

as model thermo-responsive microgels, their low biocompatibility limits their uses in 

healthcare and skincare applications. In this scope, the design of novel and biocompatible 

microgels have recently emerged such as thermo-responsive poly(vinyl caprolactam) and 

poly(oligo ethylene glycol methacrylate)-based microgels. Boularas et al. synthesized dually 

thermo- and pH-responsive microgels that exhibit a sharp volume phase transition as well as 

a promising film forming ability. In the same research scope, Aguirre et al. demonstrated their 

high encapsulation and release efficiency of hydrophobic and hydrophilic active molecules.  

 

II. Rheology of colloidal suspensions 

 

A plurality of natural, biological and industrial systems consists of colloidal suspensions. 

Indeed, many examples are encountered in the daily life such as dairy products, coatings and 

cosmetics. Colloidal suspensions are defined by the mixture of liquid or solid particles 

dispersed in a continuous medium which is liquid, gas or solid. Hence, they can appear under 

different textures such as gels, emulsions and aerosols. While solid and gaseous media are 

considered out of the scope of this review, this section covers the specific behavior of solid 

particles dispersed in a fluid. Since the 1940’s, the flow behavior of particles in suspensions 

received great interest by researchers since it brought comprehensive elements to study atomic 

and molecular systems. Furthermore, understanding how the flow can be affected, predicted 

and controlled is of paramount importance for industrial formulations. Parameters such as 

particle size, concentration, and polydispersity strongly impact the suspension stability and 

flow. More importantly, colloidal suspensions present either attractive or repulsive interactions, 

that determine the formation of different microstructures, and lead to contrasting flow behaviors 

at high concentration. Hence, the present section introduces the interactions and body forces to 

which colloids are subject in dispersion, followed by the description of the phase behaviors as 

a function of concentration. Then, the discussion focuses on the rheology of the ideal hard 

sphere system which represents the simplest model to characterize the flow behavior. The 

concentration-dependence and shear-dependence of viscosity are covered and the most used 
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hard sphere models are described. Finally, the impact of colloidal interactions on the rheological 

behavior is detailed in both repulsive and attractive systems. The specific case of microgel 

suspensions completes the review in which the particle softness and deformation must be 

considered in addition to the interparticle forces.  

 

1. Introduction to colloidal dispersions 

 

A colloidal dispersion is defined as a mixture where colloids, i.e. liquid or solid particles are 

suspended in a liquid medium. The dispersed particles have a size ranging from one nanometer 

to one micrometer.43 In addition to the gravitational forces, colloidal particles dispersed in a 

fluid are subject to Brownian forces. On the approach of neighboring particles, colloids also 

develop attractive interactions, the so-called Van der Waals forces. Additional interaction 

potentials are frequently encountered and may come from particle surface charges, steric layer, 

or the addition of a non-adsorbing polymer to the medium. Whether the sum of these 

contributions is attractive or repulsive, the particles can form contrasting microstructures at 

high concentration.  

 

1. Body forces and colloidal interactions  

 

Body forces acting on colloids 

 

The two main forces acting on colloidal particles are the gravitational force and the Brownian 

forces.44 The force of gravity on a spherical particle is described by Archimedes’ principle: 

 

𝐹 = (ρ –	ρ ) 𝜋	𝑎 𝑔  (4)  

where ρp and ρm are respectively the particle density and the medium density, and a is the 

particle radius.  

 

The Brownian forces result from the random thermal collisions of the dispersed particles with 

the molecules of the medium and generate a diffuse motion. The Brownian motion keeps the 

particles well distributed and brings back the system to an isotropic equilibrium after a 

disturbance. This phenomenon was firstly reported by Robert Brown in 1827 and later 
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explained by Albert Einstein45 in 1905. The Brownian force is expressed in term of thermal 

energy kbT, where kb is the Boltzmann’s constant (1.381x10−23 J.K−1) and T is the absolute 

temperature: 

 

 𝐹 =   (5) 

 

The upper size limit of colloidal particles assures that the Brownian forces are higher than the 

force of gravity. The Brownian motion prevents the gravitational settling of particles and keeps 

them in a thermal equilibrium.  

 

Colloidal interactions  

 

In addition to body forces, colloidal particles in suspension interact between one another via 

interparticle forces such as dispersion, surface and depletion forces.46,44 The stability of 

suspensions depends on the type, magnitude and range of these interactions. The sum of these 

contributions governs the shelf life of the suspensions, i.e. whether the particles stay well-

dispersed or tend to aggregate over time. The understanding of these interactions is crucial to 

fully understand the rheology of the suspensions.  

 

o Van der Waals attraction  

 

The dispersion force, better known as the London-Van der Waals force, is inherent to colloidal 

suspensions. It arises from the polarization of atoms in one colloid induced by the atoms from 

another colloid.47,48 These rotating or fluctuating dipoles generate an attractive force between 

the particles. For two spheres of equal radius a, separated from a distance h, the dispersion 

potential is given by49: 

 

𝑉 = − + + ln 	( )  (6) 

where AH is the Hamaker constant.  
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o Electrostatic forces 

 

Colloids suspended in a polar medium, such as water, carry a charge by developing surface 

charges. Two mechanisms can lead to the surface charging:  

(i) the ionization or dissociation of functional groups present on the particle surface, 

such as carboxylic groups;  

(ii) the adsorption of free ions that are present in the medium. 

In both mechanisms, the presence of surface charges on the colloids leads to an equivalent 

amount of charges of opposite sign in the dispersing medium, since the system is globally 

neutral. Hence, the charged particle is surrounded by a complex and structured electrostatic 

layer called the electric double layer. The first sub-layer, called the Stern layer, is made up of 

the adsorbed ions onto the particle surface whereas the second sub-layer, named the Gouy layer, 

is composed of the free counter ions and any electrolytes present in the medium. When two 

charged particles suspended in a liquid approach each other due to Brownian motion, their 

electrical double layers overlap leading to the repulsion of the two particles. The strength of the 

repulsion is expressed by the surface potential and the range of this repulsion is the so-called 

Debye length. By considering the interaction of only two particles, such as in a dilute system, 

the repulsive potential can be approximated by the Derjaguin approximation50:  

 

𝑉 = 	 	 	( 	 ) 𝛾 𝛾 𝑒   (7) 

where a1 and a2 are the particle radii, h the distance between the two particle surfaces, n∞ the 

bulk density of ions, κ the inverse Debye length, and γ the surface ζ-potential of particle, 

expressed by:  𝛾 = tanh	( ).   (8) 

 

The Debye length κ-1 is the characteristic thickness of the electrical double layer surrounding a 

charged colloid and is inversely proportional to the square root of the ionic strength I of the 

medium:  

 

𝜅 = /
 (9) 

where q is the elementary charge, NA Avogadro’s number, e the dielectric constant of water, e0 

the vacuum permittivity, I the ionic strength.  
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o The DVLO theory  

 

The DVLO theory, named after Derjaguin, Landau, Verwey and Overbeek24,25, currently 

represents the cornerstone of the understanding of colloidal stability. Developed in the 1940’s, 

it defines the interactions between charged surfaces suspended in a liquid medium. According 

to the DVLO theory, the stability of charged colloids is built on the balance of the Van der 

Waals attraction and the electrostatic repulsion. The total interaction energy per unit of surface 

VT can be expressed by the sum of the two later contributions as follows:  

 

𝑉 = 𝑉 + 𝑉   (10) 

where VA and VR are the attractive and the repulsive pair potentials, respectively.  

 

Figure 7 illustrates the total potential energy as a function of the distance from the surface of a 

particle.51 Far from the particle surface, both the Van der Waals and electrostatic potentials 

converge to zero. The potential energy presents a primary minimum in close contact to the 

surface and a maximum further away from the surface. This maximum, commonly called the 

repulsive barrier or the energy barrier, is comparable to the Debye length. If a second particle 

approaches due to its Brownian motion and has sufficient energy to overcome this energy 

barrier, the particle will fall in the primary minimum, resulting in two aggregated particles. The 

energy barrier must be superior to ~10 kBT to avoid the aggregation of particles.  

The presence of a secondary minimum depends on the rate of decay and the strength of both 

potentials. If this secondary minimum exists and is deep enough, a particle, after being repulsed 

from the energy barrier, can fall in the secondary well, resulting in flocculation of the particles.  
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o Steric forces 

 

Steric repulsion represents a second class of interactions that can prevent the aggregation 

phenomenon caused by the Van der Waals attraction. Steric repulsion is generated by grafted 

or adsorbed polymers on the particle surface acting as steric spacers that counter other particles 

from approaching. It also restrains the free motion of the colloids in suspension decreasing the 

probability of collisions. The efficiency of steric repulsion depends on the density, the 

molecular weight and the binding type of the grafted/adsorbed polymer chains as illustrated in 

Figure 8 (b). Grafted polymer chains are achieved by chemisorption52 and generally produce a 

stronger binding than adsorbed polymers that are simply added to the medium and let to attach 

to the particle surface. Polymers used as steric spacers present two characteristic features: an 

anchor segment that strongly binds with the particles, and a solvated tail segment that fully 

spreads in good solvent. In order to establish stabilization, the steric repulsion requires two 

parameters: (i) an important enthalpic interaction between the solvated tails and the solvent, 

commonly defined as a good solvation, (ii) a sufficient density and length of solvated tails to 

create a thick steric barrier covering the whole particle. When two colloids suspended in good 

solvent approach each other, it results in the overlapping and compression of the solvated 

polymer tails, which is always an unfavorable process as the polymer prefers the solvent. The 

overlapping leads to an increase in the osmotic pressure as well as a decrease in the available 

volume for the polymer chains and thus a reduction of the entropy provoking the steric repulsion 

interaction.  

In view of an adsorption binding, the amount of polymer added to the liquid medium has to be 

carefully controlled to achieve an efficient steric stabilization. An excessive amount can lead 

to non-adsorbed polymer freely moving in the medium and thus, can cause the adverse effect 

i.e. the attraction of the particles by a depletion force. 

 

o Depletion forces 

 

The first depletion model was proposed by Asakura and Oosawa53,54 in the 1950s. They 

considered spherical particles immersed in a solution of smaller hard spheres. Later extensions 

were undertaken by Vrij, de Gennes, and Joanny et al.55–57 who defined the depletant as a 

penetrable hard sphere to mimic an ideal polymer coil. A mixture of colloids and non-adsorbing 

polymer chains are depicted in Figure 9 to illustrate the depletion phenomenon.58 Different 
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presenting no interactions besides an infinite repulsion at contact. In the same manner, the steric 

or electric layer provides the repulsion of colloids. Therefore, stable systems follow similar 

phase transitions to hard sphere systems, as demonstrated by Pusey and van Megen. However, 

the eventual presence of attractive forces in stable systems provokes the aggregation of particles 

as described in section 1.2. The phase behavior of such attractive systems deviates from the 

hard sphere phase diagram. Over time, hard sphere-like colloids have become a well-

established model to explore phase transitions and mimic molecular and atomic systems.63,64 

Their size and the timescale of their motion allow the characterization by accessible techniques 

such as light scattering, neutron scattering and confocal microscopy.65 The phase behaviors of 

both stable and attractive systems are reviewed in the following section. The concentration of 

colloidal dispersions is commonly given by the volume fraction ϕ expressed by:  

 

𝜙 =	 𝑛,   (11) 

where a is the particle radius and n is the particle number per unit of volume.  

 

Stable systems 

 

Figure 10 presents the phase diagram of hard sphere-like dispersions as a function of volume 

fraction, complemented with microscopy images.66 At low concentration and up to the freezing 

point corresponding to ϕfreeze=0.494, the suspension behaves as a liquid. In spite of being 

slightly hindered by their neighbors, the particles freely diffuse through the medium due to the 

Brownian motion. Above this value, one may be able to observe two different behaviors of the 

system. If the suspension is given enough time to equilibrate as the concentration increases, 

crystalline domains appear and coexist with the liquid phase. The coexistence region of fluid 

and crystal phases is observed for volume fraction up to 0.545, such as described in Figure 10. 

At ϕ=0.545, the system is fully crystallized and remains in this equilibrium phase until reaching 

the densest close-packing of monodispersed spheres, ϕ= 0.74. Yet, if the concentration rapidly 

increases, crystallization disappears and the suspension remains in a super cooled liquid state 

until the glass transition. Comparable to the glass transition of molecular systems, the colloidal 

glass transition describes the transformation of a suspension from a fluid to a glassy state upon 

the specific volume fraction ϕg. In the glassy state, particles remain in a fluid-like structure 

while exhibiting the properties of a solid such as infinite viscosity and yield stress. The value 

of ϕg ≈ 0.58 arises from numerous experimental studies on colloidal suspensions and has been 
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Mode Coupling Theory  

 

Mode coupling theory (MCT) emerged as a powerful mathematical framework that rationalizes 

the glassy behavior of hard spheres without phenomenological assumptions. Developed in the 

mid-1980s by Götze and coworkers,61,62 MCT aims to predict the relaxation of the density 

autocorrelation function of a system approaching its glassy state. The theory is based on the 

crowding and by extent, the caging or bonding of particles. The density autocorrelation 

function, also called the intermediate scattering function F(k,t), measures the correlations in 

particle density fluctuations in both space and time. In other words, it represents the probability 

of finding a particle 1 at the wave number k from a particle 2 after a time t. Figure 11 shows 

the experimental intermediate scattering function of sterically stabilized PMMA dispersions 

fitted with the theoretical MCT predictions. In this example, the system is stable and thus, the 

“caging” is the physical phenomenon underlying the glass transition. At low concentration, the 

dispersion behaves as a fluid, particles flow and the function quickly decays to zero. As the 

volume fraction increases, the particle diffusion is hindered by the caging effect and F(k,t) 

exhibits a typical two-step decay. First, the function decays on a short relaxation time (β 

process) before reaching a plateau. It is physically interpreted by particles that are limited to 

diffuse within the cage, called “cage rattling”. For a longer relaxation time (α process), the 

function decays once more and this time until zero, illustrating the loss of caging. Once the 

volume fraction reaches ϕg, the function no longer relaxes to zero and marks the dynamical 

arrest of the system ; the particles no longer diffuse. MCT predicts a colloidal glass transition 

at ϕg ≈ 0.52. The difference with the experimental value of 0.58 can be interpreted by the 

numerous approximations of MCT. Further progress of MCT in the late 1990s enables to 

successfully predict the glass transition of attractive systems caused by the bonding of 

particle.77,80–82 The calculations achieved to predict the reentrant glass transition followed by 

the formation of the attractive glassy system.  
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𝜂 = 	 = 1 + 2.5𝜙  (12) 

where ηr, η0, ηm are the relative viscosity, the zero-shear viscosity of the suspension and the 

viscosity of the medium respectively; ϕ is the volume fraction of the particles.  

 

The size and the polydispersity of the particles are not relevant parameters in these conditions 

since particles are far-off from each other. Equation 12 describes particles that don’t interact, 

which corresponds to volume fractions up to about 0.05. For volume fractions around 0.1, the 

average distance between colloids is equivalent to their size. At this concentration, the distorted 

flow around a particle influences the velocity field of any other particle. Thus, hydrodynamic 

interactions between particles have to be considered and higher-order terms in ϕ must be added 

to model viscosity. Batchelor83 established that the interaction between two particles is 

proportional to the square of the volume fraction, and suggested the now widely-used equation:  

 

𝜂 = 	1 + 2.5𝜙 + 5.9𝜙   (13) 

 

The Batchelor’s equation is valid for hard sphere suspensions of volume fractions up to 0.10-

0.15. For higher concentrations, multi-body interactions have to be considered and are more 

challenging to analyze theoretically. 

 

Concentrated suspensions 

 

At higher concentration, multi-body interactions have to be considered and are more 

challenging to analyze theoretically. As a result, several phenomenological models have 

emerged to describe the viscosity in concentrated regime. In addition, computer simulations of 

hard sphere systems have brought valuable predictions regarding the concentration dependence 

of viscosity. The η(ϕ) relationships that most successfully predict experimental data, involve 

the maximum volume fraction ϕmax as a parameter, such as the semi-empirical model proposed 

by Krieger and Dougherty84 in 1956:  

 

𝜂 = (1 − )  (14) 

where B is the Einstein coefficient and equals to 2.5 for rigid spheres.  
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The shear rate at which shear thinning appears, leans on the balance between hydrodynamic 

and Brownian forces. The Peclet number Pe, also defined as the dimensionless shear rate, 

indicates the relative importance of the two latter contributions:  

 

𝑃𝑒 = 	 	 	 	 ̇ =	 ̇
   (19) 

where D0 is the diffusion coefficient and γ̇ is the shear rate.  

 

Equivalently, the shear viscosity may be plotted as a function of the dimensionless shear stress 

𝜎R, defined by:  

 

𝜎 = 	 ,  (20) 

 

At low-shear rates, the Brownian motion is dominant (Pe < 1) and the structure is at equilibrium, 

resulting in the Newtonian behavior of the suspension. In this regime, the viscosity corresponds 

to the zero-shear viscosity η0. Above a critical value of the shear rate (Pe ≥ 1), the hydrodynamic 

forces become dominant, and deformation occurs so rapidly that the Brownian motion is not 

sufficient to restore the equilibrium.  

Shear thinning is typically associated to a disruption of the particle microstructure upon shear. 

In early experiments, Hoffman demonstrated the formation of particle layers parallel to the flow 

by white light scattering, and interpreted this structural change as the cause of the gradual 

decrease in viscosity.90,91 To this extent, when the organization of particles into layers reaches 

its maximum, the viscosity ceases to decrease and hits a second plateau at the highest shear 

rates. In this regime, the viscosity corresponds to its lowest value, η∞. Over time, more suitable 

techniques combining rheology and scattering enabled the abundant observations of layer 

ordering.92–94 Yet, experimental studies, supported by dynamics simulations, question the 

necessity of layer ordering for shear thinning.95,96 Indeed, whether such ordering is causal or 

simply coincidental remains controversial, and underlines the lack of theoretical connection 

between rheology and change in microstructure. For high concentrations, shear thickening may 

occur at high-shear rates (Pe > 10) as illustrated in Figure 13 (a) for ϕ ≥ 0.43. Many experiments 

coupling rheology and scattering, or confocal microscopy, revealed the formation of clusters at 

high shear rates, which are thought to be responsible for shear thickening.97–99,95 At high shear 

rates, hydrodynamic lubrication forces dominate and generate groups of packed particles, 
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commonly called hydroclusters. The percolation of these clusters restricts the flow motion and 

leads to the increase in viscosity. The schematic representation of viscosity in Figure 13 (b) 

illustrates the microstructure change as the shear rate increases. Finally, the zero-shear viscosity 

diverges when the maximum packing of the suspension is reached, resulting in the loss of the 

first Newtonian plateau. When a suspension reaches its maximum packing fraction ϕmax, the 

particles are so closely packed that the flow becomes impossible and thus, viscosity tends 

towards infinity. Particle shape and size distribution can influence the value of the maximum 

volume fraction. 

 

3. Rheology of colloidal suspensions 

 

The previous section reviewed the rheological behavior of Brownian hard spheres, for which 

the only interparticle interaction considered is the infinite repulsion at contact. In practice, most 

colloidal suspensions display either repulsive or attractive potentials that strongly impact their 

flow behavior. Colloids tailored with repulsive potentials are widely used to counterbalance the 

ubiquitous Van der Waals attraction and assure stability to the system. Nevertheless, many 

naturally-occurring and custom-made suspensions do not display repulsive forces and, 

consequently, tend to aggregate. A tiny number of flocculated particles may be sufficient to 

lead to significant change in the flow behavior, as for example, a drastic increase in viscosity 

and a premature yield stress. This section offers to review in what extent the mentioned 

interactions alter the flow behavior of classical hard sphere systems. Finally, attention is turned 

to the case of microgel suspensions, in which not only particle interactions but also softness, 

swelling and thermo-sensibility are considered.  

 

1. Repulsive interactions in stable suspensions  

 

As firstly demonstrated by Pusey and van Megen59,60, colloidal suspensions, either stabilized 

by steric or electrostatic forces, can be useful models to mimic hard sphere (HS) systems. The 

repulsion forces keep the particles apart from each other and replicate the infinite repulsive 

potential of hard spheres upon contact. Yet, in contrast with the abrupt hard sphere potential, 

the electrostatic or steric repulsion exhibits a gradual decay that mostly depends on the surface 

charges, or the length of the grafted polymer. The range of repulsion enlarges the volume which 

is unreachable to other particles. Thereby, it raises the apparent volume fraction, which causes 
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be estimated through experimental techniques. For instance, Senff and Richtering105 estimated 

the effective volume fraction of microgels by measuring the relative viscosity in very dilute 

concentrations. They plotted the relative viscosity as a function of concentration, and fitted the 

curve with Batchelor equation (eq. 13). They could determine the proportional factor k linking 

the effective volume fraction to the mass concentration as: ϕeff = kc. They could then obtain the 

effective fraction at higher concentrations by using the same proportional factor.  

 

It should be mentioned that the use of the effective volume fraction is particularly suitable in 

the case of dense exclusion layer with a steeply decaying potential. To this definition 

correspond electric double layers at high electrolyte concentration or steric layers of short and 

dense grafted polymer chains. However, long exclusion layers generally induce the deviation 

of experimental data from the HS models. Such colloids are described as “soft spheres” due to 

the slowly decaying interaction potential.107 Furthermore, Tadros and collaborators108 

demonstrated that, not only the exclusion layer 𝛥 must be short, but the ratio 𝛥/a must be small 

(<0.1) for suspensions to behave like hard spheres. The authors compared three polystyrene 

(PS) latex suspensions, sterically stabilized by polyethylene oxide (PEO) chains, of different 

core radii such as: a = 77.5, 306 and 502 nm. The suspensions with the two biggest core radii 

were well predicted by the HS relationship using the effective volume fraction. Yet, the third 

system, which has a ratio 𝛥/a equivalent to the double of the others, deviates from the HS 

models. More specifically, its viscosity diverges at higher effective volume fraction. Softer 

particles have a greater ability to deform and to pack more densely. For illustrative purposes, 

Figure 18 represents the zero-shear viscosity scaled by the effective volume fraction for very 

soft systems such as microgels, star polymers and dendrimers. These curves show the limit of 

using the effective hard sphere scaling. Indeed, the shear viscosity of these systems does not 

diverge around the theoretical HS value of 0.58. In the case of star polymers, the viscosity 

sublinearly increases for effective volume fraction much above 1 which is a clear indication of 

the compression and deformation of the particles.   
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Casson model:    s . = so	 . +	Kc(γ̇)0.5  (25) 

Herschel-Bulckley model:   s = so +	KHB(γ̇)n  (26) 

where so is the yield stress, KHB the consistency index, n the flow index and Kc the Casson 

viscosity.  

 

However, rather than measuring shear viscosity, researchers most commonly characterize the 

elastic properties of repulsive glasses with oscillatory shear.110–115 Large-amplitude oscillatory 

shear (LAOS) and creep measurements have been particularly used since they enable the 

straightforward investigation of the solid-to-liquid transition of colloidal glasses in the non-

linear regime.  

 

Pham et al.116 investigated the viscoelastic properties of a repulsive glass composed of PMMA 

particles sterically stabilized by a grafted polymer layer. The short steric layer (≈ 10 nm) 

provides a near hard-sphere behavior. The authors performed linear and non-linear oscillatory 

shear measurements above the glass transition, shown in Figure 21. In the linear regime, the 

shear oscillations slightly perturb the system, whereas in the non-linear regime, the oscillation 

amplitude is high enough to disrupt and break its structure. In the linear regime, Figure 21 (a), 

the suspension behaves like a solid, showing the storage modulus G’ always greater than the 

loss modulus G’’ and exhibits an elastic plateau domain in the frequency observed range. This 

plateau, in the terminal region, is characteristic of a solid-like behavior. In the same time, G’’ 

shows a slight minimum at the lower frequencies. According to the MCT approach, the 

minimum of G’’ corresponds to the 𝛽 relaxation, namely the rattling of particles within the 

cage. In the non-linear strain sweep, Figure 21 (b), G’ is larger than G’’ only for small 

amplitudes (<10 %), in agreement with previous spectromechanical analysis. Indeed, the 

storage modulus gradually decreases until being smaller than the loss modulus. This cross-over 

indicates the disruption of the system and the yield of the suspensions. Above this critical 

amplitude, the suspension flows and no longer behaves as a solid. G’’ exhibits a maximum at 

the critical strain, which is attributed to the elastic distortion of the cage formed by the closest 

neighbors. At higher strain, the rupture of the cages occurs, leading to the decrease of G’’.  
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2. Attractive interactions in flocculated suspensions 

 

Attractive forces between particles lead to the formation of clusters, called fractal flocs. At low 

concentration, these aggregates do not interconnect with one another and the system is in a fluid 

state. Above a critical volume fraction, called the percolation threshold, the flocs interconnect 

and form a continuous solid-like network that displays an apparent yield stress and high 

elasticity. The complexity of these fractal clusters comes from the non-equilibrium state of their 

structure and conducts to a challenging characterization of rheological behavior. Fractal clusters 

are defined by the number of particles within their structure N, expressed by:  

 

𝑁 = (27)  

where R is the radius of the cluster, a is the radius of a primary particle, and Df is the fractal 

dimension.  

 

The fractal dimension characterizes the mass density of a cluster and can physically range from 

1 to 3. It reflects the structure of the cluster such as a low Df defines an open structure whereas 

a higher Df describes a more compact structure. The floc structure depends on the aggregation 

rate, namely a slow aggregation provides time for particles to rearrange in denser clusters, 

whereas a rapid aggregation with cluster-cluster aggregation leads to a more open and dendritic 

structure.120 By extent, one can express the effective volume fraction of clusters, ϕc, by the 

relationship:  

 

ϕ = 	ϕ	 	    (28) 

 

Attractive suspensions are usually classified into two types systems, depending on the 

magnitude of the overall interaction potential UB. When the collisions due to Brownian motion 

bring enough thermal energy (kBT) to overcome the repulsion forces, particles aggregate by 

“falling” into either the secondary or primary minimum, as described by the DVLO curve in 

Figure 7.  

 

(i) Weakly flocculated suspensions present a weak attractive potential of a few kBT 

(generally 10-20 kBT), corresponding to the secondary minimum or a shallow 
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primary minimum. The flocculation is reversible and may be easily broken-down 

by shear.  

(ii) Strongly flocculated suspensions display high pair potential, as UB > 20 kBT, 

corresponding to flocculation in the deep primary minimum. The flocculation is 

irreversible and named coagulation. Rheology of coagulated suspension is 

challenging since the flocs are in a metastable state and the reproducibility of 

samples is difficult to reach.  

 

Flocculation may be induced by different types of attractive forces, that either conduct to 

reversible or irreversible aggregation:  

• Flocculation of charged particles either happens from the reduction of surface charges 

or from the increase in the ionic strength of the medium that might fully screen the 

particle charges. The latter frequently leads to irreversible flocculation. 

• Flocculation of sterically stabilized particles results from a too thin polymer layer or the 

medium being in a bad solvency for the grafted polymer. The latter usually brings strong 

aggregation. 

• Flocculation by depletion is caused by the addition of free non-adsorbing polymer 

chains to the medium, as mentioned in Section 1.2. The size, the type and the 

concentration of non-adsorbing polymer are parameters providing a simple method to 

custom weak and reversible attractive forces.  

• Bridging flocculation occurs with the addition of high molecular weight polymer that, 

in contrast with depletion, has a strong affinity with the particles. As a consequence, the 

polymer chains attach or “bridge” two, or more, particles together at high volume 

fraction and conduct to strong flocculation.  

 

Weakly flocculated suspensions 

 

In the case of weakly flocculated suspensions, the formation of fractal aggregates is reversible. 

The increase in shear rate breaks down the aggregates into smaller clusters leading to strong 

shear thinning. Shear viscosity exhibits pseudo-Newtonian region at low and high shear rates, 

although the values 𝜂0 and 𝜂∞ are directly related to the extent of the flocculated structure. Large 

aggregates are restored when the suspension is allowed to rest, bringing thixotropy to the 

system. Weakly flocculated suspensions have been extensively studied in the case of depletion 
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by 𝜆 =1 and the associated stress can be taken as the yield stress. In this manner, the authors 

discovered contrasting yielding behaviors, whether the suspensions are dominated by attractive 

forces or repulsive forces. Indeed, in the case of the repulsive glass (Figure 23, top), the 

evolution of 𝜆 with 𝜎c is sharp from 0 to 1, describing an abrupt transition from creep to flow. 

It is physically interpreted by the sudden cage breaking for a large enough stress. In the case of 

the attractive glass (Figure 23, bottom), the increase of 𝜆 is much more gradual. To explain this 

progressive transition, the authors suggested a two-step yielding mechanism. At small stresses, 

the attractive interparticle bonds break, but the particles are still restricted by the same caging 

neighbors. In a second time and for higher stresses, the cage completely breaks, leading to the 

full flow of particles. The authors also demonstrated the two-step yielding mechanism by 

performing dynamic strain sweeps of the same systems. More generally, it can be observed that 

the strong attractive glass exhibits a much greater yield stress than the repulsive one.  

 

Tadros120 further investigated the influence of the non-absorbing polymer concentration on the 

viscoelastic properties of suspensions. The authors demonstrated that the critical concentration 

of non-adsorbing polymer, ϕp* for which suspensions exhibit a yield stress is independent of 

the particle volume fraction ϕs. As observed in Figure 24 (a), the yield stress values increase 

linearly above ϕp
* with the concentration of non-adsorbing polymer, as expressed by the 

following scaling law: 

 

𝜎 = 		𝐾𝜙 (𝜙 − 𝜙∗)  (29) 

where σy is the yield stress, K a constant, m the power exponent of ϕs, the latex volume fraction, 

ϕp and ϕp
* are respectively the polymer volume fraction and the critical polymer volume fraction 

at which flocculation occurs.  
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3. Thermo-sensitive microgel suspensions 

 

Microgels are chemically cross-linked colloidal particles that are swollen in good solvents. In 

contrast with hard spheres, microgels consist of soft spheres with a hairy layer of swollen 

polymer chains. The rigidity of microgels mainly depends on the cross-linking density of the 

network. Microgels are frequently composed of polymers responding to external stimuli such 

as temperature. Thermo-sensitive systems bring interesting features to the rheological behavior 

since the temperature variation impacts the volume fraction without changing the weight 

concentration. In view of the thesis framework, the following section principally focuses on 

thermo-sensitive microgels.  

In the late 1990s, considerable interest raised on microgel colloidal suspensions with in mind 

the objective to bridge the gap between hard and soft spheres and answer the following 

question: can swollen microgel particles be modeled with hard sphere models? Thereby, a 

number of researchers reported the rheological behavior of microgels in concentrated regimes 

and investigated the impact of softness and deformability on the phase transition dynamics.123–

126 All experimental data describe the drastic increase in viscosity at low core volume fraction, 

resulting in the dynamical arrest much below the predicted glass transition of hard spheres ≈ 

0.58. For illustrative purpose, the results in Figure 27 demonstrate that the divergence of 

viscosity occurs for ϕ ≈ 0.03. 123,124 The premature glassy state is explained by the much greater 

effective volume fraction of these swollen spheres compared to their core volume fraction. 

Nevertheless, Bartsch et al.127 demonstrated with a mode coupling analysis that glassy microgel 

suspensions never reach a total kinetic arrest, in contrast with hard sphere glasses. Indeed, the 

measurements of the intermediate scattering function revealed the unexpected decay at long 

times for volume fraction above the glass transition. The authors suggested that the softness 

and the possible deformation of microgel enable them to slowly escape from their cage at long 

relaxation times.  
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In contrast with ideal hard spheres, colloidal suspensions may be subject to various 

interparticle forces (Van der Waals, electrostatic, steric …). However, the rheology of 

stabilized colloids can be compared to the rheology of hard spheres by defining an effective 

volume fraction which considers the repulsion layer. On the other hand, the rheology of 

attractive systems is more challenging to characterize since the flocculation are strongly 

dependent on the sample history. Yet, similar rheological characteristics are found both in 

repulsive and attractive systems. In dilute and semi-dilute concentrations, colloidal suspensions 

exhibit a zero-shear viscosity at low shear rates and develop a strong shear thinning behavior 

for increasing shear. Above a critical concentration, the relative viscosity diverges and a yield 

stress emerges. The suspensions behave then as a viscoelastic solid for stress values under the 

yield stress while they flow as viscoelastic fluid for values above the yield stress. Microgel 

suspensions represent a particular class of soft and swollen colloidal suspensions. Their high 

swelling ability leads to deformation and interpenetration of particles at high concentration. 

Experimental data have demonstrated that the topological surface of microgels impacts 

rheological characteristics such as the yield stress. Interestingly, thermo-responsive microgel 

suspensions can evolve from a repulsive glass to an attractive glass due to their hydrophilic-

to-hydrophobic volume transition at the critical temperature.  

 

III. Mechanical and rheological behavior of particle-based films 

 

Latexes are polymeric particles that are generally prepared by emulsion polymerization during 

which water is the main solvent used. Latexes are widespread in coating and adhesive 

applications due to their ability to form cohesive and transparent films upon the simple 

evaporation of the solvent. The cohesion of films made from structured latexes is ensured by 

the coalescence of the particles between one another i.e. the degree of chain interdiffusion 

across neighboring particles.132 In order to promote the chain mobility, the film formation 

temperature requires to be above the glass transition of the polymer. As an example, acrylic 

polymers such as poly(n-butyl acrylate) (PnBA) latexes have been thoroughly studied to form 

pressure-sensitive adhesives (PSAs) and coatings due to their low glass transitions. 133–136 

Although the physico-chemical properties specific to the polymer, such as the glass transition, 

have a great importance on the film cohesion, one can play on many other parameters to tune 

the mechanical and adhesive properties of the latex films. Indeed, each latex particle can be 

seen as a building block which is tunable regarding its size, morphology and structure. The 

design of structured core-shell latexes with a gradient crosslinking density greatly impacts the 
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overall mechanical strength whether the shell is loosely or densely crosslinked.137,138 

Furthermore, the combination of hard and soft phases, within the latex or by blending two types 

of latexes, was reported to enhance the toughness of the films, i.e. the ability to store energy 

and plastically deform without breaking.139–141 Microgels, also referred to as “smart 

nanoparticles”, consist of a special case of latex due to their high swelling ability that can be 

controlled by environmental stimuli such as temperature or pH.2,142 However, the film 

formation from such attractive particles may be more challenging than the conventional 

evaporation process of latexes. Indeed, their high hydrophilicity can lead to the redispersion of 

the microgel film when in contact with water. Therefore, a few studies have investigated the 

relation between the microgel structure and the mechanical strength of the final film. The 

following section describes first the mechanism at play during the film formation of latexes and 

the techniques that were developed to form cohesive films from microgels, such as layer-by-

layer assembly. Then, the mechanical properties of latex films are reviewed through linear 

oscillatory shear rheology, tensile tests, uniaxial elongational rheology, and adhesive tests. In 

order to better link the deformation mechanism to the structure, films under stress were 

observed at microscopic scale with techniques like neutron scattering or atomic force 

microscopy. In addition, the influence of several parameters on the mechanical strength is 

discussed, such as particle morphology, crosslinking density and addition of harder phases. 

Finally, the section focuses on the mechanical properties and the thermoresponsive swelling of 

microgel films which are the closest systems to those studied in this work.  

 

1. Process of film formation  

 

1. Formation of latex films 

 

Waterborne films from latexes are conventionally formed by the casting of an aqueous 

dispersion on a surface or in a mold, followed by the evaporation, controlled or not, of the 

solvent. The film formation is generally described as a three-step process including water 

evaporation, particle deformation and particle coalescence. These three steps are illustrated in 

Figure 30. During stage I, particles get closer as water evaporates at a constant rate. When the 

volume fraction reaches about 0.6-0.7, the evaporation rate usually slows down as particles are 

densely packed. The eventual repulsive forces between particles are overcome when these ones 

irreversibly enter in contact. Upon aging, the particles deform into a polyhedral structure due 
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to the rise of surface and capillary forces (stage II).143–146 Finally, if the film formation 

temperature is above the minimum film formation temperature (MFFT), particles may coalesce 

into a film (stage III). Yet, if the film is cast below its MFFT, no chain diffusion occurs at the 

particle boundary, resulting in a brittle and friable film.132 Particles of such films are simply 

held together by intermolecular forces, such as hydrogen bonds and Van der Waals forces. 

Since chain diffusion depends on the segmental chain mobility, the MFFT is directly related to 

the glass transition temperature (Tg) of the system. The particle coalescence is of great 

importance considering it strongly affects the mechanical strength of the film. Indeed, the 

interdiffusion of polymer chains between adjacent particles provides chain entanglements and 

increases the toughness, i.e. the ability to store energy and plastically deform without breaking. 

Upon stretching, the slippage and the disentanglements of the interdiffused chains increase the 

extensibility and postpone the rupture. Although the film may be brittle without any 

coalescence, a relatively low amount of interdiffused chains is sufficient to provide significant 

bonding and increase the film ductility. Various techniques were developed to improve film 

cohesion such as post-application crosslinking of the assembled particles135 or the addition of 

coalescing aids that aim at decreasing the Tg of the film147,148. Annealing also proved to enhance 

chain diffusion especially for films that were formed at a temperature below their Tg.149–151 

Parameters affecting the chain interdiffusion and thus mechanical strength will be further 

discussed in section 2.1. The end of film formation is often considered to occur when the film 

becomes transparent. However, the transparency only indicates when the interstitial spaces 

filled with water are sufficiently small to not significantly scatter light.152 If the refractive index 

contrast between these interstices and the polymer particles is low, films may also turn 

transparent. Although the transparency does not represent a clear evidence of the coalescence, 

one can attest of the cohesion if the particles do not redisperse in water.  

 

 

Figure 30: Schematic representation of the film formation from latex particles. From Sonzogni et al. 153 
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2. Formation of thermo-responsive microgel films 

 

Microgels represent a class of colloidal hydrogel particles that are synthesized from stimuli-

responsive polymers. Poly(N-isopropylacrylamide) (PNiPAM) and poly(N-vinylcaprolactam) 

(PVCL) are the two most studied thermoresponsive polymers due to their LCST close to the 

human body, i.e. in the range of 30-34°C.17,21,154 Microgel-based films interestingly conserve 

the thermoresponsive properties of microgels when immersed in water that is to say they are 

highly swollen below the polymer LCST and shrink above it. Therefore, microgel films are 

interesting for many skincare and biomedical applications such as non-fouling coatings to 

improve the biocompatibility of medical devices or control the cell adhesion,155–157 and drug 

delivery patches allowing the controlled release of drug.41,158 However, the self-assemblies of 

PNiPAM or PVCL microgels are not capable to form consistent multilayer films since they are 

brittle and are easily re-dispersed in contact with water. Indeed, the highly hydrophilic behavior 

of microgels results in solvation forces that keep them in a preferential isolated state when in 

dispersion. In addition, the swollen dangling chains and the charges of microgels give rise to 

electro-steric repulsive forces that promote the particle repulsion. Yet, the formation of stable 

films needs enough attraction between microgels to enable their close assembly and prevent the 

film re-dispersion if in contact with water. Thus, the formation of stable microgel films is 

challenging since it requires the combination of two opposite phenomena. While latex-based 

films are traditionally formed by a simple solvent evaporation process, microgel-based films 

require more elaborated deposition techniques. In this direction, prior research has investigated 

the addition of electrostatic or covalent bonds between microgels to stabilize the multilayer 

films. A recent paper from Guan and Zhang159 provides a detailed overview of the different 

techniques employed to fabricate PNiPAM nanostructured 2D and 3D assemblies. These 

techniques are illustrated in the schematic representation in Figure 31. 
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in stabilizing and crosslinking a crystalline P(NIPAM-allylamine) microgel network with 

glutaric dialdehyde under mild conditions (neutral pH and room temperature).169  

 

From the same group, Zhou et al.170 prepared a freestanding hydrogel film via the simple 

evaporation of PNIPAM-NMA microgel dispersions (NMA: N-hydroxymethylacrylamide), 

taking advantage of the self-crosslinking of NMA units. When immersed in water, the 

crystalline film absorbed a large amount of water without re-dispersing thanks to the covalent 

bonds between microgels. The film also exhibited iridescent colors once swollen caused by the 

long range ordered microgel arrays. The self-crosslinking of NMA, providing an easy film 

formation process based on the simple solvent evaporation, contrasts with the successive steps 

of the LbL assembly or the required external trigger from the post-crosslinking technique. 

Indeed, these latter techniques are not suitable from cosmetic or skincare applications point of 

view, resting on the spontaneous film formation.  

A few studies have investigated this simple film formation process with other types of 

thermoresponsive microgels. Sonzogni et al.153 reported the film forming ability of microgels 

based on PVCL and poly(n-butyl acrylate) (PnBA) upon the simple water evaporation. Inspired 

by latex film composition, the PBA polymer increased the particle cohesion and coalescence 

required to stabilize the films. The freestanding films obtained were flexible, presented low 

cytotoxicity and conserved the thermo-sensibility of the microgels. In a similar approach, 

Boularas et al.173 from our group, demonstrated the cohesion of freestanding films based on 

thermoresponsive poly(oligo(ethylene glycol) methacrylate) microgels. Compared to the brittle 

PNiPAM microgel films, the poly(oligo(ethylene glycol)-based films are flexible due to the 

low Tg of di(ethylene glycol) methyl ether methacrylate (MEO2MA) and poly(ethylene glycol) 

methyl ether methacrylate (OEGMA). Furthermore, the films are stable when immersed in 

water for months, in contrast with the rapid redispersion of PNiPAM films, as observed in 

Figure 32. In a following study, Aguirre et al.41 demonstrated the high loading capacity of these 

films by controlling the encapsulation and release of hydrophobic and hydrophilic bioactive 

molecules such as UV absorbers.  

 

In the continuation of these works, the results from the present thesis aim at characterizing the 

mechanical and rheological behaviors of these unique films.  
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consequence, some basic concepts from homogenous networks can be applied such as the 

relation between the plateau modulus or rubber plateau (i.e. when G’ is frequency-independent) 

and the molecular mass between two crosslinks (Mc) expressed by:  

 

𝐺 =	    (31) 

where ρ is the density, R the ideal gas constant and T the temperature.  

 

The second key point of this work highlighted the effect of chain interdiffusion on the film 

toughness through different annealing times. The uncrosslinked PnBMA films exhibited a 

brittle fracture without annealing due to the absence of chain interdiffusion. The fracture 

became tough upon very short annealing time i.e. below 5 min. Further annealing time gradually 

increased the fracture energya, such as observed in Figure 34. These results were compared with 

the works from Hahn et al. who measured the interdiffusion depth by SANS on similar 

systems.175,176 The authors suggested that the rapid transition from brittle to tough films 

occurred by the interdiffusion of short chains and dangling ends in the range of ≈ 2 nm. The 

gradual increase in toughness was then related to the diffusion and entanglements of longer 

chains until the fracture energy levelled off for chains around ≈ 40 nm. As one can expect, 

increasing the crosslinking slowed down and hindered the interdiffusion process, and, 

consequently, decreased the fracture energy. The valuable conclusion from these works is that, 

if the particulate network does not influence the rheological behavior in the linear regime, the 

degree of chain interdiffusion strongly impacts the mechanical strength at large deformation, 

especially the film toughness. Furthermore, the ability of a latex network to plastically deform 

is strongly increased by the slippage and the disentanglements of the chains at the particle 

boundaries.  

 

                                                

 
a The fracture energy per volume (WB) is the energy required to break the sample and is calculated by the 

integration of the stress-strain curve. The fracture energy, also referred as toughness, is more characteristic of the 

mechanical strength of the sample than simply considering the tensile stress or the elongation at break.  
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chevrons. One can conclude that the simple deformation of the soft matrix is not sufficient 

anymore to accommodate the stress at large elongation and other deformation mechanisms are 

at stake. In a similar approach, Rharbi et al.180 investigated the structure of stretched latex films 

using small-angle neutron scattering. By synthesizing latexes with a hydrophobic core and a 

hydrophilic shell, both phases could become soft by swelling the films with either polar or 

apolar solvents. When the core was chosen as the soft phase, the diffraction patterns described 

an affine deformation of the film, i.e. both the cores and the shells were homogeneously 

deformed, without slip or shear between neighboring cells. Conversely, when the shells were 

hydrated and soft, the deformation occurred in the membranes and the particles slipped past 

one another leading to the film disorganization, such as observed by Lepizzera et al.. More 

recent works further investigated the unidirectional deformation of latex film under SANS.181  

 

Physical simulation model of the linear and non-linear rheological behaviors 

 

Padding et al.136,182 developed a computer simulation model that provides a relation between 

the microscopic particulate network and the large-scale mechanical properties. The latexes were 

modelled with physical parameters such as size, softness, maximum extension and spring 

constant. The interparticle region was mainly characterized by the width of chain intermixing, 

friction and the adhesive energy required to break the polar bonds between a pair of particles. 

The model predictions were compared to the experimental linear and non-linear shear and 

extensional rheology of pressure-sensitive adhesives (PSAs) made from P(BA-co-AA) latexes. 

The latex cohesion was given by non-covalent crosslinks, created by polar charges interactions, 

dispersed both in the core and at the particle boundary.  

Extensional rheology consists of the uniaxial elongation of viscoelastic materials in the non-

linear domain under a constant Hencky strain rate ε.̇183,184 Extensional rheology can generate a 

much higher degree of molecular orientation and stretching than simple shear and thus, is more 

sensitive to the polymer structure such as branching. The Hencky strain εH is function of the 

Hencky strain rate, the time t, and also to the sample length L at instant t and the initial length 

L0 such as:  

 

εH	 = 	ε̇	x	t	 = 	ln	(L/L0)  (32) 
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the experimental one and successfully predicted the strain hardening, although predicting a 

small strain softening at Hencky strains smaller than 1.  

The authors could then vary the different physical parameters within the model such as the latex 

softness or width of the interparticle chain mixing and readily observe the change on the 

extensional and shear rheology signatures. An increase in the latex size led to a decrease in the 

storage and loss moduli in linear rheology as well as a decrease in the elongation stress. 

Increasing the particle maximum extensibility had no influence on the linear rheology but, as 

one may expect, led to a higher maximum stress for a higher strain at break in elongational 

rheology. Increasing the transient forces due to the polar bonds increased G’ and G’’ at all 

frequencies whereas increasing the transient forces due to the chain interdiffusion only 

conducted to an increase in G’ and G’’ at high frequencies. As a result, increasing transient 

forces from the chain interdiffusion had no effect on the elongational stress because the Hencky 

strain rate used (ε ̇= 1s-1) was not high enough to induce change.  

One can conclude that this simulation model not only provides an efficient tool to design PSAs, 

and more generally latex films, with optimal mechanical properties but also brings further 

understanding on the impact of each parameter.  

 

Hard-soft combination in structured films 

 

Several studies have investigated the mechanical properties of structured latex films made from 

a hard-soft combination or the blends of latexes and hard nanofillers.137,139–141 Oberdisse et 

al.141 demonstrated the reinforcement of core-shell latex films by the addition of hard silica 

nanobeads. The authors emphasized that the pH conditions during film formation affected the 

degree of aggregation of particles and thus, played a crucial role on the mechanical properties 

of the nanocomposite films, especially at small deformation. Domingues Dos Santos and 

Leibler137 investigated the influence of the distribution of the hard phase in structured films on 

the tensile properties. To this end, they cast films from soft PBA core - hard PMMA shell 

latexes and compared them to films from blends of pure hard PMMA and pure soft PBA latex, 

keeping the same overall hard PMMA volume fraction (20%) for all films. Figure 37 shows the 

drastic difference of the stress-strain behavior of these two films although they are both 

composed from 80% of PBA and 20% of PMMA.  
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This section provides a review on the formation process and the properties of structured films 

formed from self-assembled latexes and thermoresponsive microgels. Pioneering studies have 

demonstrated that these structured films exhibit a similar behavior to that of homogeneous 

polymer network under linear oscillatory shear rheology despite their particulate structure.133 

Indeed, films made from the self-assembly of crosslinked particles exhibit a storage modulus 

G’ greater than the loss modulus G’’ that reaches a plateau value at low frequency. Shear 

rheology at small deformation is sensitive to the particle morphology, i.e. the  spatial 

distribution of crosslink points (such as homogeneous versus core-shell).177 Under large 

uniaxial elongation, structured films from crosslinked latexes exhibit strain hardening, which 

is also characteristic of crosslinked or branched polymers. Several studies have proved the 

evidence of particle coalescence and chain interdiffusion through neutron scattering.175,176 

Furthermore, the combination of hard and soft regions in structured films greatly impacts the 

mechanical and adhesive properties.137–141 Indeed, mixing elastic and viscous domains provides 

a viscoelastic dissipation mechanism that increases the toughness. A few studies reported the 

successful design of free-standing microgel films through the simple process of solvent 

evaporation and without any post-crosslinking steps.41,153,170,173 These films are promising for 

skincare and biomedical applications since they conserve the thermo-sensibility of the microgel 

particles and demonstrate relatively high mechanical strength.  
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Conclusion 

 

Microgels have been thoroughly studied in the literature in view of their attractive multi-

stimuli responsive properties. The first part of this chapter briefly covers the definition of 

stimuli-responsive polymers and describes the synthesis of microgels from thermo- and pH 

sensitive polymers. Thermo-responsive microgels have the ability to evolve from a swollen to 

a collapse state at a critical temperature, named the Volume Phase Transition Temperature 

(VPTT). Several parameters can impact the structure and by consequence the swelling ability 

of microgels such as the addition of an ionized copolymer, the crosslinking density and the 

reactivity rate of the crosslinker. Due to the low biocompatibility of PNiPAM that limits its 

uses in healthcare and skincare, novel and biocompatible microgels have emerged such as 

thermo-responsive poly(N-vinyl caprolactam) (PVCL) and poly(oligo ethylene glycol 

methacrylate)-based microgels (PEGMA). Boularas et al. synthesized thermo- and pH-

responsive PEGMA-based microgels that exhibit a volume phase transition at about 32°C. In 

the same research framework, Aguirre et al. demonstrated the high encapsulation and release 

efficiency of these microgels in bioactive (macro)molecules. The authors also demonstrated the 

free-standing film forming ability of these microgels upon the simple evaporation of the solvent 

which is water.  

The second part of this chapter reviews the rheological behavior of colloidal particles 

in dispersion such as latexes and microgels. In contrast with ideal hard spheres, colloidal 

suspensions are subject to various interparticle forces such as the ubiquitous Van der Waals 

attraction, electrostatic and steric repulsion, and depletion attraction. The stabilization of 

colloidal dispersion is ensured by an overall repulsion induced by electrostatic forces, steric 

forces or the combination of both. The rheology of stable dispersions can be characterized with 

hard sphere models by defining an effective volume fraction that includes the electrostatic or 

steric layer. The characterization of attractive systems is more challenging since the flocculation 

is strongly dependent on the sample history. However, similar rheological characteristics are 

found both in repulsive and attractive systems such as zero-shear viscosity and shear thinning 

behavior for dilute concentrations, and the emergence of a yield stress above the gel point. 

Microgel suspensions represent a particular class of soft and swollen colloidal suspensions. 

Their high swelling ability leads to deformation and interpenetration of particles at high 

concentration. The microgel structure influences the degree of interpenetration which in turn 

impacts the rheological properties such as the yield stress value. A characteristic feature of 
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thermo-responsive microgel dispersion is that it can evolve from a repulsive state to an 

attractive state due to the swollen-to-collapse transition from at the VPTT.  

The third part of this chapter logically follows with the formation of structured films 

made from dispersions of latexes and stimuli-responsive microgels. The section principally 

focuses on the mechanical and rheological properties of these particle-based films and the 

influence of the particle properties on those of the films. Although the mechanical strength of 

a film is largely due to the chain interdiffusion between neighboring particles, the complete 

coalescence of particles into a continuous film hasn’t proved to be required. As an example, 

annealing considerably increases the chain interdiffusion but induces relatively small increase 

in the film toughness at large deformation.177 Under linear oscillatory shear rheology, latex 

films show a similar behavior to that of homogeneous polymer network despite their particulate 

structure.133 Under large uniaxial elongation, structured films from crosslinked latexes exhibit 

strain hardening, which is characteristic of crosslinked or branched polymers. However, the 

mechanical properties of these films are dependent on the degree of crosslinking within the 

particles and on the particle structure, i.e. the spatial distribution of crosslink points (such as 

homogeneous versus core-shell).177 The combination of hard and soft regions also impacts the 

mechanical and adhesive properties of films by providing a viscoelastic dissipation mechanism 

that increases the toughness. 137–141 Very few studies reported the successful design of free-

standing thermo-responsive microgel films through the simple process of solvent 

evaporation.41,153,170,173 Nevertheless, these films are extremely promising for skincare and 

biomedical applications since they conserve the thermo-sensibility of the microgel particles and 

demonstrate relatively high mechanical strength.  
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Introduction 

 

Microgel dispersions are composed of swollen colloidal particles dispersed in a good solvent. 

Thanks to their high swelling ability, microgels are attractive for food, cosmetic and 

pharmaceutical applications, in which they are commonly used as texture modifiers1–3 or 

bioactive delivery systems.4,5 Another important point which deals with need of application 

domains is that the particles being most frequently synthesized from stimuli-responsive 

polymers.6 

In contrast to hard sphere systems, microgels are deformable particles that present a hairy 

surface of swollen dangling chains. The soft structure strongly affects the flow behavior of 

suspensions, especially when particles enter in close contact. It is well-established that, above 

a critical volume fraction, hard spheres form a dense network that exhibits solid-like properties, 

including elasticity and yield stress components.7 This critical volume fraction corresponds to 

the random close packing (ϕRCP≈ 0.64) for monodispersed hard spheres,8 but is greatly 

influenced by the particle characteristics such as size, shape or dispersity.9–11 Microgels 

represent a more complex but much richer system than hard spheres due to their swelling ability 

and stimuli-responsive properties. At high concentration, microgels may undergo deformation, 

interpenetration and deswelling which enable the suspension to be concentrated at higher 

volume fraction than the physical limit of random close packing (RCP).12–14 Crosslinking 

density of microgels which directly impacts the deformation and deswelling capacity, 

represents an important lever to tune the rheological parameters such as viscosity, modulus and 

yield stress.15–17 While the influence of crosslinking density on the flow behavior of microgels 

has been thoroughly investigated, rheological studies considering the impact of the microgel 

microstructure are relatively scarce. Yet, one can expect that the microstructure of microgels 

due to the crosslinking distribution in relationship with the reactivity ratio of the cross-linker 

probably affects the flow behavior since it also influences the swelling ability. In addition, the 

morphology and especially the shell structure are at stake during the deformation and 

interpenetration process occurring at high concentration. One can imagine that particles with a 

dense core and loose shell structure are more likely to interpenetrate with one another than 

particles with the same crosslinker amount but with a more homogeneous distribution. In a 

pioneering work, Senff and Richtering reported that the structural change in the microgel shell, 

induced by the variation of crosslinking density, led to significant differences in the creep 
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results.16 Indeed, low-crosslinked particles had longer dangling chains at the surface that 

enabled to easily interpenetrate with one another and resist to higher creep stress. 

In respect to the microstructure, the general concept for microgels prepared by 

emulsion/precipitation polymerization is a core-shell model in which core and shell are clearly 

different and exhibit different structures and crosslinking degrees.18 This heterogeneous 

crosslinking density distribution is commonly attributed to the faster reaction rate of 

crosslinkers than that of main monomers. Up to now, the heterogeneous microgel structure has 

been studied using different techniques such as light scattering,19 small-angle neutron scattering 

(SANS),14,20,21 and 1H-nuclear magnetic resonance (1H NMR) transverse relaxation 

measurements.18,22–24 Recently, Balaceanu and coworkers reported the Flory temperature-

induced volume transition theory for homopolymer microgels with a bimodal heterogeneous 

morphology.18 In the same way, Pikabea et al. generalized the theory for thermo- and pH-

responsive nanogels with different bimodal heterogeneous morphologies.24 In these works, the 

quantitative characterization of core-shell morphology such as the number of chains between 

two crosslinking points into the core and shell and the relative volume of the core, was possible 

thanks to some microscopic and thermodynamic constraints imposed by 1H-transverse 

relaxation NMR and Flory equation of state.  

 

As previously stated, one of the major objectives of this research thesis is to characterize the 

mechanical properties of films made from P(MEO2MA-co-OEGMA-co-MAA) microgels and 

determine their suitability for skincare applications. These microgel films are elaborated by the 

simple solvent evaporation during which the dispersions successively evolve from a fluid to a 

soft paste, and finally to a viscoelastic film.5,25 The cohesion and strength of particle-based 

films hinge in particular (but not exhaustively) on the degree of assembly and interpenetration 

of particles between them. This interpenetration process takes place during the solvent 

evaporation, when the dispersion is still considered in a liquid state although highly 

concentrated. Therefore, we believe that investigating the film formation mechanism is 

necessary to deeply comprehend the future film properties. Furthermore, we intend to explore 

whether different microgel architectures, i.e. different softness and structural morphologies, 

affect the assembly of particles in suspension and consequently, the film properties at a later 

stage.  
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In this scope, the influence of the microgel microstructure was investigated by varying the 

crosslinker type (OEGDA versus MBA). Indeed, Boularas et al. suggested the different 

conversion rates of these crosslinkers should induce different complex microstructures, such as 

homogeneous and core-shell ones.26 In addition, the influence of the crosslinking density was 

investigated by varying the crosslinker rate (2 mol.% versus 8 mol.%). Although the impact of 

crosslinking density is well-described in the literature, the motivation to study a higher 

crosslinker rate was to validate the suitability of rheological tests in revealing structural 

differences for a known microstructure. Zero-shear viscosity measurements were performed to 

describe the flow as the concentration increases and mimic the film formation process. In 

addition, creep tests were carried out on highly concentrated dispersions to investigate the 

yielding behavior of microgels when densely packed. Since the investigation of microstructure 

was the main objective, the study focused on measurements under the volume phase transition, 

that is to say when microgels are swollen and dominated by repulsive electro-steric forces.  

Finally, we performed further investigation on the microgels microstructure. It is worth 

reminding that Boularas et al. determined the microgel microstructure by kinetic studies on 

non-purified dispersions i.e. dispersions that not only contained microgels but also ≈ 30 wt.% 

of free water-soluble polymer. In contrast with this work, all the following characterizations 

were undertaken on purified dispersions from which the water-soluble polymer was removed. 

The microgels microstructure was then re-investigated by proton transverse relaxation NMR 

measurements together in combination with the application of the Flory volume transition 

theory for heterogeneous morphology.  
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I. Swelling ability of P(MEO2MA-co-OEGMA-co-MAA) microgels  

 

Four series of P(MEO2MA-co-OEGMA-co-MAA) microgels were synthesized by batch 

precipitation polymerization in a 2 L glass reactor by following the procedure previously 

described by Boularas et al.27,28 Microgels were cross-linked with either OEGDA or MBA 

crosslinkers that are supposed to induce contrasting inner structures due to their different 

reactivity ratios.27 In addition, the crosslinking density was either set at 2 mol.% or 8 mol.% of 

crosslinker versus the total vinylic molecules with the objective to tune the microgels softness. 

It is worth reminding the previous characterizations from Boularas et al. were performed with 

a constant crosslinker amount of 2 mol.%. Herein, the dispersions were purified by 

centrifugation to remove the water-soluble chains and study only the microgels. The 

experimental part including the materials, the synthesis and the characterization methods is 

described in the Appendix I. The microgel suspensions are abbreviated by the molar ratio and 

the crosslinker type. The four systems studied are then named as follows: 2-MBA, 2-OEGDA, 

8-MBA and 8-OEGDA.   

The hydrodynamic diameters of microgels were analyzed by Dynamic Light Scattering (DLS) 

in order to evaluate the impact of the crosslinking density and distribution on their size and 

swelling ability. Figure 41 (a) and (b) show the hydrodynamic diameters of OEGDA-

crosslinked and MBA-crosslinked microgels in a dilute solution at pH 6 for temperature ranging 

from 20°C to 60°C.  

 

 

Figure 41: Hydrodynamic diameter versus temperature of (a) 2-OEGDA and 2-MBA microgels and (b) 8-

OEGDA and 8-MBA microgels at pH 6. Error bars are displayed but may be smaller than the markers.  
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The four microgel series present the conventional thermo-responsive behavior i.e. a highly 

swollen state below the Volume Phase Transition Temperature (VPTT) and a collapsed state 

above the critical temperature. For the “traditional” microgels crosslinked at 2 mol.%, the 

VPTT occurs at about 30°C. This swelling-to-collapse transition arises from the rupture of the 

hydrogen bonds between water molecules and ethylene glycol (EO) chains followed by the 

increase of the hydrophobic interactions between EO and the carbon chains.29,30 The swelling 

ratios Φ20/60°C and Φ5/60°C i.e. ratio of hydrodynamic volume at 20°C over hydrodynamic volume 

at 60°C, and ratio of hydrodynamic volume at 5°C over hydrodynamic volume at 60°C are 

summarized in Table 3.  

 

Table 3: Swelling ratios of P(MEOMA-co-OEGMA-co-MAA) microgels with different types and contents of 

crosslinkers 

 Φ20/60°C Φ5/60°C 

2-OEGDA 17,3 26,0 

2-MBA 12,4 23,6 

8-OEGDA 6,3 7,5 

8-MBA 3,1 5,5 

 

 

1. Influence of the crosslinking density  

 

As well predicted by the Flory-Rehner theory31, the less crosslinked microgels, 2-OEGDA and 

2-MBA, exhibit higher swelling ratios than the more crosslinked microgels such as Φ20/60°C = 

17.3 for 2-OEGDA microgels compared to Φ20/60°C = 6.3 for 8-OEGDA ones. As the density of 

crosslink points increases, the microgel network becomes more rigid and limits to a certain 

extent the absorbance of solvent. Such behavior was reported in many studies on PNiPAM 

microgels.16,32,33 The higher crosslinker content also leads to smaller hydrodynamic diameters 

since the chains are less extended with a higher number of crosslinking points, e.g. Dh, 20°C = 

780 nm for 2-MBA compared to Dh, 20°C = 590 nm for 8-MBA. In the other hand, the VPTT 

seems to not be shifted by the increase in crosslinking density but becomes much more 

continuous, as it was observed in several studies on microgels and macroscopic gels.32–36 

Woodward et al. ascribed the more gradual volume transition to a decreased in the enthalpic 

energy of conformational change for higher crosslinker amount.32 The crosslinking points delay 
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the conformational change of the thermoresponsive chains resulting in a larger range of 

temperatures corresponding to the VPPT.  

 

2. Influence of the crosslinker chemical nature 

 

OEGDA-crosslinked microgels exhibit a slightly higher swelling ratio compared to MBA-

crosslinked microgels, regardless of the crosslinker content. With 2 mol. % of crosslinker, the 

swelling ratio Φ5/60°C of OEGDA is around 26.0 compared to 23.6 for MBA. As it was described 

by Imaz et al.37, OEGDA crosslinker (Mn=250 g.mol-1) is a longer spacer than MBA. It offers 

a higher flexibility to the microgel network and enhances its swelling ability. Furthermore, the 

microgels are more hydrophilic with the addition of OEGDA than MBA which lead to higher 

swelling abilities.37 On the other hand, OEGDA-crosslinked microgels globally demonstrate a 

slightly lower hydrodynamic diameter than MBA ones regardless of the crosslinker content and 

temperature. As it has been reported by Imaz et al.37, the higher solubility of OEGDA in water 

leads to a higher number of particles formed and consequently to a smaller diameter of the final 

particles.  

 

II. Rheological properties of P(MEO2MA-co-OEGMA-co-MAA) 

microgels in dispersions 

 

In parallel, we have investigated the rheological properties of the different series of microgels 

in order to understand in what extent the crosslinking density and the crosslinker type impacts 

the flow behavior. Although the impact of crosslinking density is well-described in the 

literature, the principal motivation to study a higher crosslinking rate was to validate the 

suitability of rheological tests in revealing structural differences for a known microstructure. 

The key objective was to investigate the structure induced by the crosslinker type and confirm 

the hypotheses made by Boularas et al. i.e. a homogeneous particle for OEGDA and a hard 

shell-loose core for MBA.26 Since the investigation of the microstructure is the main objective, 

the study focused on swollen microgels i.e. under the volume phase transition temperature. In 

addition, the dispersions were purified by centrifugation to remove the water-soluble chains 

and study only the microgels.  
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1. Shear viscosity measurements 

 

1. Influence of crosslinking density, crosslinker type and temperature on zero-shear 

viscosity 

 

Figure 42 shows the evolution of the viscosity as a function of shear rate of 2-MBA, 2-OEGDA, 

8-MBA and 8-OEGDA for weight concentrations between 3 wt. % and 28 wt.%.  

 

 

Figure 42: Viscosity as a function of shear rate for different weight concentrations of (A) 2-MBA (B) 2-OEGDA 

(C) 8-MBA and (D) 8-OEGDA sample. Ramp up and ramp down are displayed. The dashed lines represent the 

fits according to Cross Equation, Eq. (34). 
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The viscosity curves at low concentration were fitted with an equation developed by Cross38 in 

order to extrapolate the zero-shear and high-shear viscosities 𝜂0 and 𝜂∞:  

 

𝜂 = 𝜂 + ( ̇)    (34) 

 

The fits obtained from Eq. (34) are represented by the dashed lines in Figure 42. 

 

At low concentration, all the suspensions behave as Newtonian fluids i.e. viscosity does not 

vary with shear rate. At higher concentration, the suspensions exhibit the typical shear rate 

dependence of concentrated colloidal suspensions, namely shear thinning and a plateau at high 

and low shear rates. No difference in viscosity is observed between the ramp up and the ramp 

down which is characteristic of repulsive systems without thixotropic effect. Indeed, the 

negative charges coming from methacrylic acid units and the swollen dangling chains of 

microgels give rise to electro-steric repulsive forces that prevent particle attraction. Since 

particles do not aggregate, the shear rate-driven microstructure remains the same during both 

ramps. It is worth noting a shear thickening at extremely high shear rates for the highest 

concentrations of 2-MBA and 2-OEGDA. This increase in viscosity is physically interpreted 

by the formation of particle clusters, called hydroclusters.39–42 Yet, the breakdown of these 

clusters occurs immediately after the decrease in shear rate, as demonstrated by the absence of 

thixotropy. Above a critical concentration, the zero-shear viscosity diverges resulting in the loss 

of the Newtonian plateau at low shear rates. This critical concentration called the maximum 

packing fraction ϕmax marks the kinetic arrest of the suspension. Particles are so closely packed 

that the flow becomes impossible and as a consequence viscosity tends towards infinity.  

 

Parenthetically, the influence of the thermo-sensitiveness of the dispersions was explored on 

viscosity. Figure 43 shows the rapid drop in viscosity for temperature decreasing from 14°C to 

36°C for a 16.9 wt% 2-OEGDA sample.  
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One could also have considered the swelling of microgels to compare the systems by using Eq. 

(36) and (37). This technique consists in first, calculating the number of particles and second, 

calculating the volume of the total number of particles.   

 

ϕ = 	 	π	R , ° 	𝑁    (36) 

with Rh,60°C the particle radius in the swollen state and Np expressed by: 

 

Np = 
	×		×	 ×	 , ° 	    (37) 

With c is the weight concentration, 𝜌 the density of polymer assuming 𝜌 = 1.2 g.cm-3 and Dh,60°C 

the particle diameter in the collapse state.  

 

However, herein two approximations should be made. First, Eq. (37) considers that the density 

of collapsed microgels is equal to the polymer density. However, it was reported in the literature 

that microgels generally contain water even in their collapsed form.43–45 Thus, the density may 

rather be located between 1.0 and 1.2 g.cm-3. Second, the volume fraction is related to the 

hydrodynamic diameter at 20°C in order to consider the swelling at the temperature used during 

the rheological study. However, this hydrodynamic diameter is only valid for microgels in very 

dilute concentrations. One can imagine that in the high concentrations studied, microgels are 

deformed and compressed and thus, have a lower diameter than in dilute suspensions. For these 

reasons, the use of the “core volume fraction” was preferred onto the “swollen volume 

fraction”. In future works, it would be interesting to perform SANS experiments onto 

P(MEO2MA-co-OEGMA-co-MAA) microgels to quantify their hydration rate in the collapsed 

form, as it has been carried out by Oberdisse’s group.45  
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Figure 44: Relative viscosity as a function of the core volume fraction for 2-MBA, 2-OEGDA, 8-MBA and 8-

OEGDA samples  

 

The critical volume fraction ϕ*, at which the relative viscosity diverges, ranges from 0.1 to 0.2 

depending on the samples; these values are much lower than the theoretical value calculated for 

hard spheres system. As it was reported in Chapter I, the viscosity of ideal hard spheres diverges 

at ϕ ≈ 0.58 for repulsive glasses (quick increase in concentration and/or polydisperse systems) 

and ϕ ≈ 0.64 for crystals in random close packing (monodisperse and slowly concentrated 

systems).46–48 As one expects, the viscosity divergence is herein premature because the apparent 

volume of microgels is not considered, namely neither their swollen state nor the exclusion 

layer due to the electro-steric forces.  

The viscosity diverges at a higher volume fraction for increasing crosslinking densities of 

microgels, such as ϕ=0.20 for 8-OEGDA compared to ϕ=0.12 for 2-OEGDA. As a matter of 

fact, when microgels resemble more to hard spheres, the viscosity diverges closer from the 

value of 0.58. As it was described in previous works, the divergence of viscosity at higher 

volume fraction reflects the reduce swelling ability of more crosslinked particles.15 In summary, 

the harder the particles, the greater the maximum volume fraction.  

Considerable difference is also observed due to the difference of crosslinker and thus of 

microstructure. The zero-shear viscosity of 2-MBA sample diverges at a lower concentration 

than the 2-OEGDA one, and equivalently for 8-MBA compared to 8-OEGDA. This result is 

not in agreement with the DLS measurements that reveal a lower swelling ratio for MBA, 
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neither with the expected structures (hard shell for MBA). For an equal crosslinker rate, one 

would expect MBA samples to diverge at a higher volume fraction considering they are less 

swollen and supposedly present a harder shell than OEGDA. Yet, it is important to note that 

Boularas et al. infer the microgel microstructure from the kinetic studies performed during the 

synthesis i.e. on non-purified dispersions containing free water-soluble chains in addition to 

microgels. The slower conversion of MBA compared to monomers was observed and by 

consequence a hard shell-loose core microstructure was deduced. While the presence of free 

water-soluble polymer was not taken into account, its proportion is not negligible namely about 

30% of the total solid content at the end of synthesis. One can possibly imagine that during the 

second part of the synthesis, MBA monomer molecules may not exclusively react with the 

growing microgel nuclei but also with the free soluble polymer chains. As a direct consequence, 

the shell would not be harder than the core and a dense core-loose shell structure would be 

possible. Furthermore, it has been reported that with a lower amount of crosslinker, microgel 

particles evolve from a compact gel particle towards a highly branched polymer.33 Therefore, 

these rheological measurements suggest that the picture on the microgel microstructure induced 

by crosslinkers may not be complete and requires further structural characterization. This part 

will be discussed in the present chapter by screening the microgel microstructure by NMR.  

 

2. Comparison with hard spheres through the determination of the effective volume 

fraction 

 

As it was reported in Chapter I, the most widespread method to evaluate if colloidal dispersions 

behave as ideal hard spheres and can be modelled by the hard-sphere models is by scaling the 

relative viscosity against the effective volume fraction ϕeff. In this scope, the effective volume 

fraction was determined through the measurements of the relative viscosity in dilute 

concentrations as it was previously described by Senff and Richtering.16 In dilute concentration, 

the relative viscosity and the effective volume fraction can be related by an expression derived 

by Batchelor49 for hard sphere systems:  

𝜂 = 	1 + 2.5𝜙 + 5.9𝜙   (38) 

The relative viscosity of dilute suspensions was measured for various concentrations for each 

sample. The curves are presented in Figure 45 and were fitted with Eq. (38) by the method of 

least squares.  
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Figure 45: Relative viscosity as a function of concentration in weight (%) in dilute regime for (A) 2-MBA (B) 2-

OEGDA (C) 8-MBA and (D) 8-OEGDA microgel suspensions. Dashed lines are fits according Equation (38). 

 

By substituting ϕeff by ϕeff = kc in equation (38), the proportional factor k was determined for 

each suspension. To obtain the best fit in spite of the experimental error on the weight 

concentration, the value of 𝜂r when c=0 was not fixed at 1, but also determined by the method 

of least squares. Table 4 displays the values of the proportional factor k, the relative viscosity 

𝜂r when c=0, and the Sum of the Squares Error (SSE).  

 

Table 4: Proportional factor k converting c to ϕeff, relative viscosity 𝜂r when c➝0, Sum of the Squares Error 

(SSE) for 2-OEGDA, 2-MBA, 8-OEGDA and 8-MBA microgel suspensions 

 k 𝜂c➝0 SSE 

2-OEGDA 3.11 0.99 3.7E-04 

2-MBA 3.97 0.98 3.7E-05 

8-OEGDA 2.33 0.98 3.4E-05 

8-MBA 2.89 0.97 1.5E-05 
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The proportional factor is used to convert the mass concentration into effective volume fraction 

at higher concentration regimes, as previously described.16 It is worth reminding that microgels 

are highly swollen particles and undergo deformation, deswelling and interpenetration at 

concentrated states. Thus, the effective volume fraction determined through the Batchelor or 

Einstein equation does not correctly reflect the real volume fraction of particles at high 

concentration.  

Once the weight concentration was converted in the effective volume fraction with the 

proportional factor k, the relative viscosity could be plotted as a function of the effective volume 

fraction, as displayed in Figure 46. It is observed the relative viscosity curves of the four 

systems successfully reduce into a single master curve when plotted against ϕeff. The relative 

viscosity of concentrated hard sphere suspensions is commonly described by the Quemada 

equation:50  

 

𝜂 = (1 − )    (39) 

 

or the Krieger-Dougherty equation:51 

 

𝜂 = (1 − ) [ ]   (40) 

 

The different microgel suspensions are fairly well described by the hard sphere model until ϕ 

≈ 0.45, regardless of the crosslinker type and density. It indicates that microgels can be seen as 

impermeable hydrodynamic particles in their non-drainingb behavior. At these crosslinking 

densities, the solvent is not flowing through microgels but moving along with its polymer 

chains. Data points from the most crosslinked suspensions, 8-OEGDA and 8-MBA, run 

particularly close to the Quemada hard sphere model. As one expects, the more the microgels 

are crosslinked, the more they resemble to hard spheres. The softer suspensions, 2-MBA and 

2-OEGDA, diverge at a slightly lower effective volume fraction than the colloidal glass 

                                                

 

b Microgels are non-draining when the solvent molecules within the particles move with it, 

conversely to free draining where the solvent molecules are able to flow in and out of the 

particle. Non-draining microgel can be considered as an impermeable hydrodynamic particle. 
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transition of hard spheres at 0.58. The samples are better described by a Krieger-Dougherty 

equation, represented by the dashed line, for which ϕmax is set at 0.48 and [𝜂] at 3 (Figure 46).  

 

 

Figure 46: Relative viscosity as a function of effective volume fraction for 2-MBA, 2-OEGDA, 8-MBA and 8-

OEGDA samples. The solid line represents the hard sphere behavior according to Quemada equation. The 

dashed line corresponds to the Krieger-Dougherty equation with ϕmax= 0.48 and [𝜂]=3. 

 

The early divergence of the relative viscosity of these samples is not in agreement with the 

divergence at high ϕeff usually described by the literature for soft systems.12–14 Although the 

reason of the divergence at higher ϕeff is commonly attributed to the deformation of soft 

particles, some authors stated it could also be caused by high dispersity.16 The dispersity 

indexes measured with DLS at 20°C, are found to be lower than 5% for all samples, as described 

in Table 5.  

 

Table 5: Dispersity index (ĐM) for 2-OEGDA, 2-MBA, 8-OEGDA, 8-MBA measured by DLS at 20°C 

 2-OEGDA 2-MBA 8-OEGDA 
8-MBA 

ĐM 3 ± 2 % 4 ± 3 % 3 ± 2 % 
3 ± 2 % 

 

Such low dispersity is suitable for a fluid-crystal coexistence regime, since previous studies 

have demonstrated that dispersity should be higher than ≈ 8% to prevents the formation of 

crystal regions.9,10,52,53 Yet, the dispersity indexes being very similar for the present systems, 

the early viscosity divergence seems to be driven by the microstructure of the softer microgels. 
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One can suppose the numerous dangling chains of the soft microgel shell may hinder the 

particle motion by creating friction and interpenetration as soon as particles are packed. The 

particle deformation occurs at a later stage, when the system is already dynamically arrested by 

friction and interpenetration.  

 

3. Stress data of concentrated microgel dispersions 

 

Stress data from shear viscosity measurements are plotted against shear rate in Figure 47.  

 

 

Figure 47: Stress as a function of shear rate for different weight concentrations of (A) 2-MBA (B) 2-OEGDA (C) 

8-MBA and (D) 8-OEGDA suspensions. The solid lines are fits according the Herschel-Bulckley equation. 
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Above the critical volume fraction at which viscosity diverges, the suspensions exhibit solid-

like properties including elasticity and yield stress. The curves above ϕ* are fitted by a 

Herschel-Bulckley model which is known to well described the rheological behavior of simple 

yield stress fluids:  

 

s = s +	K (γ̇) ,     (41)  

with σy the yield stress, KHB the consistency index and n the flow index. The yield stress also 

corresponds to the stress value when γ̇ tends towards zero.  

 

The difference induced by the crosslinker type is even more striking for volume fraction above 

ϕ*. Indeed, above ϕ*, the particles are so densely packed and shells are interpenetrated between 

one another that the slightest structural difference leads to a significant change in the network 

strength. As an illustration, for a similar concentration of ≈ 18 wt. %, the yield stress of 2-MBA 

extrapolated from the HB fit is about 50 times greater than the yield stress of 2-OEGDA, 

respectively 5.7 Pa and 0.12 Pa. Equivalently at 8 mol.% of crosslinker, 8-MBA has a yield 

stress of 30.8 Pa at a concentration of 26.4 wt.% compared to a yield stress of 0.17 Pa for 8-

OEGDA at 27.7 wt.%.  

 

However, rather than measuring shear viscosity, elastic properties of repulsive glasses are most 

commonly characterized with oscillatory shear or creep measurements which represent the 

proper method to determine a yield stress.7,54–58 In previous works, Senff and Richtering16 

indicated that the yield stress was more relevant to reveal the chain topology at the microgel 

shell whereas the moduli in oscillatory shear are more dependent on the crosslinking degree 

within the microgels. Thus, long-time creep tests were performed in order to further investigate 

the hypothesis of a looser crosslinked shell in MBA samples. 

 

2. Long-time transient creep measurements 

 

The evolution of the compliance as a function of time is represented in Figure 48 (A) and (B) 

for 2-OEGDA and 2-MBA samples at a concentration of 18 wt. %. Increasing transient stresses 

were applied until the suspensions exhibit complete flow. The oscillations at the start of a creep 

test, especially observed for 2-OEGDA sample, come from the instrument inertia coupled with 

the sample elasticity.59 For stresses greater than the yield stress 𝜎y, the increase of strain is linear 
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with time. The slope of 1 in the log-log plot expresses the fully developed flow of the 

suspensions. For stresses smaller than 𝜎y, the strain does not reach a plateau with long time, as 

it could be expected for an ideal solid. Although it remains very small, it increases in a sublinear 

manner without reaching a fully developed flow. Such plastic deformation slowly increasing 

with time is usually called creep.  

 

Figure 48: Compliance curves as a function of time for different constant stresses applied for (A) 2-MBA 

suspension (B) 2-OEGDA suspension. 

 

For the sake of comparison, the last decades of the compliance curves are fitted by an empirical 

power-law: J(t) ∝ t𝝀, as described by Pham et al.58. Although no theoretical justification 

supports its use, the increase of the exponent value illustrates well the solid-to-liquid transition. 

The complete flow of the system is described by 𝜆 =1 and the associated stress can be taken as 

the yield stress. As observed in the semi-log plot in Figure 49 (A), the yield stress of 2-MBA 

corresponds to 5 Pa, whereas the yield of 2-OEGDA occurs at 0.05 Pa. Both values corroborate 
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to chain entanglements, the electro-steric repulsive forces, generated by the negative charges 

and the swollen dangling chains, dominate the yielding mechanism. Further structural 

characterization was undertaken by 1H NMR transverse relaxation measurements to validate 

our hypotheses and quantitatively investigate the microstructure induced by the crosslinkers.  

 

In summary of this part, as the concentration of microgels increases, the rheological properties 

evolves from the ones of a liquid with zero-shear viscosity to the ones of a solid exhibiting 

elasticity and yield stress. The zero-shear viscosity and creep tests has proved to be sensitive to 

the inner microstructure of microgels, revealing significantly different results for the four 

systems studied. For higher crosslinker content, microgels resemble more to hard spheres and 

consequently diverge at a higher core volume fraction. Furthermore, the viscosity of OEGDA 

dispersions diverges at a higher concentration than MBA ones for both crosslinker rates. The 

creep tests also revealed a higher yield stress for MBA, corroborating with the viscosity data. 

These results suggest that MBA-crosslinked microgels are able to better interpenetrate between 

one another and form a stronger network than OEGDA ones as illustrated in Figure 49 (B). 

Nevertheless, these findings do not correlate with Boularas et al. hypotheses on the microgel 

structure, being a harder shell and a looser core for MBA-crosslinked microgels. Indeed, the 

shell being more involved in the interpenetration process, one can hardly imagine that hard 

shell– microgels would conduct to a stronger network. As a result, transverse relaxation (T2) 

NMR measurements were carried out to further investigate the inner structure of microgels.  

III. Microstructure of P(MEO2MA-co-OEGMA-co-MAA) microgels 

 

With the aim of relating the particle microstructure to the latter rheological findings, we 

performed 1H-nuclear magnetic resonance (NMR) transverse relaxation measurements coupled 

with the Flory volume transition theory generalized for microgels with heterogenous 

morphology.  

 

1. Transverse relaxation measurements by 1H-NMR 

 

Transverse relaxation measurements allow to determine the heterogenous inner morphology of 

microgels by detecting the different degrees of proton mobilities at the molecular scale. As an 
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Table 6: Relative weight coefficient of (PMeO2MA-OEGMA) chains in the core (CS) and shell (CL) and 

crosslinking density ratios (CLDcore/CLDshell) of microgels cross-linked with OEGDA and MBA. 

Crosslinker CS CL CLDcore/CLDshell 

OEGDA (2 mol %) 0.49 0.57 5.3 

MBA (2 mol %) 0.51 0.57 3.5 

OEGDA (8 mol %) 0.46 0.60 3.8 

MBA (8 mol %) 0.51 0.51 3.4 

 

As it can be observed, regardless of the type and amount of crosslinker used, the CS and CL 

values are similar, in all the cases. This expected result can be understood taking into account 

the polymerization kinetics of MeO2MA and OEGMA monomers. Boularas et al.29  reported 

that the consumption rates of both monomers were not affected by the crosslinker type leading 

to a similar distribution of PMeO2MA-OEGMA chains into the microgel particles. Similar 

results were reported by other authors in the case of poly(vinylcaprolactam) (PVCL)22 and 

poly(2-diethylaminoethyl) methacrylate (PDEAEMA)63 -based nanogels. Regarding 

crosslinking density ratios, a core-shell microstructure is obtained, in all the cases. Moreover, 

an effect of the crosslinker type and amount on the crosslinking density ratio and thus on the 

heterogeneity of the morphology is observed. In this sense, the lowest crosslinking density ratio 

was obtained by using MBA as crosslinker. The reason of that could be that the reactivity of 

MBA crosslinker may be lower than the one of OEGDA one, leading to a less pronounced 

crosslinking gradient within the microgels. In addition, increasing the amount of MBA no effect 

on crosslinking density is observed. This means that the ratio between core and shell, in terms 

of mobility, is not changed with the increase in the amount of MBA. The same behavior was 

obtained by Balaceanu et al.18 for PVCL-based microgels prepared with different amounts of 

MBA as a crosslinker. In the case of OEGDA crosslinker, increasing its concentration leads to 

a decrease in the crosslinking ratio from 5.3 to 3.8 being more similar to the values obtained in 

the case of using MBA as crosslinker. 

 

2. Flory volume transition theory for heterogenous morphology 

 

The study of the microgels microstructure has for intention to enlighten the latter results 

obtained on the rheological properties of microgel suspensions. As mentioned before, microgels 

particles cross-linked with MBA present better interpenetration with a strong capacity to 

assemble into structured network than OEGDA cross-linked microgel particles in all the 

crosslinker concentration range studied. This could be due to the crosslinking density difference 
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observed in both types of microgels. In the interpenetration process, the shell of the particles is 

more involved than the core. In the case of microgels cross-linked with MBA, the crosslinking 

density of the shell could be lower than that of OEGDA cross-linked ones leading to an easier 

interpenetration of the microgel particles. With the aim of corroborating this hypothesis, the 

Flory-Rehner theory was applied to the microgel synthesized. 

In this regard, Balaceanu et al. reported an extended Flory-Rehner theory for thermoresponsive 

microgels based on a bimodal crosslinking density model.18,64 Recently, Pikabea et al. applied 

the extended Flory-Rehner theory to analyze the inner structure of thermo- and pH-responsive 

nanogels.24 Those authors reported that number of subchains i.e. chains between two 

crosslinking points was proportional to the relative weight coefficients of polymeric chains (CL 

and CS) and the relaxation times (T2S and T2L) measured by T2 NMR experiments: 

 

=	 /
   (44) 

With Ncore and Ncore the numbers of subchains in the core and in the shell respectively. 

Moreover, the number of subchains in the microgel particles can be estimated considering that 

each crosslinker molecule connects two subchains: 

 

𝑁 = 2𝑁 𝑣 𝑐	    (45) 

 

where NA is the Avogadro’s constant, v0 is the volume of each microgel particle and c is the 

molar concentration of crosslinker. Using the data obtained from above formulas, it is possible 

to calculate the proportionality parameter (ρ) between the radius of the core and the 

hydrodynamic radius of the microgel particles: 

 

𝑁 =	 +	   (46) 

Table 7 shows the number of subchains in the core (Ncore), number of subchains in the shell 

(Nshell) and the ratio between the radius of the core and the hydrodynamic radius of the microgel 

particles (ρ). It is important to point out that the parameter ρ is assumed to be temperature and 

pH independent.18,24  
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Table 7: Number of subchains in the core (Ncore) and in the shell (Nshell) and the parameter ρ as a function of 

crosslinker type and amount. 

Crosslinker Ncore Nshell ρ 

OEGDA (2 mol %) 13,760 2,870 0.87 

MBA (2 mol %) 8,480 2,750 0.85 

OEGDA (8 mol %) 1,591,160 600,440 0.86 

MBA (8 mol %) 456,640 134,300 0.86 

 

As it can be observed, in the case of MBA-crosslinked microgels, the number of subchains in 

the shell is lower than OEGDA, this difference being more pronounced in the case of microgel 

synthesized with 8 mol. % of crosslinker. Although for both crosslinkers, the shell of the 

particles is less crosslinked than the core allowing the particle interpenetration, the MBA-

crosslinked ones exhibit a crosslinking density even lower than OEGDA ones which results in 

a stronger capacity to assemble among them. These data do not agree with the hypothesis 

reported by Boularas et al.21 suggesting a highly crosslinked shell and slightly crosslinked core 

in the case of microgels crosslinked with MBA. As previously mentioned, they observed an 

impact of the crosslinker type on kinetic data by NMR during the analysis of non-purified 

microgel dispersions. Yet, it is important to recall that the presence of water-soluble polymer 

could influence the results obtained on the crosslinking discussed here. By contrast, in the 

present work, purified microgel dispersions have been used during the determination of 

microgels microstructure and therefore, any external effect has been avoided. In summary, these 

results confirm that the different distribution of crosslinking points affects the rheological 

properties of microgel suspensions such as MBA samples exhibit a higher yield stress than 

OEGDA samples.  

In addition, similar values of the parameter ρ are obtained despite of the cross-linked type and 

amount used. The value of ρ ≈ 0.86 means that the relative volume of the core, corresponding 

to ρ3, is 66% of the total volume of the microgel particles. This value is much lower than that 

observed by Pikabea et al. for PDEAEMA-based nanogel particles (82%).24 This larger shell 

could be one of the reasons of the trigger-free spontaneous film formation properties presented 

by the microgels synthesized. The properties of these films are explored in the following chapter 

along with the influence of the water-soluble polymer.  
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Conclusion  

 

In this study, the microstructure of multi-responsive oligo(ethylene glycol)-based microgels 

was investigated by coupling rheological tests and 1H-nuclear magnetic resonance transverse 

relaxation measurements. The key points are summarized as follows:  

 

• At higher crosslinking density, microgels resemble more to hard spheres and 

consequently, the relative viscosity diverges at a higher core volume fraction.  

 

• For both crosslinker contents, the viscosity of OEGDA samples diverges at a higher 

concentration than MBA ones, suggesting a softer and/or looser crosslinked shell for 

MBA-crosslinked microgels. 

 

• The effective volume fraction is an appropriate scaling factor to compare microgels to 

the hard sphere behavior. Indeed, the viscosity curves successfully reduce into a single 

curve and closely follow hard sphere models such as the Quemada relationship up to 

ϕeff < 0.45. 

 

• Creep tests revealed a higher yield stress for MBA samples than OEGDA ones for a 

same concentration, corroborating with viscosity measurements on the hypothesis of a 

looser crosslinked shell for MBA microstructure that enables a better interpenetration 

between particles. 

 

• Transverse relaxation (T2) NMR measurements demonstrated that microgels exhibit a 

core-shell microstructure for both crosslinker types and both crosslinking densities. 

 

• T2 NMR measurements also revealed that MBA samples present a lower number of 

subchains in the shell attesting of a less crosslinked shell. This result validates the 

hypotheses made in view of the rheological results. The microstructures of the four 

microgels studied are illustrated in Figure 52.  
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Introduction 

  

Latexes consist of polymeric particles that are widely used in coating and adhesive applications 

thanks to their film forming abilities. Upon the simple evaporation of the solvent, the particles 

self-assemble to form a cohesive and most of time transparent films. The cohesion of structured 

films is governed by the depth of chain interdiffusion and entanglements between adjacent 

particles known as coalescence.1 One of the key requirement to allow chain mobility and 

promote diffusion is naturally to ensure a temperature well above the glass transition 

temperature during the film formation process. Yet, the rising interest in structured latex films 

goes beyond their film forming properties. In addition to the intrinsic properties of the polymer, 

the particulate structure provides many other parameters to tune according the targeted 

applications and mechanical properties. Indeed, each particle can be considered as a building 

block that is tunable in terms of size, structure and morphology. A gradient of crosslinking 

density within latex particles has demonstrated to greatly impacts the mechanical strength of 

films.2,3 In a like manner, blending soft with harder latexes has been extensively studied in view 

of increasing the film toughness.4–6 Stimuli-responsive microgels, also called “smart 

nanoparticles” differentiate themselves from classical latex in their high swelling ability that 

responds to external stimuli such as temperature and pH.7,8 Due to their high swelling and 

hydrophilic properties, the film formation of microgels is more challenging than latexes and 

often requires external binding to prevent the redispersion in contact with water. One of the 

most widespread techniques is known as the Layer-by-Layer assembly and consists of 

alternating oppositely-charged layers in order to create physical bonds between particles.9–13 

However, techniques with post-crosslinking or successive steps seem not suitable for skincare 

applications which require a material spreadable on skin that readily forms a “second skin” film 

in situ. In the other hand, very few studies have reported the self-assembly of microgels into 

cohesive films without any external (chemical or physical) binding. Zhou et al.14 reported the 

simple formation of (PNIPAM-NMA)-based microgel films where the cohesion arose from the 

self-crosslinking of NMA units. Yet, the low biocompatibility of PNIPAM limits the use of 

such microgel film for skincare applications. More recently, Sonzogni et al.15 designed (PVCL-

PBA)-based microgel films on the simple solvent evaporation during which the PBA polymer 

promoted the chain interdiffusion needed to stabilize the films. The resulting thermoresponsive 

films exhibit interesting mechanical properties and low cytotoxicity. Along the same line, 

Boularas et al. from our group reported the design of thermoresponsive and transparent 
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P(MEO2MA-co-OEGMA-co-MAA) microgel films.16 The films were qualitatively described 

as soft, cohesive and flexible: in sum, promising properties for skincare applications.  

 

Therefore, this chapter aims at quantitatively characterizing the mechanical properties of 

P(MEO2MA-co-OEGMA-co-MAA) microgel films. More specifically, the relationship 

between the particulate structure and the mechanical strength of films is investigated. In 

Chapter II, we have demonstrated that the crosslinker type and the crosslinking density generate 

significant structural changes in the microgel architecture. The microstructure in turn greatly 

influences the rheological properties in concentrated dispersions, especially the capacity of 

microgels to entangle and interpenetrate between one another. Thus, one of the objectives is to 

understand in what extent the microgel architecture impacts the future mechanical strength of 

the films. At last but not least, this chapter must consider the potential future skincare 

applications and investigate the suitability of the mechanical properties in view of such 

applications. Indeed, skincare materials are required to exhibit mechanical properties that 

accommodate or mimic the normal skin response in motion.17  

 

In the scope, the self-assembly of P(MEO2MA-co-OEGMA-co-MAA) microgels were first 

visually characterized by mainly using Atomic Force Microscopy (AFM). Secondly, the 

rheological and mechanical behaviors of P(MEO2MA-co-OEGMA-co-MAA) microgel films 

were investigated in both the linear and non-linear domains with small amplitude oscillatory 

shear measurements, extensional viscosity and tensile tests. The structural deformation under 

large elongation was observed at the microscopic scale using Atomic Force Microscopy. The 

section first focuses on the mechanical properties of films crosslinked with either 2 mol. % of 

MBA or OEGDA, being the key systems of this work originally designed by Boularas et al.18 

In a second time, the impact of different parameters (e.g. chemical composition, experimental 

and test conditions) was evaluated on the rheological and mechanical properties.  
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in the interstices. The contrast from the two refractive indexes and the periodic arrangement of 

monodisperse microgels generate iridescence areas (Figure 53 b). Although the end of film 

formation is often considered to occur when the film becomes transparent; the transparency 

only indicates when the interstitial spaces filled with water are sufficiently small to not 

significantly scatter light.20 Therefore, to ensure the complete formation of our films, we let the 

transparent films dry a few more days, a minima 24h, before handling and removing them from 

their molds (Figure 53 c). In latex-based films, the end of the film formation is commonly 

attributed to the particle coalescence and the complete loss of particle boundaries for a 

continuous film. As a reminder from Chapter I, the inter-diffusion of polymer chains between 

adjacent particles associated to coalescence greatly affects the mechanical strength of films. 

These chain entanglements considerable increase the film toughness as well as the elongational 

properties. As previously described by Boularas et al., the P(MEO2MA-co-OEGMA-co-MAA) 

microgel films do not form a continuous layer contrary to some latex-based films.16 

Nevertheless, the better hypothesis to explain the fact that microgel films are not subject to 

redispersion when immersed long time in water  is a certain degree of chain inter-diffusion 

between microgels (Figure 53 d). Indeed, as reported in other studies, a relatively low amount 

of inter-diffused chains is sufficient to provide significant bonding.21–23 As an illustration, Hahn 

et al. reported that the rapid transition from brittle to tough films arose from the inter-diffusion 

of short chains and dangling ends in the range of ≈ 2 nm.21,22 As described in Chapter I, the film 

formation temperature and other experimental parameters such as annealing time can influence 

the chain inter-diffusion. Therefore, different film formation temperatures (from 20°C to 60°C) 

and drying times (3 days to 25 days) were tested on P(MEO2MA-co-OEGMA-co-MAA) 

microgel films. The films obtained were all ductile since the film formation temperature is well 

above the glass transition temperature measured at ≈ -30°C.16 While no visual differentiation 

could be made among these films, mechanical tests were performed to evaluate in what extent 

these experimental parameters impact the film properties, section II.2.2.   

 

4. Surface and inner self-assembly of purified microgels film 

  

Height mappings were performed by AFM on the top surface of microgel films to study the 

self-assembly of microgels. Figure 54 (a) and (b) show the top surface of purified films 

crosslinked with 2 mol.% of MBA and OEGDA, respectively. The lighter the color, the higher 

the value of the height.  
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II. Mechanical and rheological behavior of microgel films  

 

P(MEO2MA-co-OEGMA-co-MAA) microgel films were mechanically characterized in 

linear and non-linear domains by performing small amplitude oscillatory shear measurements, 

extensional viscosity and tensile tests. The first part of this section focuses on the mechanical 

properties of the key systems of this work: films crosslinked with either 2 mol. % of MBA or 

OEGDA. While the rheological and mechanical tests described the macroscopic response, the 

structural static deformation was observed at the microscopic scale by AFM. Once the 

mechanical behavior of the primary systems was described, we explored the influence of 

different parameters on these properties. Purified and non-purified, i.e. “out of synthesis” 

composition, films were compared in view of the future industrial process. Films with 8 mol.% 

of crosslinker were also tested to compare with the results in dispersion from Chapter II. 

Experimental conditions during the film formation were varied e.g. the temperature and the 

annealing or “drying” time. Finally, the influence of temperature during the rheological 

measurement was also evaluated to bring complementary information on the chain dynamics.  

 

1. Linear and non-linear mechanical behaviors of free-standing films based 

on purified microgels  

 

1. Linear regime  

 

The dynamic mechanical behavior of purified microgel films was explored through frequency 

sweeps at 20°C with a strain of 1% which ensures to be in the linear regime. The storage and 

loss moduli are plotted versus frequency in Figure 56 for purified P(MEO2MA-co-OEGMA-

co-MAA) microgel film crosslinked with 2 mol. % of MBA.  
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Figure 56: Storage G’ (solid symbol) and loss G’’ (open symbol) moduli of purified P(MEO2MA-co-OEGMA-

co-MAA) microgel films crosslinked with MBA at 20°C 

 

In spite of their particulate structure, the microgel films exhibit a viscoelastic behavior 

comparable to homogeneously crosslinked films. Indeed, the storage modulus becomes greater 

than the loss modulus for frequencies below ≈ 30 rad.s-1 and reaches an elastic plateau at the 

lowest frequencies which can be related to the length of the crosslink network. The rubber 

elasticity theory described well this behavior in the case of homogenously crosslinked 

polymers.24 Herein, the plateau of G’ at low frequency is attributed to the chain interdiffusion 

binding particles between one another and eventually to the crosslink points within microgels. 

As it was established by the pioneering work of Zosel and Ley and supported by many 

subsequent studies, latex-based films with a particulate crosslinked structure commonly exhibit 

a viscoelastic response similar to continuously crosslinked films.23,25 As it is reported in Chapter 

I, Zosel and Ley demonstrated that films casted from PBA latexes reached a rubber plateau at 

low frequency for crosslinker rates as low as 0.09 mol.%. This early work proved that dynamic 

mechanical measurements at low strain do not differentiate particulate networks from 

homogenous networks due to the presence of chain inter-diffusion across the particle 

boundaries.  

 

As a consequence, some basic concepts from homogenous networks can be applied such as the 

time-temperature superposition (TTS) principle. By assuming an equivalence between time and 

temperature, the TTS principle allows to access broader frequency ranges by performing 

measurements at different temperatures.26,27 The master curves at 20°C of microgel films 

crosslinked with 2 mol. % of MBA and OEGDA are presented in Figure 57 (A) and (B).  
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Figure 57: Master curves at Tref=20°C. Storage modulus G’ (solid line) and loss modulus G’’ (dashed line) 

versus frequency for purified microgel films crosslinked with (A) 2 mol.% OEGDA (B) 2 mol.% MBA. The 

temperature-dependency of the logarithmic shifting factors are inserted in the graph of the corresponding 

sample. Dashed line represents the WLF fit with C1= 8.86; C2=101.6 and Tref= 20°C. 

 

The master curves were obtained by shifting horizontally the frequency sweeps performed at 

various temperatures in order to fit the frequency sweep performed at 20°C. The vertical 

translation has been neglected. The translation factors (aT) are defined by the empirical 

relationship of Williams-Landel-Ferry (WLF) expressed as follows:27 
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log(𝑎 ) = −	 ( )( )    (47) 

where C1 and C2  are empirical constants and Tref the reference temperature chosen for the master 

curve, in this case 20°C.  

 

The logarithmic values of those shifting factors versus temperature are inserted in Figure 57 

(A) and (B). WLF fit is represented by the dashed line.  

By reaching higher frequencies, the master curve allows to observe the transition from the 

rubber plateau to the glassy region. The transition is indicated by two crossover points of G’ 

and G’’ which are located respectively at about 10 rad.s-1 and 3x103 rad.s-1 for both crosslinkers. 

This finding points out that the glass transition occurs at the same frequency, or equivalently at 

the same temperature, for films crosslinked either with MBA or OEGDA.  

The master curve also refines the value of G’ at the rubber plateau by reaching lower 

frequencies. Yet, the cross-over of G’ and G’’ at low frequencies which usually indicates the 

transition from the rubber plateau to the flow region for thermoplastic polymers is not observed 

for this frequency range. The flow zone is either located at even lower frequency or not present 

due to some strong physical entanglements of branched chains between microgels.  

From the reading of the master curves, the storage moduli at the rubber plateau (10-3 rad.s-1) are 

about 6.104 Pa and 9.104 Pa for OEGDA and MBA crosslinked films, respectively. Since these 

microgel films are highly hygroscopic and the relative humidity rates during the storage and 

the tests are not controlled, a certain margin of error needs to be considered. Frequency sweeps 

were performed on films with different storage times and films casted from different syntheses 

to determine the broadest experimental margin of error.  

The average values for G’ and G’’ of OEGDA- and MBA-crosslinked films are summarized in 

Table 8.  

 

Table 8: Storage and loss moduli for purified P(MEO2MA-co-OEGMA-co-MAA) microgel films crosslinked 

with 2 mol.% MBA and 2 mol.% OEGDA 

 2 mol.% OEGDA 2 mol.% MBA 

G’  (*104 Pa) 8 ± 4 4 ± 2 

G’’ (*104 Pa) 1.1 ± 0.5 0.6 ± 0.2 

 

Although OEGDA-crosslinked films exhibit higher values of G’ and G’’ than MBA ones, the 

difference seems to be non-significant considering the large standard deviation.  
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Furthermore, for getting an indication on the tacky behavior of films, the storage modulus G’ 

can be compared to the Dahlquist Criterion. This criterion states that G' should be inferior to 

3.105 Pa at 1Hz, equivalently 6 rad.s-1, for the material to exhibit measurable tack.28,29 As it can 

be read on the master curves at 6 rad.s-1, the values of G’ lie around 2.105 Pa for both OEGDA 

and MBA films. It indicates that these films are not really tacky at 20°C when they are purified.  

In conclusion, one can note that the two systems exhibit very similar dynamic rheological 

responses and the crosslinker type does not induce significant differences in the linear regime.  

 

2. Non-linear regime  

 

In order to complement the results from dynamic mechanical measurements in the linear 

regime, additional tests were carried out in the non-linear domain of deformation. Uniaxial 

extension can generate a much higher degree of molecular orientation and stretching than 

simple shear in the linear domain. As a consequence, uniaxial extension measurements are more 

sensitive to polymer long-chain branching than other types of bulk rheological tests.  

 

Extensional viscosity  

 

Extensional rheology represents one type of uniaxial elongation tests during which the 

specimen is pulled at a constant Hencky strain rate ε̇ contrary to traditional tensile tests where 

the crosshead speed is set constant.30,31 Tests are carried out using a SER (Sentmanat Extension 

Rheometer) geometry which consists of paired windup drums that move in equal but opposite 

rotation. This geometry doesn’t require to clamp the specimen between grips and is thus 

particularly appropriate for soft and thin polymer films. The Hencky strain εH, also called the 

true strain, can be calculated from the Hencky strain rate, the time t and also to the sample 

length L at instant t and the initial length L0 such as:  

 

εH	 = 	ε̇	x	t	 = 	ln	(L/L0)  (48) 

 

The extensional viscosities versus time for OEGDA and MBA-crosslinked microgel films are 

shown in Figure 58 (a) for a Hencky strain rate of 0.5 s-1 at 20°C. Herein and in the following 

ones of this chapter, the extensional viscosity curves always represent the average from at least 

five specimens tested in the same condition. The error bars in the Y-axis indicate the standard 
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η∗ = (
w
) + (

w
)    (50) 

 

Films crosslinked with 2 mol. % MBA exhibit lower values of extensional viscosity than 

OEGDA ones. Considering Eq. (49) and Eq. (50), this result is explained by the lower values 

of G’ and G’’ measured in the linear regime for MBA films.  

At Hencky strains greater than 0.5, or equivalently time superior to 1 s, the experimental 

extensional viscosity deviates and increases faster than the linear response. This upward 

deviation is referred to as strain-hardening and commonly occurs in chemically crosslinked, 

branched polymers as well as star polymers. It is characteristic of the chain-branching 

architecture as it is well described in the literature.32–36 The chain entanglements start to resist 

to extension whenever the limit of chain extensibility is approached and cause the stiffening of 

the network. As a result, the extensional viscosity follows a rapid upward increment with 

elongational time. The strain at rupture was calculated by multiplying the time at rupture by the 

strain rate used, such as described by Eq. (48). Contrary to the small amplitude oscillatory shear 

measurements, a significant difference emerges from the two types of films in the non-linear 

deformation domain. Indeed, films crosslinked with MBA break in average at 157 ± 9 % 

whereas OEGDA ones break at 131 ± 7%. This result demonstrates the higher resistance to 

stress of MBA-crosslinked microgel networks compared to OEGDA ones and perfectly 

corroborates with the conclusions made in Chapter II. As a reminder, the structural analyses 

revealed that MBA crosslinker generates an architecture that is more suitable for 

interpenetration between particles namely a less crosslinked shell and more dangling chains as 

illustrated in Figure 59. As a consequence, concentrated suspensions of MBA microgels 

developed a much higher yield stress than OEGDA ones due to better chain entanglements 

between close packed particles. In like manner, once films are formed, MBA-crosslinked 

microgels are better entangled between one another at their interfaces which results in higher 

strains at rupture.  
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Figure 60: Extensional viscosity versus time of purified P(MEO2MA-co-OEGMA-co-MAA) microgel films 

crosslinked with 2 mol.% MBA at 20°C for three different Hencky strain rates: 1 s-1, 0.5 s-1and 0.1 s-1. 

 

Tensile tests 

 

Additional uniaxial tensile tests were performed in the non-linear regime and compared to the 

extensional viscosity measurements. The stress versus strain curves for OEGDA and MBA-

crosslinked microgel films are shown in Figure 61. The Young’s modulus, the tensile strength 

(equivalent to the tensile stress at break in our case), the strain at break and the fracture energy 

were extrapolated from the curves (Table 10). The AFM micrographs along the stress-strain 

curves were taken from the top surface of OEGDA and MBA-crosslinked microgel films in 

static state after the later were manually subject to uniaxial deformation ranging from 0% to 

70%.  
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The tensile behavior of both films is characteristic of elastomers, i.e. polymers that exhibit a 

rubber-like elasticity and require a high force to break, principally due to strain-hardening.37 

Similarly to extensional viscosity, the strain hardening arises from the resistance to polymer 

chain alignment. While both systems present an elastomeric behavior, the two tensile curves 

are significantly different. MBA-crosslinked films are definitely softer than OEGDA films 

which results in a lower Young’s modulus and lower tensile strength. This corroborates with 

the lower extensional viscosity values and the lower shear modulus measured in the linear 

regime. They also exhibit a less pronounced strain hardening than OEGDA films. In agreement 

with the extensional viscosity results, MBA-crosslinked microgel films exhibit a much higher 

elongation at break than OEGDA-crosslinked ones at 201 ± 24% and 127 ± 15%, respectively. 

Nevertheless, the fracture energy, i.e. the toughness of MBA films, is surprisingly identical to 

OEGDA films (0.39 MJ.m-3) which arises from the opposite effects of a lower tensile stress but 

a higher strain at break.  

 

Table 10: Strain at break, stress at break and fracture energy of MBA- and OEGDA-crosslinked microgel films. 

 2 mol. % OEGDA 2mol. % MBA 

Young’s modulus (MPa) 0.64 ± 0.03 0.35 ± 0.03 

Tensile strength (MPa) 0.7 ± 0.2 0.4 ± 0.1 

Strain at break (%) 127 ± 15 201 ± 24 

Fracture energy (MJ.m-3) 0.4 ± 0.1 0.39 ± 0.09 

 

The Hencky elongations at break from the extensional viscosity measurements were converted 

engineering strain with Eq. (51) to be compared with the tensile elongations at break.  

 

𝑒 = exp(𝜀 ) − 1  (51) 

where e is the engineering strain defined by the change in length ΔL per unit of the initial length 

L0.  

 

The converted engineering strains at break from extensional viscosity tests are respectively 

270% and 395% for OEGDA and MBA films, respectively. These values are much higher than 

the tensile ones. This discrepancy could be attributed to the tensile geometry that is less suitable 

for soft and thin polymers. The jaws firmly squeeze the thin films which can sometimes leads 

to a premature fracture located below the grips and not ideally at the middle of the specimen. 
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Therefore, we preferentially evaluate the elongational properties of films by extensional 

viscosity measurements.  

 

The Young’s moduli and tensile strengths of our films are relatively low compared to the ones 

reported in the literature for other free-standing microgel films elaborated without post-

crosslinking techniques.15,38 As reported in Chapter I, Sonzogni et al. obtained a Young’s 

modulus and a tensile strength of 84.2 MPa and 10 MPa respectively for P(VCL-BA) 

thermoresponsive microgel films.15 Nonetheless, low Young’s modulus and tensile strength are 

desired properties in regard of the applications that we target i.e. skincare products. Indeed, 

materials designed for skincare have the paramount requirement to exhibit very similar 

mechanical properties to the skin ones in terms of elasticity, flexibility and elongation to form 

an ideal “second skin”.17,39,40 Although the mechanical properties of human skin are subject to 

a large variability, the values found in the literature for the Young’s modulus ranges from 0.01 

- 2 MPa.41 Consequently, the Young’s moduli measured for these microgel films, between 0.35 

MPa and 0.65 MPa, are perfectly appropriate for skincare applications. In addition, their 

elongation at break is much superior to the skin one. 

Hence, P(MEO2MA-co-OEGMA-co-MAA) microgel films seems to exhibits very promising 

mechanical properties in view of the targeted applications. The properties of these films in 

respect to the requirements imposed to skincare materials will be further developed in Chapter 

IV.  

 

Microgel films were manually stretched at 30% and 70% of strain in a uniaxial direction and 

maintained in these static stretched states during AFM mapping of their top surfaces. The 

stretching direction is parallel to the X axis of the AFM micrograph. Figure 61 (a) and (c) show 

the mappings of OEGDA and MBA films at rest. Figure 61 (b) and (d) show the mappings of 

OEGDA and MBA films under 30% of strain. Finally, Figure 61 (e) shows the mapping of 

MBA film under 70% of strain. The force required to obtain 70% of strain on OEGDA-

crosslinked films was too high to be maintained during AFM mapping. The arrows indicate 

where theses deformations would be located on tensile curves.  

The stretching causes the loss of the hexagonal compact packing of the particles network. Under 

small deformation (ε ≈ 30%), we observed the alignment of the microgels, more specifically of 

their cores, in the perpendicular direction of elongation. The distance between two particles is 

larger than at rest but the cores are not significantly deformed and maintain their spherical 

shape. It suggests that, at this strain, the deformation mechanism is mostly located at the 
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microgel interface where the entangled chains from the shell stretch to accommodate the stress. 

Lepizzera et al.42 previously observed a similar deformation pattern on core-shell latexes where 

the dense core was made from PMMA and the soft shell from P(MMA-co-BA-co-AA). The 

authors explained the formation of these “necklaces” from the shrinking of the film width 

during elongation that pushed the particles closer in the Y direction and further in the X 

direction. The deformation only occurred in the matrix made from a softer copolymer than the 

core.  

Under further elongation (ε ≈ 70%), the structured alignment disappears and is replaced by zig-

zags or chevrons (Figure 61 (e)). In addition, cracks are visible by deep gap in the Z direction. 

The simple deformation of the soft shell is not sufficient anymore to accommodate the stress at 

large elongation and other deformation mechanisms are at stake. One can assume that the film 

fracture is initiated by these cracks and located at the interface between microgels. These 

chevrons and cracks were also observed in the AFM mappings of Lepizzera et al.42,43. One can 

conclude that our systems behave very similarly to composite structured latex films, where the 

loosely-crosslinked shells represent the soft matrix and the dense cores are comparable to hard 

inclusions.  

 

From this section, one can conclude that the rheological measurements and especially the 

elongational essays are particularly sensitive to the interdiffusion of chains between 

neighboring particles and by consequence to the microgel architecture. Indeed, the chain inter-

diffusion at the microgel interface significantly influences the toughness and elongation at 

break of films. Longer dangling ends such as carried by MBA-crosslinked microgels greatly 

enhance the entanglement of microgel between one another and conduct to higher elongation 

at break compared to OEGDA microgels. Yet, the films globally exhibit excellent mechanical 

properties for being simply formed from self-assembled microgel particles, such as elongation 

at break up to 200%. Furthermore, the low tensile strength, the low Young’s modulus and the 

high elongation at break are characteristics particularly suitable and valuable for the targeted 

skincare applications since they approximate the natural skin properties.  
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2. Influence of various parameters on the linear and non-linear rheological 

behavior 

 

1. Influence of chemical composition  

 

Purified versus non-purified microgel films 

 

The following study was performed on non-purified films i.e. films with the out-of-synthesis 

composition which consists of ≈ 30% of water-soluble polymer (WSP) and ≈ 70% of microgel 

particles. The goal was to characterize the polymer as it is, prior to any modification in the 

scope of industrial uses. Figure 62 (a) and (b) show the storage and loss moduli versus 

frequency for 2 mol. % MBA and 2 mol. % OEGDA-crosslinked films in the purified and non-

purified states. In this section, the sample appellation consists of the crosslinked rate, the 

crosslinker type and the microgel content.  

 

 

Figure 62: Storage G’ (solid symbol) and loss G’’ (open symbol) moduli of purified (100% of microgels) and 

non-purified (71% of microgels) P(MEO2MA-co-OEGMA-co-MAA) microgel films crosslinked with 2 mol. % 

MBA at 20°C.  

 

The storage modulus of purified films is slightly higher than non-purified films. The same 

observation can be made for OEGDA-crosslinked films. Although the difference is non-

significative for MBA films when considering the standard deviation on G’, one can expect this 
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result since the presence of 30% of water-soluble polymer increases the length of the network 

by driving away the microgels from one another. In addition, WSP is probably less crosslinked 

than microgels. Yet, the percentage of WSP not being very high, a slight difference is observed. 

In the same way, the cross-point of G’ and G’’ is not much impacted by the water-soluble 

polymer and is still located at about 30 rad.s-1. 

 

The properties of purified and non-purified films were also compared with extensional viscosity 

measurements. Figure 63 shows the extensional viscosity versus time for 2 mol. % MBA and 2 

mol. % OEGDA crosslinked films in the purified and non-purified state.  

 

 

Figure 63: Extensional viscosity versus time of purified (solid symbol) and non-purified (open symbol) 

P(MEO2MA-co-OEGMA-co-MAA) microgel films crosslinked with 2 mol. % MBA at 0.5 s-1, 20°C.  

 

In agreement with the measurements performed in the linear regime, the extensional viscosity 

values are lower for non-purified films than purified ones when the viscosity follows the linear 

response described by Eq. (49). The same behavior is observed for both OEGDA and MBA-

crosslinked films. Non-purified films are softer than purified ones due to the non-negligible 

presence of WSP. However, non-purified and purified films exhibit very similar strains at 

rupture e.g. 157 ± 9 % for purified ones versus 165 ± 15 % for non-purified ones for MBA 

crosslinker. The WSP which acts as a soft matrix spacing microgels from one another seems to 

not weaken the network strength. Its chains of similar chemical nature to microgels probably 
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interdiffuse at the microgel interface resulting in a relatively strong binding between microgels. 

Structural analyses on the water-soluble polymer will be presented in Chapter IV.  

Nevertheless, one can conclude purified and non-purified films exhibit very similar mechanical 

properties aside from a lower tack for non-purified ones. From an industrial point of view, these 

results are comforting. Indeed, the purification process which represents a time-consuming step 

is not required to obtain films with promising mechanical properties.  

 

Influence of the crosslinker rate 

 

Since systems with higher amount of crosslinker were studied in dispersions, it was also 

interesting to compare them once in their film state. It is worth noting that films crosslinked 

with 8 mol. % could not be studied in their purified form because the specimens were too 

cracked and brittle to be handled. Non-purified films were then compared with non-purified 

films from 2 mol.% of crosslinker. Figure 64 shows the storage and loss moduli versus 

frequency for non-purified MBA- and OEGDA-crosslinked films with either 2 or 8 mol.% of 

crosslinker. Table 11 reminds the water-soluble percentage for each system.  

 

 

Figure 64: Storage G’ (solid symbol) and loss G’’ (open symbol) moduli of non-purified P(MEO2MA-co-

OEGMA-co-MAA) films crosslinked with either 2 or 8 mol. % MBA or OEGDA at 20°C.  
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Table 11 : Weight composition of non-purified P(MEO2MA-co-OEGMA-co-MAA) films after synthesis without 

purification with either 2 or 8 mol. % MBA or OEGDA. 

 
2 mol. % 

MBA 

2 mol. % 

OEGDA 

8 mol. % 

MBA 

8 mol. % 

OEGDA 

WSP content 29% 32% 20 % 22% 

MG content 71% 68% 80% 78% 

 

The G’ modulus of 8 mol.% MBA-crosslinked films considerably increases compared to 2 mol. 

% of crosslinker, respectively from ~1.5.106 Pa to 2.105 Pa at 6 rad.s-1. The increase in the 

storage modulus leads to a more brittle and less flexible film which exhibits no sticky property 

at all. Indeed, one can remind the Dahlquist Criterion which states that G' should be inferior to 

1.105 Pa at 1 Hz for the material to exhibit measurable tack. Surprisingly, 8 mol.% OEGDA 

film demonstrates very similar moduli than the 2 mol.% films. This particular behavior could 

be explained by a higher amount of water within the film at the moment of the test due to the 

non-controlled hygrometry environment or an incomplete drying of the film.  

 

The properties of these films were also compared with extensional viscosity measurements. 

Figure 65 shows the average extensional viscosity of the four systems studied at 20°C for a 

constant Hencky strain rate of 0.5 s-1. 

 

 

Figure 65: Extensional viscosity versus time of non-purified P(MEO2MA-co-OEGMA-co-MAA) films 

crosslinked with either 2 or 8 mol. % MBA or OEGDA at 20°C. 
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The increase in crosslinking density leads to a drastic decrease in strain at rupture for both 

crosslinkers, i.e. 124% for 8 mol.% MBA compared to 160% for 2 mol.% MBA and 104% for 

8 mol.% OEGDA compared to 122% for 2 mol.% OEGDA. As one expects, a more brittle 

network cannot accommodate large deformation as well as a more flexible one and break at an 

earlier stage. As described in Chapter II, microgel particles with a higher crosslinker content 

tend to less interpenetrate between one another because of their shorter dangling ends and 

therefore create a weaker network. It is interesting to note that the elongation at break of 8 mol. 

% MBA films is comparable to 2 mol.% OEGDA films with nevertheless a much higher shear 

modulus.  

 

2. Influence of experimental parameters during the film formation process 

 

Film formation temperature  

 

The impact of the temperature of formation was evaluated by forming purified films at 20°C, 

32°C, 37°C and 60°C. In this scope, the objective was to evaluate whether the state of 

microgels, i.e. collapse or swollen, impacts the quality of the assembly during the film 

formation. Indeed, during the liquid-to-solid transition, one can imagine the microgel state can 

play an important role that is to say swollen microgels under the VPPT could create more inter-

entanglements at the microgel interface than collapsed particles above the VPTT. The 

extensional viscosity was measured at 20°C with a constant strain rate of 0,5 s-1. Figure 66 

shows the average extensional viscosity of 2 mol.% OEGDA-crosslinked films for four 

different temperatures of formation.  
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Figure 66: Extensional viscosity versus time of P(MEO2MA-co-OEGMA-co-MAA) microgels crosslinked with 

2 mol.% OEGDA at 20°C. Different temperatures during the film formation were set: 20°C, 32°C, 37°C and 

60°C.  

 

It can be clearly observed from the curves that the temperature of formation does not impact 

the extensional viscosity neither the strain at rupture. Whether the microgel films are formed 

under (20°C), within (32°C, 37°C) or above the VPTT (60°C), the Hencky strain at rupture 

remains equal to 133 ± 2 %. Therefore, the film formation temperature is not a parameter 

driving the mechanical properties at large deformation. The microgel shell seems to keep some 

mobility at 60°C which enables the microgels to interpenetrate between each other in their 

collapsed state. Indeed, as it was previously described in other studies, microgels still contain 

water when they are in their collapse state above their VPTT. 44–46 The water is essentially 

located in the shell providing mobility to the external dangling chains. In addition, the microgel 

films are stored and tested at room temperature where they can naturally uptake water from the 

ambient air. Therefore, the chains have time to relax and interpenetrate at the microgel boundary 

thanks to the viscoelastic behavior of the copolymer at this temperature. Furthermore, the water 

uptake can plasticize the films and provide an enhanced chain mobility. They seem to finally 

reach a similar degree of interpenetration independently from the temperature of formation. 

Thinking about the potential skincare applications, these results validate that the films would 

not demonstrate a lower mechanical strength when applied on the skin at an average 

temperature of 32°C than on a surface at 20°C.  
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Influence of annealing  

 

Thermal annealing is a process that consists in rising the temperature of a material to increase 

its chain mobility or enable the microstructural change. This process is broadly studied for 

latex-based films in order to improves the chain inter-diffusion at the particle interface and by 

consequence increases the film toughness.47–49 In this scope, films were left to dry 25 days at 

32°C compared to the minimal drying time of 3 days at the same temperature. One can 

acknowledge that “drying” is not the correct term for 25 days since films were dried from day 

3. Tensile tests were then performed on films with 3 days and 25 days of “drying” (Table 12).  

 

Table 12: Strain at break, stress at break and fracture energy of MBA- and OEGDA-crosslinked microgel films 

“dried” at 32°C for 3 days or 25 days.  

 2 mol. % OEGDA 2mol. % MBA 

 3 days  25 days  3 days 25 days 

Young’s modulus 0.64 ± 0.03 0.63 ± 0.02 0.35 ± 0.03 0.35 ± 0.01 

Tensile strength (MPa) 0.7 ± 0.2 0.53 ± 0.12 0.4 ± 0.1 0.38 ± 0.06 

Strain at break (%) 127 ± 15 120 ± 17 201 ± 24 213 ± 16 

Fracture energy (MJ.m-3) 0.4 ± 0.1 0.31 ± 0.08 0.39 ± 0.09 0.38 ± 0.06 

 

The small change induced by a longer exposure time at 32°C is non-significant considering the 

standard deviation for all the parameters and for both crosslinkers. The fracture energy i.e. the 

toughness of MBA-crosslinked films is very similar: 0.39 MJ.m-3 and 0.38 MJ.m-3 for 3 days 

and 25 days, respectively. The toughness of OEGDA films at 25 days is slightly lower than at 

3 days but non-significantly: 0.31 MJ.m-3 compared to 0.39 MJ.m-3, respectively. This could be 

attributed to a lower amount of water contained by the film which results to a lower ductility. 

Nevertheless, we can conclude that globally further drying time does not affect the mechanical 

properties of the films and two hypotheses can be made: 1) Further inter-diffusion could occur 

at the microgel interface after 25 days without providing an enhanced toughness, as it has been 

reported by Zosel and Ley for latex films23 and 2) one can suppose that the inter-diffusion is 

already maximal after 3 days at 32°C considering that films are viscoelastic and the chains 

greatly mobile at this temperature.  
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3. Influence of the test temperature  

 

Herein, the evaluation of the influence of the test temperature on the film mechanical properties 

was performed to bring additional knowledge on the dynamics of the chain entanglements at 

the microgel interface. Furthermore, having the future applications in mind, it is important to 

evaluate the mechanical properties of the films when they are exposed to temperature close to 

the skin temperature ≈ 32°C. One can also question how the properties evolve when the films 

are exposed to higher or lower temperatures than the skin one in view of different environment 

temperatures. Thus, the shear moduli in the linear regime as well as the elongational properties 

were evaluated for purified 2 mol. % OEGDA and MBA films at 20°C, 32°C and 50°C. Figure 

67 (a) and (b) show the storage and loss moduli versus frequency of 2 mol. % MBA and 

OEGDA films, respectively. Figure 68 (a) and (b) display their extensional viscosity curves.  

 

 

Figure 67: Storage modulus (open symbol) and loss modulus (solid symbol) versus frequency of P(MEO2MA-

co-OEGMA-co-MAA) microgels crosslinked with (a) 2 mol.% MBA and (b) 2 mol.% OEGDA for different test 

temperatures: 20°C, 32°C and 50°C. 

 

At higher temperature, both OEGDA and MBA films become more viscous which is indicated 

by the decrease in the loss modulus G’’. As it well described by the classic theory of polymers, 

the rise in temperature promotes the chain mobility which in turn results in a higher flexibility 

of the network.50 At higher temperature, the glass transition, indicated by the cross-point of G’ 

and G’’, is shifted towards higher frequencies which is also characteristic of the enhanced 

molecular mobility.  
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elongation at break of 8 mol.% MBA-crosslinked film drops from 124 % to 70% when the 

temperature increases from 20 to 50°C. This phenomenon was not observed in the case of 2 

mol. % of crosslinker. As reported in Chapter II, the dense structure induced by 8 mol. % of 

crosslinker disfavors the inter-diffusion at the microgel interface. When the molecular mobility 

is increased through temperature, the microgel assembly is easily broken down due to the low 

initial interpenetration of the corona chains.  

 

 

Figure 69: Extensional viscosity versus time of P(MEO2MA-co-OEGMA-co-MAA) microgels crosslinked with 

(a) 8 mol.% MBA and (b) 8 mol.% OEGDA for different test temperatures: 20°C, 32°C and 50°C. 

 

To conclude this part, we have demonstrated that purified films and non-purified films exhibit 

very comparable rheological properties, yet the non-purified films have a slightly lower 

modulus due to the presence of WSP. This result is extremely valuable from an industrial point 

of view considering the time-consuming step that represents purification. Conversely, the rise 

in the crosslinking density (8 mol.%) increases the shear modulus as one expects and diminishes 

the elongations at break. This arises from the lower inter-diffusion at the microgel interface 

due to more-crosslinked and thus shorter dangling chains. Neither the temperature of film 

formation nor the annealing time impact the rheological and mechanical responses at large 

deformation. At these temperatures, the viscoelastic behavior of films promotes the chain 

mobility which likely leads to a similar depth of inter-diffusion for all the experimental 

conditions. Finally, the higher test temperature results in a lower loss modulus that physically 

corresponds to more viscous films. Being more viscous, 2 mol.% OEGDA-crosslinked films 

exhibit necking which is characteristic of a ductile fracture.  
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Conclusion 

 
 
The Chapter III aimed at quantitatively characterizing the mechanical properties of microgel 

films and more specifically, the relationship between the particulate structure and the 

mechanical strength of films. The following key findings can be drawn:  

 
• Structured films from P(MEO2MA-co-OEGMA-co-MAA) microgel self-assembly 

exhibit a viscoelastic behavior comparable to homogenously crosslinked polymers 

thanks to the presence of chain interdiffusion between particles.  

 

• The films exhibit excellent mechanical properties considering the target skincare 

applications i.e. low Young’s modulus and tensile strength (respectively 0.35 MPa and 

0.39 MPa for MBA films) and high elongation at break (> 200% also for MBA films).  

 

• The elongation at break is particularly sensitive to the microgel microstructure and 

especially to the depth of inter-diffusion at the microgel interface. These entanglements 

govern the deformation mechanism under uniaxial elongation (Figure 70).  

 

• As a consequence, MBA-crosslinked films exhibit higher elongation at break than 

OEGDA ones corroborating with results from Chapter II.  
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Introduction  

 

The collaboration with the companies Urgo and LVMH Perfumes & Cosmetics has naturally 

set an applied context to this research framework. In the highly competitive skincare market, 

the biocompatible P(MEO2MA-co-OEGMA-co-MAA) microgel films seem promising due to 

their film-forming properties and their innovative dual-stimuli response allowing the 

encapsulation and release of bioactive molecules. Yet, microgel films must meet several other 

criteria to be in adequacy with the skincare uses. More precisely, materials designed to be 

topically applied on skin must present high skin-conforming properties and a long-lasting 

adherence. Although a good adhesion on skin is fundamental during the time of use, it needs to 

be possibly removed with a minimum of pain at the end of use. In addition, the thin layer must 

be safe, irritation-free and breathable, i.e. that preserves the natural moisture transfer with air, 

to not damage eventually wounded or sensitive tissues. More importantly, the material must 

demonstrate similar mechanical properties to skin in order to accommodate its natural response 

to motion and provide comfort to the user.1–3 The mechanical properties of skin are very 

complex and so is its characterization. First, they greatly vary among individuals upon various 

factors such as age, gender and whether the skin is healthy or wounded.4,5 The literature 

generally describes an increased rigidity and a diminished extensibility with increasing age, 

occurring mostly between 35 and 55.6–9 Agache et al. also reported a decrease of the immediate 

retraction i.e. the skin’s ability to return to its initial state after being subject to strain.5 Second, 

the properties of skin also greatly vary according to the anatomical regions and the orientation 

of the cutaneous tissue during test.10,11 Indeed, skin is anisotropic and exhibits a different 

mechanical response depending on the test orientation in respect to the Langer linesc. In the 

direction of those lines, the collagen fibres are more stretched than perpendicularly to them 

resulting in a stiffer and less extensible skin.12 Finally, much variation is found between authors 

due to the different testing techniques (e.g. tensile, torsion, indentation, suction …).12,13 Skin 

being a viscoelastic material, its mechanical properties are also strain rate dependent.14 In sum, 

skin is an extremely complex tissue due its anisotropy, non-homogeneous structure and 

viscoelasticity. In the light of the disparate results reported in the literature, the reviews from 

Hendricks and more recently from Kalra et al. are of great help to narrow down the mechanical 

                                                

 
c Langer lines are topological lines following the structural orientation of the collagen fibres in the dermis. 
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characteristics of skin.12,13 Hence, the Young’s modulus of skin ranges from 0.02 to 1 MPa for 

torsion tests, from 0.02 to 0.3 MPa for suction tests and 0.01 to 2 MPa for indentation tests. The 

Young’s modulus is much larger for tensile tests: from 4 to 100 MPa. Yet, values were not 

extrapolated from the first initial slope in certain cases explaining the discrepancy.10,15 The 

transition from elastic to plastic deformation is located below 20% of strain whereas the failure 

strain is generally measured below 60% (more precisely 54% from Ní Annaidh et al. and 25% 

from Gallagher et al.).10,15  

In consequence, the material intended for skincare products must be designed with a relatively 

low Young’s modulus (E = 0.01 - 2 MPa) and a high elongation at break (εbreak > 60%). In 

addition, a material that demonstrates a slightly higher resilience than skin can eventually 

mimic the response to motion of a youthful skin. Although the film-forming material needs to 

match as closely as possible the properties of skin, it is important to remind that the final 

skincare product will necessarily be composed of a multitude of ingredients prone to modify 

the initial properties of the latter.  

 

Therefore, this final chapter aims at (i) investigating the suitability of the microgel films with 

respect to skin from an applied standpoint and (ii) exploring a strategy to broaden and adjust 

the film properties in view of potential formulations with other ingredients. The chapter was 

thus divided in two distinct parts according to these objectives.  

 

More precisely, we investigate in the first part the applied properties of non-purified microgel 

films, i.e. the simplest “out of synthesis” composition. As a reminder, non-purified dispersions 

are composed of 70% of microgels and 30% of water-soluble polymer (WSP) at the end of a 

synthesis with 2 mol.% of crosslinker. The conformability, the permeability and the adhesion 

of these films were qualitatively or quantitively tested. Furthermore, uniaxial elongational tests 

were performed to evaluate the mechanical and rheological properties of these films in respect 

to the properties of skin.  

In the second part, we explore a strategy to broaden the mechanical properties of microgel films 

by adding a controlled proportion of the water-soluble polymer, the side-product provided from 

a microgel synthesis. One can hypothesize that the water-soluble polymer has a similar 

chemical composition at the initial stage but exhibits a softer behavior than microgels due to a 

lower cross-linking density. As we have reported in Chapter I, the combination of softer and 

harder phases in latex films may lead to valuable mechanical properties. Indeed, Deplace et al. 

among others reported that alternating densely crosslinked domains, that are more elastic but 
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less extensible, with less crosslinked and more viscous domains increased the toughness and 

adhesive properties of films.16–20 In addition to the variation of the crosslinking distribution, the 

water-soluble polymer would certainly offer a good compatibility with microgels due to its 

similar chemical nature. This compatibility is considered as a valuable property in the design 

of composite materials since it determines the strength of the interface between the fillers and 

matrix. Hence, the second part of this chapter covers the structural characterization of the water-

soluble polymer followed by the film formation description and the visual characterization of 

the designed films. The rheological behavior of these films is then described in the linear and 

non-linear regimes and finally, the potential industrialization of this strategy is discussed.  

 

I. Applied properties of non-purified films for skincare applications 

 

In view of the industrial context, the P(MEO2MA-co-OEGMA-co-MAA) microgel films are 

designed to be used in skincare applications such as wound dressings, skin creams and more 

generally beauty and biomedical products. The design of a material that is applied on skin 

imposes fundamental requirements in addition to some industrial specifications. These 

requirements and specifications can be described as previously listed (skin-conformability, 

adherence, non-toxicity and mechanical properties matching the skin ones). 

 

In the scope of the potential future applications, a series of tests were performed in order to 

evaluate some of the above criteria. As a first step, the tests were performed on non-purified 

films, i.e. with the “out-of-synthesis” composition with ≈ 30% of WSP, since they represent the 

most basic formulation and simplest production process. The following section discusses three 

distinct points of non-purified films: their conformability and visual appearance, their 

adherence and permeability and finally their mechanical properties.  

 

 

1. A highly skin-conformable material 

 

As one knows, the physical appearance of skin differs depending upon various factors such as 

age and whether the skin is healthy or wounded. Hence, a high skin-conforming property is 

fundamental to ensure the film’s aptitude to suit a broad range of skin types. For this reason, 
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Uniaxial elongational tests 

 

The elongational properties of non-purified films were investigated by extensional viscosity 

and tensile tests. As it was previously mentioned in Chapter III, extensional viscosity 

measurements are preferred to evaluate the elongation at break since the rupture systematically 

occurs in the middle of the specimen which is not the case during tensile tests. Nevertheless, 

tensile tests remain useful to obtain the Young’s modulus. Figure 75 (a) shows the extensional 

viscosity versus time at 0.5 s-1 whereas Figure 75 (b) shows the stress-strain curves at 1 mm.s-

1 for 2 mol. % MBA and OEGDA non-purified films. It is worth noting that the extensional 

viscosity curves are average curves from at least 5 specimens whereas the tensile curves 

represent only one specimen. The film thicknesses vary from 150 to 200 µm for tensile tests 

whereas they range from 500 to 800 µm for extensional rheology. 

 

 

Figure 75: (a) Extensional viscosity versus time at 0.5 s-1 and (b) stress-strain curves at 1 mm.s-1 for 2 mol. % 

MBA and 2 mol. % OEGDA crosslinked films in the non-purified state. It is worth noting that the extensional 

viscosity curves are average curves from at least 5 specimens whereas the tensile curves represent only one 

specimen.  

 

The Hencky strains at break, converted from the times at break, are in average 122 ± 8 % and 

165 ± 15 % for OEGDA and MBA, respectively, which correspond to engineering strains at 

break of 240 % and 420 %, respectively. These values are extremely high compared to the 

failure strain of human skin which is generally reported under 60%.10,15 Thus, one can say the 

non-purified microgel films would readily accommodate the most extreme skin motion. The 

average Young’s moduli are estimated at about 0.21 MPa and 0.12 MPa for OEGDA and MBA 
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crosslinker respectively (Table 15). Although much variation is found in the literature for the 

Young’s modulus of human skin, the value frequently ranges from 0.01 to 2 MPa.13 According 

to this range, the Young’s moduli of the non-purified films perfectly match the skin properties 

for skincare applications. 

 

Table 15: Young’s modulus and strain at break of non-purified MBA- and OEGDA-crosslinked microgel films. 

 2 mol. % OEGDA 2mol. % MBA 

Young’s modulus (MPa) 0.21 ± 0.03 0.12 ± 0.03 

Hencky strain at break (%) 122 ± 8 165 ± 15 

 

 

Fatigue tests 

 

Fatigue tests consist of applying a pre-determined number of loading-unloading cycles to a 

material in order to determine its ability to withstand cyclic conditions. Herein, the cyclic 

loadings aim at reproducing the continuous skin movements. The films were loaded in tension 

since it probably best represents the skin motion compared to other load types as torsion or 

compression. Films were subject to 25 cycles at maxima if the rupture did not occur before. 

During each cycle, they were stretched until 50% of strain. The strain value was set to be much 

superior to the elastic region of deformation for human skin (< 20%). Indeed, this value is close 

to the failure strain of skin i.e. 60%.10,15 As a preliminary study, a non-purified MBA-

crosslinked microgel film was tested first and torn at the 15th cycle before completing the 25 

cycles. From the 8th cycle, the tensile strength is so low that no difference is observed between 

the subsequent cycles. Thus, the stress-curves corresponding only to the 10 first cycles are 

shown in Figure 76. One can note that the tensile strength at ε=50% drastically drops cycle after 

cycle (Table 16). At ε=50 %, the films are subject to plastic deformation which structurally 

damages the microgel network, probably inducing micro-cracks at each cycle. The value of 

50% might seem a quite severe criteria considering that the skin during its natural motion would 

not reach a strain close to its rupture value. It might be interesting to carry out additional fatigue 

tests with a strain closer to the region of elastic deformation such as ε ≈ 20% and also check the 

impact of the film thickness.  
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II. Designed films with adjustable mechanical properties 

 

Herein, a strategy is investigated to broaden the mechanical properties of P(MEO2MA-co-

OEGMA-co-MAA) microgel films in view of potential formulations with other ingredients 

designed for different applications. The polymer side-product of a microgel synthesis called 

water-soluble polymer (WSP) is reformulated with microgels to design new blended films. 

WSP does have a similar chemical nature to microgels since it is the result of the same 

monomers polymerization but probably with a lower cross-linking density. As a consequence, 

one can expect a high compatibility with microgels which would probably not weaken the 

particular network of microgels but could also interpenetrate them to create a semi-

interpenetrated network. Blended films were formed with WSP content ranging from 0% to 

100%. First, the following section covers the structural characterization performed on WSP 

with SEC, SLS and NMR measurements. Second, the formation of blended films is detailed as 

well as the characterization at the nanoscale of their structure by AFM. Finally, the rheological 

properties of these blended films are evaluated in the linear and non-linear domains.  

The transfer to industrialization of this strategy will be discussed to open reflection for future 

market applications.  

 

1. Structural characterization of the free water-soluble polymer 

 

The first objective of this study is to characterize the molecular weight and structure of the free 

water-soluble polymer (WSP). Indeed, be informed on the molecular weight and structure of 

WSP is fundamental to correctly interpret the properties of blended films which contain up to 

100% of the latter. The second objective is to compare the WSP resulting from a synthesis using 

MBA versus OEGDA as crosslinker. As previously described in Chapter II, the underlying idea 

is to understand whether a proportion of crosslinker reacts with the free soluble chains instead 

of crosslinking the growing microgel particles. In the following section, the free soluble 

polymer resulting from a synthesis using MBA crosslinker is called MBA-WSP, equivalently 

OEGDA-WSP for the soluble polymer of a synthesis using OEGDA.  
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Both water-soluble polymers have a radius of gyration around 15 nm in average which 

demonstrates the water-soluble polymer must have a highly branched and/or crosslinked 

structure considering their high molecular masses. The higher molar masses from MBA-WSP 

reach gyration radii up to 30 nm, indicating bigger but not necessarily denser objects. These 

results support the idea that a portion of the crosslinker does not react with the growing microgel 

particles but with the water-soluble polymer present in the medium. In addition, the presence 

of higher molecular masses for MBA-WSP reinforces the hypothesis that a higher amount of 

MBA crosslinker reacts with the free soluble chains leading to lower crosslinked shells for 

MBA microgels than OEGDA ones.  

 

The dependence of the molecular mass with a physical quantity such as the intrinsic viscosity 

or the radius of gyration reveals important information on the internal structure, the stiffness 

and the branching of macromolecules. The relationship can be described by a power law in a 

specified range of molecular weights such as:  

 

𝑅 ∝ 𝑀     (52) 

and 

𝜂 ∝ 𝑀    (53) 

where 𝜂 is the intrinsic viscosity and a and 𝛼 the power law exponents which are dependent to 

the degree of branching.  

 

The viscosity-molar mass relationship is generally known as the Mark-Houwink-Sakurada 

(MHS) equation. Herein, we focused on the relationship between the molar mass and the radius 

of gyration since our experimental SEC set-up is only coupled with a light scattering detector. 

The conformational plot, i.e. the gyration radius versus the molecular weight, is shown in Figure 

79 for OEGDA-WSP, MBA-WSP and PEG 35K. At this point, it may be beneficial to recall 

the theoretical expectation of exponent 𝛼 for the shape of basic entities: 0.5 for the random coil 

conformation of flexible linear polymers in Q solvent and 0.33 for perfect dendritic polymers 

or spherical particles of uniform density.33,34  
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Figure 79: Conformational plot for (red) MBA-WSP, (blue) OEGDA-WSP, (black) PEG35K 

 

As previously mentioned, the linear PEG 35K (black dots) has such a narrow distribution in 

mass that it is not possible to fit the radius of gyration by a power law. Therefore, a 

representative power law Rg ∝ Mw0,6	was added to represent a theoretical linear polymer in 

good solvent. Only MBA-WSP was fitted by a power law since it is the population with the 

clearest and broadest variation. The value of power law exponent was found to be 𝛼	» 0.27 

which is very close to the theoretical value for dendrimers. This latter result confirms the initial 

hypothesis that the water-soluble polymers formed during synthesis are highly branched and/or 

crosslinked polymers with high molecular masses. In further works, SANS measurements could 

be envisioned to quantify the degree of branching compared to the crosslinking density. 

 

Static Light Scattering (SLS) measurements were additionally performed on MBA-WSP in 

order to corroborate with the higher molecular mass found in SEC compared to OEGDA-WSP. 

SLS allows the measurements of the absolute molecular mass based on the proportionality 

between the intensity of the scattered light and the molecular weight of a molecule, as described 

by the Rayleigh theory.35,36 As described in the Appendix- Experimental part, the intensity of 

scattered light was measured for a set of solution with different concentrations at different 

angles. For each concentration, the ratio 
	
 was plotted as function of q2, where K is an optical 

constant, c the solution concentration, Ro the Rayleigh ratio and q the scattering vector for 

vertically polarized light. The inverse of the apparent molar mass (1/Mw,app) of the solution was 

extrapolated from the origin of the graph i.e. when for q2 tending towards 0 (Eq. 54).  
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	 = (1 + 	) + 2𝐴 𝑐 (54) 

 

Finally, the extrapolated 1/Mw,app of each solution was plotted as a function of the concentration, 

as shown in Figure 80. The Y-value at the origin of the graph corresponds to the inverse of the 

absolute molar mass Mw. The extrapolated value 1/Mw corresponds to an absolute molar mass 

Mw = 141 kg.mol-1 for MBA-WSP. This result corroborates well with the SEC measurement 

for MBA-WSP that was Mw = 103 kg.mol-1. 

 

 

Figure 80: Semi-log representation of the apparent molar mass as a function of the concentration for MBA-WSP 

dispersions. The absolute molar mass corresponds to the intercept between the linear fit (dashed line) and the Y 

axis.   

 

Structural characterization by NMR  

 

We performed 1H-nuclear magnetic resonance (NMR) transverse relaxation measurements on 

both MBA-WSP and OEGDA-WSP to investigate the eventual chemical heterogeneity in their 

structure. As previously described, transverse relaxation measurements can reveal a 

heterogenous inner structure by detecting the different degrees of proton mobilities at the 

molecular scale. The same method presented in Chapter II was employed to analyze the 

experimental data. The decays of the integral NMR signals of OEGDA and MBA-WSPs are 

shown respectively in Figure 81 (a) and (b).  
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Regardless of the type of crosslinker, the structure of water-soluble polymer is heterogenous 

although more homogeneous than their associated microgels. More importantly, the total 

number of subchains is higher for MBA-WSP than OEGDA-WSP which indicates a more 

crosslinked structure. This finding greatly strengthens our initial assumption regarding the 

distribution of MBA crosslinker between microgels and the free water-soluble chains.  

Indeed, as reported in Chapter II, we found with NMR transverse relaxation measurements that 

2-MBA microgels had a lower number of subchains both in the core and shell than 2-OEGDA 

microgels, which could be attributed to the lower consumption rate of MBA. From this finding, 

we hypothesized that a larger proportion of MBA crosslinker reacts with the water-soluble 

chains instead of with the growing particles than in the case of OEGDA. The larger number of 

subchains in MBA-WSP compared to OEGDA-WSP corroborates with the latter hypothesis. 

Overall, it is important noting the total number of subchains in WSP is much less important 

than in microgels (Chapter II), indicating the structure of WSP is indeed less crosslinked and 

branched than microgels.  

 

In addition, we performed 1H NMR measurements to demonstrate the similar chemical nature 

between microgels and the associated water-soluble polymers. As observed in Figure 82, the 

spectra of 2 mol.% MBA-crosslinked microgels and the associated MBA-WSP exhibit the same 

resonance peaks e.g. methyl groups at 3.3 and 1.8 ppm and methylene groups at 3.6 ppm.   
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Figure 82: 1H NMR spectra in the range 6-0 ppm of (top) 2 mol.% MBA-crosslinked microgel dispersion (MG) 

(bottom) water-soluble polymer (WSP) resulting from a synthesis with 2 mol.% MBA as crosslinker. 

 

In summary from this part, the structural characterization on water-soluble polymers revealed 

a branched and/or crosslinked structure with high molecular masses. Water-soluble polymers 

demonstrate the same chemical signature than microgels, yet they present fewer subchains i.e. 

they are less crosslinked and/or branched.  

 

2. Film formation and visual characterization of blended films  

 

Film formation of blended films 

 

After having characterized the structural properties of the water-soluble polymer, we have 

explored the design and properties of films composed of microgels and water-soluble polymer. 

In this purpose, we have first purified microgel dispersions to separate microgels (MG) from 

WSP and in a second step, we have reformulated the two components in controlled proportions 

with WSP content from 0 to 100% (Figure 83). Once the two solutions are well mixed, they are 

poured in silicone molds and are dried at 37±5°C in a bell jar oven like classic microgel films.  
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structured arrangement is formed. At 75 wt.% MG, similar observation can be made, microgels 

are closer but no hexagonal close-packing arrangement is observed. In accordance with the 

AFM results on purified films from Chapter III, the “donuts” structure is well observed with a 

clear gradient in modulus and height between the cores and the shells. The looser and probably 

more swollen shells are characterized by a greater height and a lower modulus than the dense 

cores. Furthermore, a gradual transition is observed between the microgel shells and the WSP 

matrix which suggests a similar structure as well as a certain interpenetration between the two 

phases. Yet, the WSP matrix exhibits a lower modulus than the microgel shells (Figure 85 (b), 

(d) and (f)).  

 

3. Rheological behavior of blended films in the linear and non-linear domains 

 

The rheological behavior of blended films was investigated with small amplitude oscillatory 

shear measurements and extensional viscosity tests at large deformation. Herein, blended films 

are composed of microgels and their associated water-soluble polymers WSPs. To illustrate, 

OEGDA films are composed of 2 mol.% OEGDA-crosslinked microgels and the corresponding 

OEGDA water-soluble polymers. Figure 86 and Figure 87 show the storage and loss moduli 

versus frequency for respectively OEGDA and MBA blended films at 20°C with microgel and 

WSP contents inversely varying from 0% to 100%.  

 

 

Figure 86: Storage modulus (solid symbol) and loss modulus (open symbol) versus frequency of 2 mol.% 

OEGDA-crosslinked films with different microgel (MG)-WSP compositions: MG content varies from 100% 

(purified) to 0% (WSP only).  
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Figure 87: Storage modulus (solid symbol) and loss modulus (open symbol) versus frequency of 2 mol.% MBA-

crosslinked films with different MG-WSP compositions: MG content varies from 100% (purified) to 0% (WSP 

only).  

 

As the microgel content decreases, one can observe the drop of both the storage and loss moduli 

which indicates the films become softer and more viscous. For example, the storage modulus 

at 0.01 rad.s-1 of MBA blended films drops from 66 to 3.2 kPa from 100% microgels to 100% 

of WSPs. The drop of the modulus arises from microgel particles being driven further away 

from another due the incorporation of the WSP phase. In addition, a loss of crosslinking points 

occurs with the rising proportion of WSPs. Indeed, in spite of the very branched structure of 

WSP, the crosslinking density is lower than to microgels. As a consequence, the elastic plateau 

of films made from 100% MBA-WSP is not reached anymore because of being shifted to lower 

frequencies. This can also be highlighted by the increase of the power law exponent from the 

relationship G’ ∝	𝜔𝛼	where 𝛼=0.18 for 100% WSP compare to 𝛼=0.06 for 100% MG.  

In order to better compare the two systems OEGDA and MBA, the storage and loss moduli as 

well as the loss factor are plotted against the microgel content in Figure 88 for the two blended 

film types. The loss factor, defined as the ratio between the loss and storage modulus, represents 

the damping of a material i.e. the ability to attenuate oscillations. For a greater loss factor, the 

damping increases result of a more prevalent viscous component. It is worth noting that all 

films, even for 100% WSP, present a solid like viscoelastic behavior. 
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Figure 88: Storage modulus (G'), loss modulus (G'') and loss factor (tan δ) at 𝜔 =0,01 rad.s-1 versus microgel 

content of 2 mol.% OEGDA- and MBA-crosslinked films. 

 

As the WSP content increases, or conversely the microgel content decreases, the loss factor 

increases and the films become more viscous. The WSP act similarly to a soft matrix spacing 

microgels from one another and softening the films. MBA blended films have a higher loss 

factor than OEGDA ones for MG content from 0% to 75% and are then globally more viscous.  
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a function of time are presented in Figure 89 (a) and (b) for MBA and OEGDA films, 
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Figure 89: Extensional viscosity versus time at 20°C and Hencky strain rate 0.5 s-1 for (a) MBA-crosslinked and 

(b) OEGDA-crosslinked films with different MG-WSP compositions: MG content varies from 100% (purified) 

to 0% (WSP only). 

 

As a direct consequence of the decrease in G’ and G’’ with lower microgel content, the 

extensional viscosity also drops with decreasing MG%. Indeed, one can recall the relationship 

between the extensional viscosity and the storage and loss moduli in the linear regime:  

 

h = 3x	h∗ 	= 3x (𝐺′′
w
)2 + (𝐺′

w
)2  (55) 

 

The most striking result is that all the films demonstrate strain-hardening and seem to break at 

similar strains. This is surprising especially for films composed of a prevalent proportion of 

WSPs (e.g. 75 and 100%). The strain-hardening of these films brings further evidence on the 

branched structure of WSPs and corroborates with the results from the structural 

characterization. Furthermore, we can assume that strain hardening arises as much from the 

chemical crosslinking points as from the physical entanglements of branched chains. The 

Hencky strain and the extensional viscosity, both at break, were extrapolated from the curves 

and plotted against the microgel content in Figure 91 and Figure 90. Since we have previously 

demonstrated that the strain rate has no impact on the strain at break, the values from Figure 90 

represents the average of the measurements performed at 0.5 and 1 s-1. This assertion is not 

correct for the extensional viscosity values, thus Figure 91 only represents the average from the 

tests at 0.5 s-1.  
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Figure 90: Hencky strain at break versus microgel content for OEGDA and MBA blended films.  

 

As observed in Figure 90, the strain at rupture is not significantly impacted by the blend 

composition. Almost all MBA blended films demonstrate a strain at rupture close to 155 % in 

average. The blend composed of 75% microgels exhibits a higher value (≈ 180%) but the 

difference might not be significant considering the standard deviation. Similarly, most of 

OEGDA blended films break around 120 % of elongation aside from the films composed of 25 

% microgels which break at about 135%. Again, the standard deviation makes the difference 

less significant. This result is extremely positive in the light of industrial applications. It 

suggests that one can vary the WSP proportion to adjust the film modulus according to a 

targeted application without losing the stretching ability of the film. The preservation of the 

elongational properties for any WSP content may be attributed to the presence of strain 

hardening which is in turn a result of the branched and crosslinked structure of WSP. In 

addition, we recall that the very similar chemical nature of microgels and WSP must provide 

an excellent compatibility of the two components and strengthen their interface.  

One can note that it is rather uncommon to obtain such high elongation properties for a film 

made only from a synthesis side-product since polymers rarely reach such high molecular 

masses and branched structures. The second conclusion drawn from Figure 90 is that MBA 

blended films break at much high strain than OEGDA ones regardless of the microgel-WSP 

composition. This was expected for blends with a prevalent proportion of microgels since we 

have demonstrated in Chapters II and III MBA-crosslinked microgels exhibit a better ability to 

interpenetrate between one another thanks to their looser corona microstructure. The same 

0

20

40

60

80

100

120

140

160

180

200

0 25 50 75 100

H
e

n
ck

y
 s

tr
a

in
 a

t 
b

re
a

k
 (

%
)

Microgel content (%)

MBA

OEGDA



Chapter IV: Towards skincare applications: applied properties of non-purified films and designed films 

 204 

observation is made for films formed from 100% of WSP and the explanation is therefore 

related to the structural characteristics of WSP in this case. The analyses from size exclusion 

chromatography have highlighted a higher molecular mass for MBA-WSP. In addition, the 

NMR transverse relaxation measurements have revealed a higher number of subchains in the 

core and in the shell indicating a more crosslinked or branched structure. The higher molecular 

mass combined to a more branched structure are most likely the cause of a stronger 

entanglement leading in turn to higher strains at break.  

As observed in Figure 91, the extensional viscosity at break increases with the microgel content. 

This is the consequence of higher G’ and G’’ moduli combined with a similar strain-hardening 

degree for all the blends. The extensional viscosities at break are globally higher for MBA 

blended films than OEGDA ones due to their much higher elongations at break.  

 

 

Figure 91: Extensional viscosity at break versus microgel content for OEGDA and MBA blended films. 

 

 

In a complementary experiment, the blended films were composed from microgels (MG) and 

water-soluble polymer (WSP) that were produced by using different crosslinkers. For instance, 

films were formed from OEGDA-crosslinked microgels and MBA water-soluble polymer. As 

it has been demonstrated in the first section of this Chapter, OEGDA-WSP and MBA-WSP are 

two polymers with distinct structures and molecular masses. Thus, the motivation of this 

experiment was to ensure a fair comparison of the systems by varying only one parameter at 
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the time. The method aims at better describing the impact of each component. Extensional 

viscosity measurements were performed at a Hencky strain rate of 0.5 and 1 s-1. The average 

elongations at break from these measurements are plotted against the microgel content in Figure 

92 (a) and (b). Films with the same type of microgels (OEGDA) but different WSP (either 

OEGDA or MBA) are compared in Figure 92 (a). Likewise, films with the same type of WSP 

(OEGDA) but different microgels are compared in Figure 92 (b). 

From both graphs, we can observe that the extensional properties of films are simply governed 

by the prevalent phase, whether it is microgels or WSP. When films consist of 75% MG and 

25% WSP, the nature of WSP (OEGDA or MBA) does not influence the elongation at break, 

as observed in Figure 92 (a). The content in WSP needs to be above 25% to induce a significant 

change in properties related to the WSP structure. Similarly, when films consist of 75% of WSP 

and 25% MG, the nature of MG has no impact on the strain at break (Figure 92 (b)). Therefore, 

the nature of water-soluble polymer influences as much the film properties as the microgel type 

when incorporated at the same proportion. The second conclusion drawn from this experiment 

is that mostly microgels govern the properties of non-purified films since they are composed of 

≈ 30%WSP. The fact that MBA-WSP has a higher molecular mass than OEGDA-WSP does 

not induce significant change in the non-purified films considering the low WSP proportion.  

 

 

Figure 92: Hencky strain at break versus microgel content for (a) films composed of OEGDA microgels and 

either MBA or OEGDA water-soluble polymer (b) films composed of OEGDA water-soluble polymer and either 

MBA or OEGDA microgels 
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The molecular masses of WSP with 0% crosslinker correspond to Mw=225 kg.mol-1 and 

Mn=134 kg.mol-1 compared to Mw=103 kg.mol-1 and Mn=37 kg.mol-1 for 2 mol.% MBA 

crosslinker. 

 

Therefore, a much more straightforward technique would be to replace the WSP by a 

commercial polymer from which the molecular mass, composition and structure are well 

known. The most important criteria of this polymer would be a branched structure and a high 

compatibility with the PEGMA-based microgels to ensure the mechanical properties of the 

network. Such polymer could be chosen in the wide range of available PEG polymers with the 

objective to bring additional properties of interest. For instance, one could think of water-

soluble associative PEO polymers that are end-capped with hydrophobic groups (e.g. aliphatic, 

aromatic).40,41 Indeed, these water-soluble associative polymers exhibit interesting rheological 

properties when dispersed in water at high concentration due to their ability to form star-like or 

flower-like micelles.  

 

 

In this section, we have demonstrated broaden mechanical properties of microgel films by 

blending microgels and water-soluble polymers (WSP). By varying the WSP content from 0% 

to 100%, one can decrease of about 1 decade the elastic shear modulus measured at low 

frequency (from 66 to 3.2 kPa). However, the variation of WSP content in films neither changes 

the strain hardening behavior nor the elongation at break measured around 155% for all the 

blends except one. This valuable property can be attributed to the high molecular mass and 

branched structure of the WSP in addition to the great compatibility between microgels and 

WSP. In the scope of industrial applications, the WSP could be replaced by well-characterized 

commercial polymers such as PEG polymers that are compatible with PEGMA thanks to their 

similar chemical nature.  
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Conclusion 

 

This final chapter aims at evaluating the suitability of P(MEO2MA-co-OEGMA-co-MAA) 

systems towards applied properties in the light of cosmetic and biomedical uses. The highlights 

of this chapter are the following:  

 

• P(MEO2MA-co-OEGMA-co-MAA) microgel dispersions can be readily spread on skin 

and form a homogenous and transparent film in-situ. This film-forming property confers 

the films with a high conformability and adherence on skin; 

 

• Non-purified films demonstrate mechanical properties that would accommodate the 

motion of skin i.e. a low Young’s modulus (E = 0.12 - 0.21 MPa) and a high strain at 

break (εH = 120 – 165 %);  

 

• Designed films were successfully formed by mixing microgels and water-soluble 

polymers in a controlled ratio with water-soluble polymer content till 100%;  

 

• The structural characterization of the water-soluble polymers in dilute solution has 

demonstrated a dense, highly branched and heterogenous structure with Mw= 50-100 

kg.mol-1 for low values of Rg =10 - 30 nm; 

 

• AFM demonstrates that the structure of designed films resembles to the one of a 

composite material with hard fillers (microgels) incorporated in a soft matrix (water-

soluble polymers);  

 

• The addition of water-soluble polymer allows to vary the elastic modulus of classic 

microgel films (G’ ranging from ≈ 1x103 to ≈ 1x105 MPa) without changing the 

elongational properties of the films. This valuable finding is attributed to the branched 

and/or crosslinked structure of water-soluble polymers and their high compatibility with 

microgels.  
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Conclusions 

 

 

In the present work, we have studied films formed by the self-assembly of poly(oligo-(ethylene 

glycol) methacrylate)-based microgels that were initially synthesized within our group. These 

microgels doubtlessly present innovative properties thanks to their smart multi-responsiveness 

to pH and temperature. Nonetheless, a key question was raised by these former works: Do these 

microgel-based films present the suitable physical properties for potential uses in cosmetic and 

medical applications on skin?  

In that perspective, the present work has been realized with the concern of relating structure 

and properties in order to fully comprehend the mechanisms at stake.  

 

In this scope, Chapter I provides a review on colloidal systems going from the overview of 

multi-responsive microgels to the rheological behavior of colloidal dispersions, to finally the 

mechanical properties of colloidal particle-based films. In the last decades, much attention has 

been directed on microgels in view of their multi-responsive properties. A glaring example are 

thermo-responsive microgels which present the ability to evolve from a swollen to a collapse 

state at a critical temperature. Microgel suspensions represent a complex and particular class of 

colloidal suspensions due to their softness and swelling ability. Indeed, their high swollen state 

in good solvents leads to deformation and interpenetration of particles at high concentration 

which in turn causes a deviation from the classic flow behavior of hard spheres. In particular, 

the structural architecture of microgels such as crosslinking density, crosslink distribution and 

presence of dangling chains in the shells, has a great impact on the flow behavior. Consequently, 

rheological measurements are considered as a useful tool to access information on the microgel 

microstructure. The morphology and the microstructure of particles are also at stake during the 

formation process of particle-based films. Indeed, the cohesion of particulate films largely 

hinges on the interdiffusion of chains between neighboring particles during the film formation. 

More precisely, the chain interdiffusion is a key parameter driving the film toughness although 

the complete coalescence of the film isn’t necessarily more valuable than partial interdiffusion. 

By consequence, the mechanical properties of particulate films are directly dependent on the 

degree of crosslinking within the colloids and on the particle structure i.e. the spatial 

distribution of crosslink points (such as homogeneous versus core-shell). The alternation of 
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hard and soft regions can also enhance the mechanical and adhesive properties of films by 

providing viscoelastic dissipation mechanisms. Very few studies report the design of self-

supported multi-responsive microgel films through the simple process of solvent evaporation. 

Such films are extremely promising for skincare and biomedical applications since they 

conserve the thermo-sensibility of the microgels and exhibit a relatively high mechanical 

strength considering the particulate structure.  

 

In Chapter II, we have investigated the film-forming mechanism of the microgels during the 

film formation process. As the concentration of microgels increased, the rheological properties 

evolved from the ones of a liquid with zero-shear viscosity to the ones of a solid exhibiting 

elasticity and yield stress. Oligo-(ethylene glycol)-based microgels were elaborated with 

different crosslinking densities (2 versus 8 mol.%) and crosslinker types (OEGDA versus 

MBA) to induce a change in the particle softness and to the particle structure, respectively. Both 

the zero-shear viscosity and long-time creep tests on concentrated microgel suspensions were 

sensitive to the differences in microstructure. At higher crosslinking density, microgels 

resemble more to hard spheres and consequently, the relative viscosity diverges at a higher core 

volume fraction. For both crosslinker contents, the viscosity of OEGDA samples diverges at a 

higher concentration than MBA ones, suggesting a looser crosslinked shell for MBA-

crosslinked microgels. The creep tests also revealed a higher yield stress for MBA, 

corroborating with the viscosity data. These results suggest that MBA-crosslinked microgels 

are able to better interpenetrate between one another and form a stronger network than OEGDA. 

Nevertheless, these findings do not correlate with our previous hypotheses on the microgel 

structure, being a harder shell and a looser core for MBA-crosslinked microgels. Indeed, the 

shell being more involved in the interpenetration process, one can hardly imagine that hard shell 

- microgels would conduct to a stronger network. By consequence, transverse relaxation (T2) 

NMR measurements were carried out to further investigate the inner structure of microgels.  

In addition to demonstrate the core-shell microstructure for all the microgel types, T2 NMR 

measurements indicated a lower number of subchains in the shell and in the core of MBA 

samples compared to OEGDA ones. This result confirmed the hypotheses made in view of the 

rheological results and attested of the higher ability to interpenetrate of MBA-crosslinked 

particles. The discrepancy with previous findings can be ascribed to the fact we did not consider 

the presence of a side-product polymer in the synthesis during the kinetic study from which 

followed the microstructure description.  
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In Chapter III, we have investigated the rheological and mechanical properties of structured 

films formed by the self-assembly of P(MEO2MA-co-OEGMA-co-MAA) microgels in the 

linear and non-linear domains. Small amplitude oscillatory shear measurements have indicated 

that the particulate films exhibit a viscoelastic behavior comparable to homogenously 

crosslinked polymers. This finding is attributed to the presence of chain interdiffusion between 

particles yet the atomic force microscopy specified the total coalescence is far from being 

achieved. Furthermore, the elongational measurements in the non-linear domain are particularly 

sensitive to the microgel architecture and especially to the shell structure. The chain inter-

diffusion between neighboring particles significantly influences the elongation at break of 

films. For example, longer dangling ends such as carried by MBA-crosslinked microgels 

greatly enhance the entanglement of particles between one another and conduct to higher 

elongation at break. The observation of the film deformation at the microscopic scale confirmed 

that the chain dynamics at the microgel interface largely governed the elongational properties 

and especially the elongation at break. Overall, the films exhibit excellent mechanical 

properties considering their particulate structure, such as elongation at break up to 200%. In 

addition, the low tensile strength, the low Young’s modulus and the high elongation at break 

are particularly suitable for skincare applications since in accordance with the deformation of 

the human skin. We have also demonstrated that purified films and non-purified films exhibit 

very comparable rheological properties, yet the non-purified films have a slightly lower 

modulus due to the presence of 30% of water-soluble polymer (WSP). This result is extremely 

valuable from an industrial point of view considering the cost and time-consuming steps that 

represents purification. From the physical standpoint, it indicates the presence of WSP does not 

weaken the microgel network due to most likely the interdiffusion of its own chains with 

microgels.  

 

In the light of potential cosmetic and biomedical uses, Chapter IV aimed at evaluating the 

suitability of P(MEO2MA-co-OEGMA-co-MAA) microgel films regarding applied properties. 

The microgel-based dispersion can readily be applied on skin and in situ form a transparent thin 

film. The microgel-based films exhibit high skin-conforming properties and a long-lasting 

adherence without blocking the moisture diffusion. In addition, their mechanical properties 

meet the required criteria that the underlying skin imposes i.e. a low Young’s modulus and a 

high elongation at break. We have also demonstrated a successful strategy to broaden the 

mechanical properties of microgel films by combining microgels and water-soluble polymers 

in a controlled ratio. By varying the WSP content from 0% to 100%, we were able to decrease 
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of about 1 decade the elastic shear modulus. Nonetheless, the addition of WSP did not weaken 

the elongational properties of the films i.e. the presence of strain hardening behavior and high 

elongation at break. Structural characterizations by SEC and NMR on the latter have indicated 

high molecular masses with a branched and/or crosslinked heterogeneous structure along with 

a similar chemical nature to microgels. These findings explain well the preserved network 

strength of these blended films.  

In the scope of industrial applications, the WSP could be eventually replaced in further works 

by well-characterized commercial polymers such as PEG polymers that are also compatible 

with PEGMA and which could bring additional interesting properties.  

 

In conclusion, the present research work has achieved the complete characterization of the 

particulate films formed by the self-assembly of multi-responsive and biocompatible microgels. 

From a fundamental standpoint, the relationships between structure and properties were 

investigated and have allowed the full comprehension of the mechanisms driving the 

macroscopic films properties. From an industrial standpoint, the applied properties were 

explored and have highlighted promising and suitable characteristics in respect to the cosmetic 

and medical applications.  

In the perspective of further works, we could envision formulating microgels with other 

polymers such as PEG in order to play on the molecular mass between entanglements and 

control the mechanical behavior of the films. One could also aim at predicting the rheological 

behavior of films thanks to models based on molecular dynamics. This knowledge would be 

particularly helpful in the scope of potential industrial formulations with other ingredients. 

Furthermore, one could aspire to quantify the release and the diffusion of bioactive molecules 

in the cutaneous tissues upon the application of a thermo-responsive loaded-microgel film on 

skin.  
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Résumé en français 

 

 

Le marché mondial des soins de la peau regroupe de larges et divers types d'applications, allant 

des produits cosmétiques, tels que du maquillage ou des crèmes pour la peau jusqu’aux soins 

médicaux tels que les pansements. Ce marché en expansion se doit de proposer des matériaux 

innovants afin de faire face à la demande constante de renouvellement des produits et de se 

confronter aux nouveaux défis techniques et sociétaux. Dans le contexte de ce marché fortement 

concurrentiel, les polymères multi-stimulables, plus communément appelés polymères 

"intelligents", sont une piste prometteuse vers l'innovation. Au cours de ces dernières années, 

un intérêt particulier a été porté sur les microgels multi-stimulables qui consistent en des 

hydrogels colloïdaux capables de se gonfler et/ou se contracter en fonction de stimulus 

environnementaux comme la température ou le pH. Cette nouvelle propriété est considérée 

comme particulièrement utile pour la conception de systèmes à délivrance contrôlée de 

médicaments et de molécules bioactives. 

 

Dans ce cadre de recherche, URGO et LVMH Parfums & Cosmétiques, deux entreprises 

françaises spécialisées respectivement dans le traitement des plaies et dans les cosmétiques, ont 

souhaité collaborer avec le laboratoire IPREM, une unité mixte de recherche de l'Université de 

Pau et des Pays de l'Adour (UPPA) et du CNRS, afin de développer un matériau innovant et 

adhésif pour la peau. Ces travaux ont été effectué au sein du laboratoire commun LERAM entre 

l’UPPA et URGO. Le matériau développé viserait un large éventail d'applications avec des 

fonctions diverses telles que protéger, guérir, cacher ou simplement couvrir et adhérer à la peau. 

 

Ainsi, cette thèse s’inscrit dans la continuité de travaux de recherche ayant été effectués 

antérieurement au sein de notre groupe et portant sur des microgels thermo- et pH-sensibles à 

base de méthacrylate d’oligo(éthylène glycol).1 Ces microgels ont démontré des propriétés 

novatrices et originales grâce à leur caractère biocompatible et multi-stimulable leur permettant 

de pouvoir être utilisés comme vecteurs de molécules bioactives pour des applications 

cosmétiques et médicales.2 Ces microgels ont également révélé des propriétés filmogènes grâce 

à l’auto-assemblage des colloïdes en un film cohésif et autosupporté via un simple procédé 
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d’évaporation.3,4 Ces systèmes ont assurément démontré des propriétés physico-chimiques très 

prometteuses. Par conséquent, les travaux précédents ont soulevé des questions et des 

perspectives qui peuvent se résumer par la problématique suivante : les films de microgels 

présentent-ils les propriétés physiques et mécaniques appropriées pour répondre aux exigences 

imposées par un substrat particulier, celui de la peau ? Dans la perspective de répondre à cette 

question, ces présents travaux de thèse s’inscrivent dans une volonté d’étude des relations 

structure - propriétés pour pleinement comprendre les mécanismes pilotant les propriétés des 

films.  

 

Ainsi, dans la prolongation des travaux précédents, cette thèse a pour objectif la compréhension 

du mécanisme de formation des films de microgels à base de méthacrylate d’oligo(éthylène 

glycol). Durant l’évaporation de la phase aqueuse, la suspension de microgels évolue 

successivement d’un fluide à un gel mou pour finalement atteindre l’état solide de film cohésif. 

Il est ici question de comprendre le mécanisme d’auto-assemblage des particules pendant la 

formation du film et évaluer les paramètres qui pilotent et influent sur cet auto-assemblage. 

Toujours dans une perspective de compréhension des relations structure-propriétés, il s’agit de 

caractériser les propriétés macroscopiques des films de microgels et étudier l’influence de cette 

structure particulaire formée par simple auto-assemblage sans aucune post-réaction. 

Finalement, les propriétés appliquées des films doivent être évaluées et mises en comparaison 

avec les exigences imposées par une potentielle application sur la peau humaine.  

 

Ainsi, le Chapitre I propose un état de l’art concernant les systèmes colloïdaux, de la 

présentation générale des microgels multi-stimulables à la rhéologie des dispersions colloïdales 

et intégrant les propriétés mécaniques des films formés à partir de particules colloïdales. Dans 

les dernières décennies, une certaine attention s’est focalisée sur les microgels en vue de leur 

propriétés multi-stimulables en solution. Les microgels thermosensibles en sont un exemple des 

plus criants avec leur capacité à passer d’un état gonflé à un état contracté dans une certaine 

gamme de température. Les dispersions de microgels représentent une classe particulière et 

complexe de suspensions colloïdales en raison de leur structure molle et gonflée. En effet, le 

gonflement élevé en bon solvant mène à des déformations et interpénétrations entre particules 

à haute concentration qui à son tour cause une déviation du modèle classique d’écoulement des 

sphères dures. Le comportement rhéologique est également fortement impacté par 

l’architecture structurale des microgels, elle-même dépendante de la densité et de la distribution 

des points de réticulation. Par conséquent, les mesures rhéologiques sont souvent considérées 
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comme des outils efficaces pour accéder à des informations concernant la microstructure des 

particules. L’architecture des microgels est aussi un paramètre clés lors de la formation de films 

particulaires. En effet, la cohésion de films de colloïdes repose en grande partie sur 

l’interdiffusion des chaines entre particules voisines pendant le processus de formation. Plus 

précisément, l’interdiffusion des chaines pilote la ténacité des films bien qu’il ait été prouvé 

que la coalescence complète des particules ne soit pas nécessairement plus bénéfique qu’une 

interdiffusion partielle. En conséquence, les propriétés mécaniques des films sont directement 

dépendantes de la densité de réticulation des particules ainsi que de la structure des colloïdes 

par exemple cœur-écorce ou homogène. L’alternance entre des phases dures et molles a aussi 

permis l’amélioration des propriétés mécaniques et adhésives des films par un mécanisme de 

dissipation viscoélastique. Quelques études reportent la réalisation de films de microgels multi-

stimulables à partir d’un simple processus d’évaporation du solvant. Ces films sont très 

prometteurs pour des applications cosmétiques et biomédicales car ils conservent la thermo-

sensibilité des microgels et démontrent une tenue mécanique élevée au regard de leur structure 

particulaire.  

 

Dans le Chapitre II, nous avons étudié le mécanisme de formation de films à base de microgels. 

Au fur et à mesure que la concentration en microgels augmente, les propriétés rhéologiques 

évoluent de celles d’un liquide vers celles d’un solide démontrant une certaine élasticité et 

l’existence d’une contrainte seuil. Des microgels à base d’oligo-(ethylene glycol) ont été 

élaborés avec différentes densités de réticulation (2 versus 8 mol.%) et différents réticulants 

(OEGDA versus MBA) pour induire une modification de la microstructure des particules. Les 

mesures de viscosité et les essais de fluages aux temps longs ont été sensibles aux différences 

de microstructure. Avec une densité de réticulation plus élevée, la viscosité relative dévie à une 

fraction volumique plus haute car les microgels se rapprochent du comportement classique des 

sphères dures. Pour les deux taux de réticulants, la viscosité des microgels réticulés OEGDA 

diverge à une concentration plus élevée que les microgels réticulés MBA, suggérant une 

structure plus dure pour les microgels à base de OEGDA. En accord avec les mesures de 

viscosité, les tests de fluage ont révélé une contrainte seuil plus élevée pour les microgels à base 

de MBA. Ces résultats indiquent que les microgels réticulés MBA forment un réseau plus 

résistant aux contraintes grâce à une meilleure capacité d’interpénétration entre particules. 

Néanmoins, ces résultats ne sont pas en adéquation avec les hypothèses formulées 

précédemment par le groupe concernant la microstructure des microgels, c’est à dire une écorce 

dure et un cœur mou pour les microgels réticulés MBA. En effet, l’écorce des particules étant 
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plus impliquée dans le phénomène d’interpénétration, il est difficile d’envisager que des 

particules aux écorces dures seraient plus favorables à former un réseau plus résistant. Des 

mesures de relaxation transversale par résonance magnétique nucléaire (RMN) ont ainsi été 

réalisées pour déterminer et comparer la structure des microgels. En plus de confirmer une 

structure cœur-écorce pour tous les types de microgels, les mesures par RMN ont indiqué que 

le nombre de sous-chaines (i.e. chaines entre deux nœuds de réticulation) dans l’écorce et dans 

le cœur des microgels à base de MBA était plus faible que pour les microgels à base de OEGDA. 

Ce résultat vient ainsi confirmer les hypothèses formulées à partir des mesures rhéologiques et 

attestent de la meilleure capacité des microgels MBA à s’interpénétrer entre eux. La divergence 

avec les résultats précédents peut venir du fait que ces derniers ne considéraient pas la présence 

du produit secondaire de synthèse, appelé polymère libre.  

 

Dans le Chapitre III, nous avons étudié les propriétés rhéologiques dans le domaine linéaire 

et non-linéaire des films formés à partir de l’auto-assemblage des microgels. Les mesures de 

cisaillement oscillatoire aux petites déformations ont indiqué que les films particulaires 

démontrent un comportement semblable à des films de polymères homogènes. Ce résultat est 

attribué à la présence d’interdiffusion de chaines entre particules. Toutefois, la microscopie par 

force atomique précise que la coalescence complète du film n’est pas atteinte. Par ailleurs, les 

essais d’élongation unidirectionnelle dans le domaine non-linéaire sont particulièrement 

sensibles à l’architecture des microgels. L’interdiffusion des chaines entre particules voisines 

influence significativement l’élongation à la rupture. Par exemple, la présence de chaines plus 

longues en surface comme celles portées par les microgels réticulés MBA améliore 

l’enchevêtrement entre particules and entraine une élongation à la rupture plus élevée. 

L’observation de la déformation du film à l’échelle microscopique confirme que la dynamique 

des chaines à l’interface entre microgels gouverne en majorité les propriétés d’élongation et 

surtout l’élongation à la rupture. Globalement, les films ont montré des propriétés mécaniques 

excellentes au regard de leur structure colloïdale auto-assemblée comme une élongation à la 

rupture pouvant atteindre 200%. De plus, le faible module de Young mesuré est en parfaite 

adéquation pour des applications dédiées à la peau humaine. Par ailleurs, les films purifiés et 

les films non-purifiés ont des propriétés mécaniques comparables, excepté un module 

légèrement plus faible pour les films non-purifiés en raison de la présence d’environ 30% de 

polymère libre. Ce résultat est avantageux d’un point de vue industriel car l’étape de 

purification des microgels est chronophage et financièrement couteuse. D’un point de vue de la 
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physique du système, on peut considérer que le polymère libre n’affaiblit pas le réseau de 

microgels, sûrement grâce à l’interdiffusion de ces propres chaines avec les microgels.  

 

Le Chapitre IV a pour objectif de déterminer si les films de microgels possèdent les propriétés 

appropriées en vue des potentielles applications cosmétiques et médicales. Il a été ainsi 

démontré que les suspensions de microgels peuvent être simplement appliquées sur la peau en 

formant un film fin et transparent in situ. Le film formé se conforme et adhère parfaitement à 

la peau sur une durée de plus de 8 heures. De plus, ses propriétés mécaniques sont en adéquation 

avec les critères imposés par une application sur la peau humaine c’est-à-dire un faible module 

de Young et une élongation à la rupture élevée. Dans ce même chapitre, nous avons exploré 

une stratégie pour élargir et piloter les propriétés mécaniques des films en reformulant de 

manière contrôlée les microgels et le polymère libre. En faisant varier le taux de polymère libre 

de 0 à 100%, nous pouvons diminuer d’une décade le module élastique en cisaillement. 

Néanmoins, l’addition du polymère libre n’endommage pas les propriétés d’élongation telles 

que la présence de rhéo-durcissement et les valeurs élevées d’élongation à la rupture. La 

caractérisation structurale du polymère libre par Chromatographie d’Exclusion Stérique (CES) 

et RMN a indiqué un polymère de haute masse moléculaire avec une structure hétérogène très 

ramifiée et/ou réticulée ainsi qu’une composition chimique similaire aux microgels. Cette 

structure particulière explique vraisemblablement la conservation des propriétés d’élongation 

des films reformulés. Dans le cadre de potentielles applications industrielles, le polymère libre 

pourrait aussi être remplacé par des polymères commerciaux tel que des PEG qui seraient 

également compatibles avec les microgels et pourraient apporter des propriétés attractives 

supplémentaires. On tend alors vers la formulation virtuelle des films en visant des propriétés 

finales dédiées. 

 

En conclusion, ces travaux de thèse ont permis de caractériser les films formés à partir de l’auto-

assemblage de microgels multi-stimulables et biocompatibles. D’un point de vue fondamental, 

les relations structure-propriétés ont été explorées et ont permis de comprendre les mécanismes 

gouvernant les propriétés macroscopiques des films. D’un point de vue industriel, les propriétés 

appliquées des films ont été évaluées et se sont révélées prometteuses et adéquates au regard 

des applications cosmétiques et médicales ciblées.  
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I. Material preparation 

 

1. Materials  

 

Di(ethylene glycol) methyl ether methacrylate (MEO2MA, 95%), oligo(ethylene glycol) methyl 

ether methacrylate (OEGMA, terminated by 8 EG units with Mn=475g.mol-1), methacrylic 

acid (MAA), poly(ethylene glycol) diacrylate (OEGDA), (ethylene glycol)dimethacrylate 

(EGDMA), N,N-methylenebisacrylamide (MBA) and potassium persulfate (KPS) are 

purchased from Sigma Aldrich and used as received. The water used for the microgel synthesis 

and characterization is purified using a Millipore Milli-Q system. Citric acid and sodium 

phosphate dibasic are purchased from Sigma Aldrich. 

 

2. Synthesis of P(MeO2MA-co-OEGMA-co-MAA) microgels 

 

P(MEO2MA-co-OEGMA-co-MAA) microgels are synthesized by precipitation 

copolymerization of the three monomers: di(ethylene glycol) methyl ether methacrylate 

(MEO2MA), oligo(ethylene glycol) methyl ether methacrylate (OEGMA) and methacrylic acid 

(MAA). Three cross-linking agents (CL), poly(ethylene glycol) diacrylate (OEGDA), (ethylene 

glycol)dimethacrylate (EGDMA) and N,N-methylenebisacrylamide (MBA) are used to 

synthesize microgels with different crosslinking distributions. Potassium persulfate (KPS) is 

used to initiate all the reactions. The procedures described by Boularas et al. and Aguirre et al. 

are strictly followed for each reaction.1,2 An initial solid content of 2.3 ± 0.2 wt. % is targeted 

for all reactions. The theoretical solid content is calculated by Eq. (56). 

 

Γtheo = 
( ) ( ) ( ) ( ) ( )( ) ( ) ( ) ( ) ( ) ( ),  (56) 

where m corresponds to the experimental mass of each component used for the reaction. 

 

Synthesis with higher crosslinker molar ratio 

 

In the synthesis described by Boularas et al., the crosslinker molar ratio is set at 1.92 mol. % 

versus the total monomer content. In the present work, the crosslinker molar ratio is increased 
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to 4 mol. % and 8 mol. % for a couple of OEGDA-MG and MBA-MG syntheses to evaluate its 

influence on the inner microstructure.  

 

Purification of the microgel dispersion 

 

In the end of synthesis, the colloidal suspension consists of microgel particles and water-soluble 

polymer (WSP) which did not fully react to form finite particles. The two phases can be 

separated by a centrifugation cycle (20 minutes at 20,000 rpm) at the end of which WSP is held 

in the supernatant whereas microgels are located in the precipitate.  

To obtain totally purified dispersions of microgels, solutions are subject to 3 centrifugation 

cycles of 20 minutes at 20,000 rpm. After each cycle, the supernatant is removed from the 

centrifugation tube and microgels are redispersed with clean Milli-Q water.  

 

Note: The solid content of purified microgel solution and WSP solution is experimentally 

measured by weighing the solution before and after the complete evaporation of water.  

 

3. Preparation of microgel films 

 

Preparation of mono-layer films by drop-casting 

 

In order to observe isolated microgels or assembly of clustered particles by AFM, the microgel 

solution is drop-casted onto a silicon wafer and dried in ambient condition. To visualize isolated 

particles, dispersions are diluted to a concentration under 0.01 g.L-1. The silicon wafers are 

rinsed beforehand with ethanol and water.  

 

Preparation of multi-layer microgel films 

 

Films are formed by the straightforward water evaporation of microgel solutions at 37±5°C in 

a bell jar oven. The molds are chosen in silicone for an easy removal of the films after drying. 

The final film thickness depends on the solution concentration and container volume.  
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Preparation of blended films 

 

First, microgel particles (MG) and WSP are separated by centrifugation (20 minutes at 20,000 

rpm). WSP is kept aside from the first centrifugation cycle whereas microgels receive 3 cycles 

to be well-purified. Once the two solutions are prepared in a large amount, the respective solid 

contents are measured by gravimetric measurements. For the rheological experiments, the final 

thickness of the films should be between 0.5 and 1 mm. The solutions must be concentrated by 

evaporation above 3 wt.% so the total volume fits the silicone molds which have a maximum 

volume capacity of 60 mL. Once the concentrations are high enough, the two solutions are 

mixed in a controlled proportion and poured in silicone molds. The films are dried at 37±5°C 

in a bell jar oven like classic microgel films. Five film compositions were elaborated for each 

crosslinker type (OEGDA and MBA):  

- 100 wt.% of microgels (classic purified films) 

- 75 wt.% of microgels with 25 wt.% of WSP  

- 50 wt.% of microgels with 50 wt.% of WSP  

- 25 wt.% of microgels with 75 wt.% of WSP  

- 100 wt.% of WSP  

The classic blended films are composed of microgels and water-soluble polymer (WSP) 

resulting from the same synthesis type. As an illustration, OEGDA films are composed of 2 

mol.% OEGDA-crosslinked microgels and the corresponding OEGDA water-soluble polymer. 

In a second experiment, the blended films are composed of microgels and water-soluble 

polymer (WSP) that belong from a different synthesis type. For instance, films were formed 

from OEGDA-crosslinked microgels and MBA water-soluble polymer. 

 

To obtain the experimental film thickness, an image of the cross-section is captured with an 

optical microscope and measurements are taken on the digital image.  
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II. Methods 

 

1. Characterization of microgel dispersions 

 

A. Physico-chemical analyses  

 

Dynamic Light Scattering  

 

Hydrodynamic diameters are measured by Dynamic Light Scattering (DLS) on a Zetasizer 

Nano, working at an angle of 173° with a laser wavelength of 633 nm. Size mode is used for 

all the measurements. Microgel dispersions are diluted at 1 mg/mL with a buffer solution. Five 

measurements are respectively performed at 20°C and 60°C. In addition, temperature ramps are 

realized from 20°C to 60°C with 3 measurements each 2°C. A stabilization time of 10 minutes 

is used between each set of measurements. 

Buffer solutions are prepared by mixing a 1 mmol.L-1 citric acid solution with a 2 mmol.L-1 

sodium phosphate dibasic solution. For instance, a buffer of pH 4 is prepared by mixing 61.5 

mL of 1 mM citric acid and 38.5 mL of 2 mM sodium phosphate dibasic. A buffer pH 7 is 

prepared by mixing 17,65 mL of 1 mmol.L-1 citric acid and 82,35 mL of 2 mmol.L-1 sodium 

phosphate dibasic.  

 

Static Light Scattering  

 

Static Light Scattering is performed on the WSP in order to determine its molecular weight Mw. 

The experimental set-up consists of an Oxxius laser with wavelength of 532nm, a Hamamatsu 

R2949 photomultiplier tube, a Cordouan correlator and a Sematech goniometer. Five solutions 

of WSP are prepared with Milli-Q water at different concentrations. The solutions are filtered 

at 250 nm to remove any impurities and possible microgels. After filtration, five concentrations 

(8.31 g.L-1; 7.29 g.L-1; 4.71 g.L-1; 2.15 g.L-1 and 0.975 g.L-1) are prepared by gravimetry. For 

each WSP solution, the diffracted intensity is measured at one angle during 30 s. The 

measurement is repeated 3 times. Measurements are realized at 11 angles from 30° to 130°. The 

same protocol is carried out with pure Milli-Q water and toluene which are the solvent and the 

reference, respectively.   
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The Zimm plot is used to analyze the measured data by using Equations 57 to 60. where K is 

an optical constant; c, the solution concentration, Ro, Rayleigh ratio; q, the scattering vector for 

vertically polarized light; Rg radius of gyration; A2, the second virial coefficient; nsolvt refractive 

index of Milli-Q water; nref refractive index of toluene. 

 

	 = 1+ 	 + 2𝐴 𝑐 	 	 (57) 

𝐾 = 	 	
	      (58) 

 𝑞 = 4π	nsolvt	sin θ2
λ

     (59) 

𝑅 = 	 𝑅 ,    (60) 

 

To interpret the results, the value of the refractive index increment (dn/dc) is measured on an 

Opti-lab T-rEX refractometer from WYATT Technology with a laser wavelength of 532 nm. 

Five solutions of WSP are prepared with Milli-Q water at different concentrations (0.97 g.L-1 ; 

0.75 g.L-1 ; 0.51 g.L-1 and 0.11 g.L-1).  

The refractive index increment (dn/dc), which is obtained by fitting the differential refractive 

index curve as a function of concentration, is equal to 0.1600 mL.g-1 within 2.5%. 

 

1H-nuclear magnetic resonance (NMR) transverse relaxation measurements 

 

The microstructure of the microgels synthesized was analyzed by high-resolution transverse 

relaxation (T2) NMR measurements using the protocol presented by other authors with some 

modifications.3,4  For these measurements a 2 wt% of microgels dissolved in deuterated water 

were used. All NMR experiments were performed at 25 °C on a Bruker Avance 400 

spectrometer equipped with a Bruker 5 mm BBFO. The proton chemical shifts were referenced 

to the HOD signal at 4.70 ppm. Transverse relaxation (T2) values were determined using the 

Carr−Purcell−Meiboom−Gill (CPMG) pulse sequence using 10 values of spin−echo time (τ), 

with a minimum of 2 ms and a maximum of 1500 ms. The delay between 180° pulses in the 

CPMG block was 1.5 ms, and the number of scans was set at 64 and D1 at 5 s. The temperature 

was controlled by a Bruker temperature controller, which kept the sample temperature stable at 

25°C. 
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Steric Exclusion chromatography 

 

The Steric Exclusion chromatography (SEC) apparatus consists of a set of aqueous columns 

from Shodex and an Agilent 1260 Iso pump from Agilent technologies. The set-up is further 

described elsewhere.5 The apparatus is coupled with a Multi Angle Light Scattering (MALS) 

and a differential refractometer detector (RI). The MALS detector is a Dawn Heleos detector 

from WYATT Technology. The RI detector is a an Optilab T-rEX from WYATT Technology 

operating at a laser wavelength of 664 nm. During the experiment, the flow rate is set on 0.5 

mL/min and the column temperature is fixed at 30°C. The mobile phase consists of a solution 

of NaNO3 at 0.1 g.mol-1 (8.2 g.L-1), and azide sodium NaN3 (0.1 g.L-1) as eluent, stabilized with 

a buffer at pH 8. Before use, the mobile phase is filtered at 0.1 µm. The solutions of water-

soluble polymer are prepared at a concentration of 500 ppm in a buffer of pH 8, from which a 

volume of 100 µL is injected. Before use, the solutions are filtered at 250 nm to remove any 

impurities and eventual microgels. 

 

B. Microscopy analyses  

 

Atomic Force Microscopy (AFM) 

 

Topographic images of microgels are captured by Atomic Force Microscopy with a Bruker 

Multi mode 8 apparatus. Peak Force QNM Air mode is chosen to scan microgels in a dry 

environment with ScanAsyst Air probes. The probes have an average spring constant k of 0.4 

N.m-1. The samples are prepared by drop-casting as previously described. Peak Force QNM 

Fluid mode is used to image microgel particles immersed into buffer solutions. The sample are 

prepared by drop-casting and rehydrated with the chosen buffer solution.  

 

Optical Microscopy (OM) 

 

A Leica DMLM optical microscope is used to capture images of microgels with different 

magnification lenses (x5, x10, x50 and x100).  
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Transmission Electronic Microscopy (TEM) 

 

Transmission Electronic Microscopy is performed on a Philips CM12 using an accelerating 

voltage of 120 kV at room temperature. A drop of dilute microgel suspension is placed onto a 

carbon-coated copper grid (Ted Pella for TEM) and dried under ambient condition for further 

observation.  

C. Rheological analyses 

 

Dilute suspensions 

 

The relative viscosity of dilute suspensions was investigated with a homemade computer-

controlled capillary viscosimeter developed by Rodriguez et al.6 For each sample, the viscosity 

was measured for five to six concentrations ranging from 0.1 to 3 wt. %.  

The effective volume fraction was determined through the measurements of the relative 

viscosity in dilute concentrations as it was previously described by Senff and Richtering.7 In 

dilute concentration, the relative viscosity and the effective volume fraction can be related by 

an expression derived by Batchelor8 for hard sphere systems:  

𝜂 = 	1 + 2.5𝜙 + 5.9𝜙   (61) 

The relative viscosity curves as a function of concentration were fitted with equation (61) by 

the method of least squares. By substituting ϕeff by ϕeff = kc in equation (61), the proportional 

factor k was determined for each suspension relating the effective volume fraction to the weight 

concentration.  

 

Concentrated suspensions 

 

The rheological measurements of concentrated suspensions were performed on a stress-

controlled Bolhin Gemini (Malvern) using a concentric cylinder geometry (inner and outer 

diameters: 25mm and 27.5 mm). Measurements were carried out after equilibrating the samples 

at a constant temperature. Shear viscosity measurements were performed by applying a ramp 

up and down of shear rate from 10-3 s-1 to 102 s-1. The samples’ concentration was varied from 

3 wt. % to 28 wt.%. The temperature during test ranged from 14°C to 40°C.  

The viscosity curves at low concentration were fitted with an equation developed by Cross9 in 

order to extrapolate the zero-shear and high-shear viscosities 𝜂0 and 𝜂∞:  
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𝜂 = 𝜂 + ( ̇)    (62) 

 

Long-time creep tests consisted of applying a constant stress (𝜎c) during 600 s and recording 

the strain (𝛾), or equivalently the compliance J(t) = 𝛾/𝜎c. The constant stresses applied range 

from 0.005 to 10 Pa. The compliance curves versus time are fitted by a power-law, J(t) ∝ t𝝀, as 

described by Pham et al. in order to characterize the yield stress.10  

2. Characterization of microgel films 

 

A. Atomic Force Microscopy  

 

Surface of films 

 

Topographic images of the film surface are captured by AFM with a Bruker Multi mode 8 

apparatus. Peak Force QNM Air mode with ScanAsyst Air probes is chosen to scan the 

microgel film in dry environment. The probes have an average spring constant k of 0.4 N.m-1. 

Films are directly placed onto an AFM magnetic and stainless-steel disk covered by a double-

faced adhesive tape.  

 

Cross-section of films 

 

Neat cross-sections of thick films are performed with an ultra cryo-microtome apparatus Leica 

EM UC7, using a cryo-chamber Leica EM FC7. The samples inserted into the cryo-chamber 

can be prepared by two straightforward techniques using Thermanox plastic coverslips 

purchased from Thermo Fisher Scientific. The first technique is to maintain already-formed 

films between two coverslips. The second one is to directly form the films onto a coverslip. The 

chamber temperature is cooled at -80°C with liquid nitrogen. A pyramid is first trimmed in the 

film with the diamond Diatome trimming blade Trim45 and lastly surface-finished with the 

diamond Diatome Ultra35 blade. Pyramid width does not exceed 85 µm to reduce force on the 

Ultra35 blade as well as length does not exceed 120 µm. AFM mappings of the cross-sections 

are taken in the same conditions than mappings of the film surface.  
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Force-displacement curves are obtained and are converted to stress-strain curves with equation 

64 and 65 :  

σ =   (64) 

where F is the recorded force and A is the cross-section area of the film. 

ε =    (65) 

where ΔL is the change in the specimen gage length (L- L0) and L0 is the initial gage length.  

 

The Young’s modulus corresponds to the first linear slope of the stress-strain curve. For the 

specimens tested, the value of the linear slope is taken between 0 and 8% of strain.  

 

D. Other analyses 

 

For the three following measurements, the films are casted on drawdown cards from LENETA 

with a wet thickness of 150 µm and let to dry 24 hours.  

 

Specular gloss 

 

The specular gloss of films is measured with a Novo-Gloss Trio glossmeter at an incident light 

angle of 60°. The values are given in gloss units (GU).  

 

Contact angles  

 

Contact angle measurements are performed on films with a drop shape analyzer DSA100 from 

Krüss GmbH. A 4 µL drop of either water or artificial sebum is deposited on the film surface 

at room temperature. The contact angle is measured just after the drop deposit and after 5 

minutes the deposit. The average was realized on 10 measurements. The measurements were 

not performed at controlled relative humidity.  

 

Adhesion tests 

 

Cross-cut adhesion tests are performed on films using a cross hatch cutter kit from Elcometer.  
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Relations entre la structure et les propriétés rhéologiques de films de microgels 

thermo et pH stimulables pour des applications médicales et cosmétiques. 
 

Ces travaux de thèse portent sur l’étude de films formés par le simple auto-assemblage de microgels 
colloïdaux thermo- et pH-sensibles à base de méthacrylate d’oligo(éthylène glycol). Nous avons étudié 

l’impact de la structure de cette famille de microgels sur les propriétés macroscopiques et mécaniques 

des films formés. Pour cela, des microgels ont été synthétisés avec différentes architectures « cœur-
écorce » en faisant varier la densité de réticulation et le type de réticulant. Les mesures de viscosité et 

de fluage sur les dispersions de microgels à haute concentration se sont révélées sensibles à l’architecture 
des microgels. Plus précisément, les particules ayant une structure moins dense et des chaînes pendantes 

moins réticulées ont présenté une meilleure capacité à s’enchevêtrer et former un réseau plus résistant 

aux contraintes. De plus, l’étude rhéologique des films de microgels, dans le domaine linéaire et non-
linéaire, a confirmé que l’interdiffusion des chaines entre particules gouvernent en partie les mécanismes 

de déformation et par conséquent nous avons démontré que l’architecture des microgels a une influence 
majeure sur les propriétés macroscopiques des films. Par ailleurs, les films ont démontré d’excellentes 

propriétés mécaniques en regard de leur structure formée par assemblage de colloïdes et en totale 

adéquation avec les critères requis pour une application sur peau humaine i.e. un module de Young 
faible combiné à une élongation à rupture élevée. Finalement, en vue des futures potentielles 

applications industrielles, une stratégie de type formulation a été développée pour élargir, piloter et 

prédire les propriétés mécaniques des films en utilisant le polymère libre, produit secondaire de la 
synthèse des microgels.  

 
Mots clés : microgels multi-stimulables, films par auto-assemblage colloïdal, rhéologie, relation 
structure-propriétés  

 

Relationship between structural and rheological properties of dual-stimuli 

responsive microgel films for cosmetic and biomedical applications. 
 

This research work relates to colloidal-based films formed by the self-assembly of pH- and thermo-
responsive oligo(ethylene glycol) methacrylate-based microgels. In this study, the impact of the 

microgel structure on the macroscopic and mechanical properties of films has been investigated. To this 

end, microgels were synthesized with different core-shell architectures by varying the crosslinking 
density and the crosslinker type. Viscosity and creep measurements on highly concentrated dispersions 

of microgels have proved to be particularly sensitive to the microgel architecture. More precisely, softer 

particles with longer and/or more crosslinked dangling chains have a higher ability to interpenetrate and 
form a stronger network. In addition, the study of the microgel-based films in the linear and non-linear 

domains confirmed the chain interdiffusion largely drives the mechanism of deformation and 
consequently, the microgel architecture is a key parameter influencing the macroscopic properties of 

films. Considering their colloidal assembly, these films have demonstrated excellent mechanical 

properties such as strain hardening and high strain at break. In addition, they’ve exhibited suitable 
properties reaching the criteria that the underlying skin substrate imposes, i.e. a low Young’s modulus 

and a high elongation at break. Finally, in the light of potential industrial uses, a strategy has been 
developed to broaden and drive the mechanical properties of films by using a water-soluble polymer 

which is a side-product from the microgel synthesis.  

 
Keywords : multi-responsive microgels, particle-based films, rheology, structure-properties relationship 


