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Introduction

Into the changing industrial context of skincare and cosmetic, the necessity of preventing the next formulation constraints has never been truer than today.

Taking its source in nature, "structural coloration" is bio-inspired from specimen as butterfly and chameleon which present "photonic crystals" interfering with visible light and producing colors without pigments. Nowadays, mineral pigments are the main source of colors in cosmetic application, their replacement is a critical challenge to limit the exposure of the nanometric objects that may be hazardous.

Concomitantly, innovation is written in the DNA of the skincare and cosmetic market, with a constant need of renewal. The elaboration of easy in hand "photonic crystals" may develop the possibility of iridescent and responsive colored skincare products.

Open to these concerns, the company LVMH Perfumes & Cosmetics leader in the luxury sector has collaborated with the IPREM lab from the University of Pau and Pays de l'Adour and CNRS, through successive collaborations. They have led to the elaboration of an innovative and biocompatible material which is here the objects of development for making structural colors.

Thence, the purpose of this thesis settles in the line of previous works a material presenting a dual pH-and thermo-responsiveness made of biocompatible microgels based on oligo(ethylene glycol) copolymers 1,2 . These microgels have shown their encapsulating properties with hydrophobic and hydrophilic materials allowing their uses as delivery systems for skincare applications [3][4][5] . Moreover, the films produced thanks to the simple evaporation of the aqueous solvent exhibit two exciting properties. First, an outstanding cohesion of the films in the dried or wet state. Second, an excellent self-assembling property of the microgels leading to organized structures in space 6,7 . This outstanding cohesion has been identified as a consequence of the microgels entanglement after drying 8 . Nevertheless, the second pointed property of these microgel raise a question: Would it be possible to develop the self-assembling properties of the microgels to make dried photonic crystal, with controllable and responsive interferential colors toward the conception of a skincare application?

Herein we intend to integrate the microgel material into the design of a colloidal sphere for the elaboration of films with responsive and iridescent coloration. Keeping in mind the development of a skincare product, a substantial attention is brought on the transferability of the synthesis process and the coloring technology toward an industrial scale and home use, respectively. Furthermore, a particular interest is carried on the understanding of the self-assembly mechanism and the relation between the colloidal arrangement and the coloring properties.

The first chapter present a bibliographic overview about the bio-inspiration behind the structural coloration concepts, and the ways to artificially mimic such optical properties. A first part is dedicated to the comprehension and the definition of the physical concepts related to photonic crystal. The second part focuses on the synthetic ways to reproduce them, especially through the self-assembly of colloidal building blocks (BBs) by solvent evaporation. Potential synthetic methods to integrate the microgel material into a colloidal BBs are described

The second chapter is dedicated to the effective conception of hybrid BBs integrating the multi-responsive microgel. Seeded precipitation polymerization methods are discussed for the conception of different colloidal designs. Firstly, the syntheses of core-interlayer-shell particles (CIS) are investigated, made of a polystyrene (PS) core surrounded by an interlayer of poly(butyl acrylate) (PBA) and a shell of poly(oligo(ethylene glycol) methacrylate) (POEGMA) based microgel.

Secondly, a simpler core-shell (CS) design of PS core surrounded by a shell of POEGMA-based microgel is presented. A specific attention is led on the confirmation on the morphological control of the designed colloids, especially through the grafting rate evaluation of the POEGMA phase.

The third chapter covers the experimental tuneability as well as the responsiveness of the films' colors and is related to the characteristics of the colloidal self-assemblies. The characterization of the photonic crystals allows an identification of the three-dimensional crystalline structure, opening the discussion about the self-assembly mechanism. This section ends with prospective modifications on the POEGMA-based copolymer composition and on the core size to evaluate the consequences on the optical properties.

The fourth chapter focuses on an applied point of view, with the evaluation of formulation attempts to elaborate a skincare formulation. In a first part, the perturbating roles of essential additives on the structural color formation is probed. In a second part, a control on the casting conditions of the hybrid microgel suspension is performed with a specific interest on the raise of the suspension's concentrations and viscosities, and their limiting effects on the self-assembly mechanism.

As nano"plastics" are an emerging societal concern appearing in this PhD work, the fifth chapter suggest a novel hybrid colloidal design as perspective that could overcome both 1) the spontaneous self-assembly limitations and 2) the colloids becoming and environmental impact in the context of a skincare application.

Finally, details about characterization/synthesis technics and methods are described in appendix.

Introduction

Color is an important part of our daily perception of the world and found a critical value in plenty of objects constituting our environment. In the light of this, the discovery of news ways to make colors comes a key issue in the development of innovative products. As always, Nature is a wonderful source of inspiration,

proposing multiples examples of specimens, embellished with fascinating colors.

In this part, we will firstly investigate the secrets behind the apparition of such iridescent, and sometime responsive colorations. After a brief overview of the processes behind the light/matter interactions, we will expose the different ways to mimic those natural materials.

Structural colors: from the Nature to its understanding

In the nature, several species display intriguing colors, being red from a certain observation angle, or maybe green from another one. This angledependence of the coloration, or iridescence, has pushed the scientific community to set up new characterization technics. With the emergence of the electronic microscopy in the 1930s', new possibilities came to investigate the intimate architecture of such colored materials. It appeared then these iridescent colorations were systematically associated with well-organized arrays in space 1,2 , with repeating units between 1 to 1000 nm, typically in the same range as the colloidal scale. Few decades later, Yablonovitch and John published the first works [3][4][5] that would described for the first time the concept of photonic bandgap and set a milestone to the formalism of this kind of structures, nowadays called photonic crystals.

But before entering in such details, we have to define what's color and what

are the light-matter interactions involved in the production of colored light.

Structural colors: bio-inspired concept

From the material design point of view, there are many elements to bring together to attain such complex optical effects: the reflecting elements must be on a subwavelength scale, need to be produced on large distance, and must be sufficiently ordered to produce the desired color and reflectivity. According to the dimensions in which the material is ordered, three main classes of architecture producing these "structural colors" are distinguished.

One-dimensional natural Photonic crystal

Many insects of the Coleoptera order display impressive structural colors, which often have a metallic appearance 6 . The wood-boring beetle Chrysochroa fulgidissima, from the family of Buprestidae, better known as the ''Japanese jewel beetle'', is found in the woods and forests of Japan during summer.

The shell of this beetle shows a remarkable metallic iridescence on its elytra, i.e., the hardened forewings of beetles that protect the hindwings, which are used for flying (Figure 1a -up). The structure responsible for the bright iridescent colors is a multilayer arrangement in the epicuticle of the beetle shell, i.e, the outermost portion of its exoskeleton of the beetle shell 7 . This layer structure, shown in the transmission electron microscope TEM (Figure 1a -bottom) is made up of ~20 alternating layers 8 with refractive indices n1 = 1.5 and n2 = 1.7. 9,10 . Some species of Jewelled Beetles (Chrysina gloriosa) 9 and the Pollia condensata 10 fruit display circularly-polarized iridescence thanks to a structure of chitin (Figure 1b left micrograph) and cellulose (Figure 1b right micrograph) fibrils, respectively, similar to assemblies found in a twisted nematic liquid crystal.

Two-dimensional natural Photonic crystal

The work of Mason et al. 11 rightly focused in on the most striking characteristic of this class of material: their iridescence. These structures exhibit a visual stunning metallic-like luster and some for example, appear purple at normal incidence and proceed through to red, yellow and then green as the angle is reduced to near grazing incidence. Mason et al. identified that the color is located in the barbules of feathers and analysis on cross-sections of peacock feather barbules were performed. Figure 2 a & b shows a macroscopic image of a peacock feather and a TEM cross section showing the 2D photonic crystals of melanin rods embedded in keratin matrix responsible for the iridescence coloration. 13 Equally fascinating are the nanostructures found in the hair-like setae of many species of polychaete worm (Figure 2 c &d). In these creatures, a twodimensional (2D) hexagonal lattice of voids within the cross-section of each seta creates a natural pseudo-photonic crystal fiber along its full length. In other words, periodic voids cylinders are embedded in a high-refractive-index solid medium.

The high spatial periodicity of this lattice generates a partial photonic bandgap (PBG) by which color is strongly diffracted in certain directions. As a consequence of this, strong iridescence is observed laterally 13 .

Three-dimensional natural Photonic crystal

Nevertheless, some examples of birds' plumage colorations are made thanks to more intricated, spongy structures 14 . For instance, colors of the plumage in the Eastern Bluebird (Sialia sialis, left) originate from a quasi-order of -keratin tubular nanostructures, while in the Plum-throated Cotinga (Cotinga maynana, centre), the structures are spheres. 14 & Jones et al. 2 .

Iridescent colors may also be found from some peculiar gemstones: opals.

Natural opals display iridescent colors because of the periodic organization of silica beads in air. 2 . The photonic coloration from this three-dimensional photonic crystal come from the crystallin arrangement of the beads and the refractive index difference between air (n=1) and silica (nSiO2 = 1.46) or keratin (nkeratin = 1.51) for natural opals and birds, respectively.

One of the most studied species, in terms of structural color production and biomimetics, is the Morpho butterfly, whose wing-scales exhibit a unique metallicblue color. Morpho is an excellent example of the combined diversity of physical mechanisms in color production (Figure 4), hence it is all the more challenging to mimic.

Figure 4 Typical Morpho butterfly (Morpho didius) and SEM images of the scale, each covered with ridges whose lateral profile has the typical ''Christmas tree'' shape; the ridges are supported by a gyroid crystal structure that also produces structural colors. Adapted from Saito et al. 15 The iridescent blue color with high reflectivity is a result of coherent scattering in the periodic arrays of scales 16,17 . Periodic structures, such as gratings or multilayers, produce colors with high dependency on the angle of reflection.

However, for the Morpho species, the reflected blue color has a low angledependency due to the presence of multilayer surfaces that exhibit a distribution of tilts with respect to the scales' substrate. The strong diffraction is further caused by a second layer of periodic ridges above the layer of highly iridescent ground. 18 As a result, Morpho butterfly wings exhibit a complex optical response by combining multilayer interference, diffraction, scattering, and even pigment induced absorption, to produce its singular, angle-independent brilliant blue color.

More interestingly, the structural colors are also produced from color changing animals.

Responsive coloration

Many chameleons, and panther chameleons in particular, have the remarkable ability to exhibit complex and rapid color changes during social interactions such as male contests or courtship 19 . It is generally interpreted that these changes are due to dispersion/aggregation of pigment-containing organelles, within dermal chromatophores. Those chromatophores, or pigment cells, are known as iridophores due to their iridescent coloring properties. For instance, in the case of a panther chameleon (Furcifer pardalis), its iridophores are made of guanine nanocrystals arranged into a three-dimensional photonic crystal, right under its skin. The work of Teyssier et al. 20 shows the guanine nanocrystal interdistance can be increased or reduced with the osmotic pressure inside the iridophore, bringing an insight about the biological mechanism triggering this responsive coloring properties (Figure 5).

Figure 5 Macroscopic pictures of the skin of a Furcifer pardalis. On the left, the relaxed animal displays a green/yellow coloration. On the right, the skin of the excited animal shows a color shift toward orangish hues. SEM pictures of skins samples leading to similar hues are displayed below. The ex-vivo stimulation in therefore triggered through its wetting with a solution with a controlled osmotic pressure. Adapted from Teyssier et al 20 All those examples give an overview about what's nature spontaneously produce, most of the time in soft conditions, without high pressure/ temperature and in water. Those iridescent coloration can appear from a multitude of ordered material. What we saw until now, is such structural colors require two elementary conditions to exist: order and refractive index differences. More, the modification of lattice, can induce a color modification, as in the case of the panther chameleon.

A more in-depth investigation about the nature of light and its interaction with matter is the key to understand how such phenomena are produced. In the following section, we will focus on those points and more especially on the light's interaction with periodically organized matter, and how it can be controlled.

Understanding of the color

The light

Since the works of Planck and Einstein, the light is known to exhibit a waveparticle duality 21 . Due to its particle behavior, photon, is characterized by a defined quantity of energy quantum of energy established by the Planck equation (Equation 1). This equation associated the photonic energy, En, with h, the Planck constant; c, the speed of light and λ, the wavelength associated to the wave behavior of the particle.

𝐸𝑛 = ℎ × 𝑐 𝜆

As an electromagnetic wave, its behavior can be described through the resolution of the Maxwell differential equations 22,23 .

Absorption

As an electromagnetic wave, photons can interact with others electromagnetic systems. As it's known from the beginning of the XX's century 24 , matter is elementary composed by electrons surrounding nucleus made of proton & neutrons. According to De Broglie, all possess a similar wave/particle duality through a generalization of the Planck equation. Around those nuclei, electrons can explore several energy levels, depending of the charge of the nucleus or the environment of the atoms. Those discrete level of energy are separated by defined energy differences. In environmental conditions, the atoms are the most of the time involved in physical or chemical bonds through their electrons 25 . Quantum physics tell us those bonds define the electronical energy levels occupied or accessible in molecular structures. When an electro-magnetic wave, as photons, interact with matter, its energy can be transferred to the electronic system to increase the energy level of electrons. Because the energy level accessible to the electrons are discrete, only photons associated with a defined amount of energy can be absorbed.

In this such case, a color is produced through an energy absorption mechanism. It can happen in a lot of case but require each time the same condition:

Equation 1

an electronic vacancy of higher level in the electronic bonding, offering the possibilities to electron to absorb photonic energy. It happens everywhere, all the time, with metallic materials, molecules interacting with ligands, absorbent chemical functions… just to cite. A part of the incoming light, that's not absorbed, can reach our eye: the perceived color is then the complementary color of the absorbed one. It's the mechanism usually involved for the colors perceived from pigments and dyes.

Dispersion

However, the case where the light is non-absorbed is not a dead end. Indeed, depending of macroscopic physical properties of the materials as the dielectric permittivity, or similarly its refractive index, the light rays are reflected without energy loss or transmitted. When the light with a certain wavelength passes through the material, its wavefunction is altered by the present matter. From this alteration results a modification of its speed propagation and its trajectory: the light is refracted. This well-known phenomenon has been mechanically described in the 17 th century through the Snell-Descartes equation.

Because of the refraction phenomenon, photons trajectories and speeds are altered differently in function of their wavelength/energy. When a rectilinear ray of light composed of photons associated with wavelength covering the whole visible range pass through a transparent medium: the light is then decomposed.

This light decomposition in function of the wavelength is the phenomena called dispersion. In particular, it's what happens when rainbow appears in the sky: the day light being dispersed by the myriad of small atmospheric water droplets.

In parallel of theses phenomena, the photons absorbed by the electronic system may also re-emitted, but in another direction than the one expected by the Snell-Descartes equation: it's the scattering (Figure 6). Two different cases have been distinguished:

1) The less frequent is when light is re-emitted with a loss of energies due to electronic recombination, inelastically: it's the Raman scattering.

𝑛 1 × sinሺ𝜃 1 ሻ = 𝑛 2 × sinሺ𝜃 2 ሻ Equation 22) In most of situations, the photons are scattered elastically, without a loss of energy: it's the Rayleigh scattering.

Figure 6 Energy level diagram comparing different light-matter interactions. Adapted from Wiester et al. 26 

Scattering

In our daily life, the Rayleigh scattering is the cause of the color of the sky.

It affects objects largely smaller is size than the wavelength of radiations in contact with them, at least 10 times smaller 27 . Moreover, the intensity of the scattered radiations is proportional to λ -4 , scattering 16 times more blue light than red light for instance. Below the equation of the intensity, I of the light scattered from an unpolarized beam. With I0, the incident intensity, θ the scattering angle, R the distance to the particle, λ the wavelength of the incident light, d the diameter of the spheres and n their refractive index.

𝐼 = 𝐼 0 1 + cos 2 𝜃 2𝑅 2 ( 2𝜋 𝜆 ) 4 ( 𝑛 2 -1 𝑛 2 + 2 ) 2 ( 𝑑 2 ) 6
Factually, the Rayleigh scattering can be perceived as a particular case of a more general definition known as Mie scattering. Indeed, the Mie or Lorenz-Mie scattering comes from the resolution of Maxwell equations for interactions between light, i.e. EM waves, and objects with defined geometry, usually spheres.

However, the Mie scattering description deviates significantly for objects with a size close or bigger than the wavelength of the incident beam. For instance, with comparable geometries, the resulting intensity distribution in space changes drastically, with a more intense scattering phenomenon in the direction of the incident beam. Moreover, scattering intensity loss its wavelength dependence with the increase of the object size. For instance, for a sphere of polystyrene in water;

with a diameter of 1.8 µm, the scattered intensity variation is closely independent from the wavelength in the visible range (mx= [12; 24] for λ= [400; 750 nm]-Figure 7). That's the reasons why clouds appear white in the sky: they are made of a myriad of disordered droplets of water, scattering in a multitude of directions equally each wavelength of the sunlight. 28 

Diffraction

Among the scattering's effects, there is a special case that appears when colloidal objects are organized. In such case, the scattered light waves can develop constructive or destructive interactions leading to another optical effect: the diffraction. Such phenomena can be described from several ways. The first one come the resolution of the Maxwell equations applied to the translation of an electromagnetic wave into a material displaying a periodic modification of its dielectric permittivity 29 . The periodicity of the dielectric permittivity can be described in function of it dimension, separating so called photonic crystal (Figure 8). 29 For 3D photonic crystals, the periodicity of the system is considered from a crystallographic point of view. Those Crystalline structures can be defined by their repeating pattern, called the unit cell and are characterized by translation vectors For instance, in the case of a transparent material, the Magnetic and Electronic Field in a periodic medium, derived from the Maxwell equations for a periodic medium, can be expressed as:

𝑏 1 ⃗⃗⃗ = 2𝜋𝑎 2 ⃗⃗⃗⃗ × 𝑎 3 ⃗⃗⃗⃗ 𝑎 1 ⃗⃗⃗⃗ • ሺ𝑎 2 ⃗⃗⃗⃗ × 𝑎 3 ⃗⃗⃗⃗ ሻ 𝑏 2 ⃗⃗⃗⃗ = 2𝜋𝑎 3 ⃗⃗⃗⃗ × 𝑎 1 ⃗⃗⃗⃗ 𝑎 1 ⃗⃗⃗⃗ • ሺ𝑎 2 ⃗⃗⃗⃗ × 𝑎 3 ⃗⃗⃗⃗ ሻ 𝑏 2 ⃗⃗⃗⃗ = 2𝜋𝑎 3 ⃗⃗⃗⃗ × 𝑎 1 ⃗⃗⃗⃗ 𝑎 1 ⃗⃗⃗⃗ • ሺ𝑎 2 ⃗⃗⃗⃗ × 𝑎 3 ⃗⃗⃗⃗ ሻ ∇ × ( 1 𝜀ሺ𝑟 ሻ ∇ × 𝐻ሺ𝑟 ሻ) = ቀ 𝜔 𝑐 ቁ 2 𝐻ሺ𝑟 ሻ Equation 3
With H and E, respectively the magnetic and electric field, ω the electromagnetic pulsation, ε0 the dielectric permittivity of the void, a scalar dielectric function εሺrሻ referring to the dielectric relative permittivity and c the celerity of the light.

H(r) and E(r) carry the spatial information about the evolution of the electromagnetic wavelength, also called "vibration modes". They may re-integrate in the expression below to recover the time (t) information:

The Equation 3 can be then considered as an eigenvalue problem to solve the expression of the magnetic field with the corresponding Hermitian operator Θ ̂.

Once done, the magnetic field solution is injected in the Equation 4to solve the expression of the electric field.

For instance, we can consider a plane wavelength defined as: 𝐻ሺ𝑟 ሻ = 𝐻 0 𝑒 𝑖𝑘 ⃗ •𝑟 propagating along a direction defined by the wave vector, 𝑘 ⃗ . Due to the periodic organization of the objects in space the vibration modes may be degenerated: for one vibration mode, several wave vectors may exist, according to the symmetry of the periodic organization.

Related to the consideration of the periodic symmetries of the lattice, the Bloch's theorem allows a new expression of the vibration mode, defined as a "Bloch's state":

𝐻 𝑘 ሺ𝑟 ሻ = 𝑒 𝑖𝑘 ⃗ •𝑟 𝑢 𝑘 ሺ𝑟 ሻ
With 𝑢 𝑘 ሺ𝑟 ሻ, a periodic function on the lattice as 𝑢 𝑘 ሺ𝑟 ሻ = 𝑢 𝑘 (𝑟 + 𝑅 ⃗ ) for all lattice vector 𝑅 ⃗ with 𝑅 ⃗ = 𝑙𝑎 1 ⃗⃗⃗⃗ + 𝑚𝑎 2 ⃗⃗⃗⃗ + 𝑛𝑎 3 ⃗⃗⃗⃗ ; l, m and n being integers. The Bloch's

𝛩 ̂= ∇ × 1 𝜀ሺ𝑟 ሻ ∇ × 𝐸ሺ𝑟 ሻ = 𝑖 𝜔𝜀 0 𝜀ሺ𝑟 ሻ ∇ × 𝐻ሺ𝑟 ሻ Equation 4
Hሺr , tሻ = 𝐻ሺ𝑟 ሻ𝑒 -𝑖𝜔𝑡 Equation 5𝐸ሺ𝑟 , 𝑡ሻ = 𝐸ሺ𝑟 ሻ𝑒 -𝑖𝜔𝑡 Equation 6states of a three-dimensional periodic system are then associated with a Bloch wave vector 𝑘 ⃗ = 𝑘 1 𝑏 1 ⃗⃗⃗ + 𝑘 2 𝑏 2 ⃗⃗⃗⃗ + 𝑘 3 𝑏 3 ⃗⃗⃗⃗ , with k restrained in the first Brillouin's zone (Figure 9). Each wave vector k inside the first Brillouin zone identifies an eigenstate 𝛩 ̂ of with a frequency ωሺkሻ and an eigenvector Hk . All the information about the electromagnetic wave inside a photonic crystal is then carried by the Boch wave vector 𝑘 ⃗ , and the periodic function 𝑢 𝑘 ሺ𝑟 ሻ. 30 The resolution of 𝑢 𝑘 ሺ𝑟 ሻ is done through the insertion of the Bloch's state expression into the eigenvalue problem (Equation 3). The resolution of this Hermitian eigenvalue problem to a finite volume leads to a discrete spectrum of eigenvalues. For each value of k there is an infinite set of modes with discretely spaced frequencies, labelled by a band index n. In this way, we describe the electromagnetic vibrations modes of a photonic crystal as photonic band structures. It represents a family of continuous function, ωk(k), indexed in order of increasing frequency by the band number. The information contained in these functions is called the "band structures".

In few words, the band structures model the electromagnetic frequency that can cross this transparent photonic crystal in function of directions defined by the first Brillouin's zone. In certain circumstances, a "photonic band gap" may appear. It requires usually a difference of refractive index/dielectric permittivity high enough and a favorable crystalline structure. Here, a photonic band gap corresponds thus to electromagnetic frequencies, or light wavelengths, that cannot cross the photonic crystal, they are diffracted. With light, it means that photons associated with a specific wavelength range corresponding to the band gap are selectively reflected.

For a given photonic crystal, defined by 𝜀ሺ𝑟ሻ ⃗⃗⃗⃗⃗ , the calculation of the band structures functions 𝜔 𝑘 ሺ𝑘ሻ ⃗⃗⃗⃗⃗⃗ require powerful computational resources, especially for three-dimensional photonic crystals. Several teams performed such calculations for classic crystallographic structures, as for instance Face-Centered Cubic (FCC), Hexagonal Compact (HC) or Diamond-like arrays. It is worth noting that the higher the refractive difference between the crystalline structure, the larger the photonic band gap 31 . Moreover, all the structure doesn't lead necessarily to a complete photonic band gap. Band structures may overlap along several crystalline directions, corresponding to directions where light is not diffracted and can cross the photonic crystal (Figure 10). Another approach of the diffraction phenomena worth to be mentioned, especially adapted in the case of stacked spheres. Borrowed from the X-Ray diffraction theory, the Bragg equation describe how the diffracted wavelength of maximum intensity (λ), the inter-reticular distance (𝑑 ℎ𝑘𝑙 ) and the incident beam angle with the normal (𝜃ሻ are associated.

𝑚𝜆 = 2𝑑 ℎ𝑘𝑙 cosሺ𝜃ሻ

The Snell-Descartes's equation ሺEquation 2) of the refraction can be integrated to the equation to consider the effective refractive index of the material (𝑛 𝑒𝑓𝑓 ሻ. The equation 7 become then what's called usually the "Snell-Bragg equation":

𝑚𝜆 = 2𝑑 ℎ𝑘𝑙 (〖𝑛 𝑒𝑓𝑓 2 -sinሺ𝜃ሻ 2 )〗 1 2
For instance, in the case of the stacking of spherical object into a medium, the effective refractive index can be considered as an averaged value of the refractive index of the particles (𝑛 𝑝𝑎𝑟𝑡 ) and the refractive index of the medium ሺ𝑛 𝑚𝑒𝑑 ሻ in function of volume fraction of particle and of the medium, respectively 𝑉 𝑝𝑎𝑟𝑡 and 𝑉 𝑚𝑒𝑑 . This Equation 11 appears as a useful and accessible tool to foresee the reflective color accessible to the material in function of experimentally controllable parameters. In a first approximation, the impact of the possible additives on the refractive index of this particle/medium model can be pondered by using the Equation 9 in larger expression as presented below. However further development could be needed.

𝑛 𝑒𝑓𝑓 2 = ∑ 𝑉 𝑖 × 𝑛 𝑖 2 𝑖
All the ሺhklሻ plans of a crystalline structure don't necessarily diffract light.

Those diffractions conditions depend here again of operations of symmetry operating in the unit cell. The set of symmetry's operations for a defined unit cell define a "space group" associated with a collection of diffraction conditions on the h, k and l Miller indices of a family of reticular plan. In other term, for one of the 230 defined space group associated to a unit cell, only the reticular plans answering to the diffraction conditions are able to diffract light. And thus, only the 𝑑 ℎ𝑘𝑙 interreticular distances associated to those (hkl) family plans would be considered in the Bragg-Snell equation.

In such conditions, the Bragg-Snell approach offers the possibility to evaluate the diffracted wavelength position associated to a photonic crystal.

However, it's an approach presenting some limitations in comparison with the Maxwell approach: there is no evaluation of the width of the bandgap and so no considerations about the width of the diffracted peak (Figure 11). Nevertheless, the Snell-Bragg's approach gives satisfying results with both experimental and expected data from the band structure analysis, but with more accessible computational resources. [START_REF]Nanomaterials and Nanoarchitectures: A Complex Review of Current Hot Topics and their Applications[END_REF] After this concise overview of the optical effect able to isolate ranges of light wavelength, the corresponding photons must be absorbed by the human eye to create the sensation of color. To create this sensation, the photons must be firstly absorbed by the photoreceptor localized in the eye's retina [START_REF] Merbs | Absorption spectra of human cone pigments[END_REF][START_REF]The science of color[END_REF] . Those cells are divided in two types because of their morphology: rods sensitive to light levels and cone cells, giving the color perception. Those cone cells are divided into 3 categories: Small (S), Medium(M) and Large(L) still related to their form. This morphological specialization involves sensibility differences about their ability to absorb light. Thus, S, M and L cones cells develop respectively absorption peaks at about 560, 530 and 420 nm.

The diffraction can be conceived as a powerful optical tool to the production color, and has been widely naturally developed among a lot of species. Somehow, it gave a pulse to several teams around the world to mimic such phenomena into bio-inspired photonic crystals

Bio-inspired artificial self-assembled photonic crystals

The elaboration of artificial photonic crystals is not straightforward, among variety of methods, two different philosophies can be opposed. The first one is the "Top-down", involving the fabrication of a photonic crystal usually through the carving of macroscopic piece by X-ray, plasma or laser etching [START_REF] Kumar | Printing colour at the optical diffraction limit[END_REF][START_REF] Ródenas | Three-dimensional femtosecond laser nanolithography of crystals[END_REF][START_REF] Romanato | Fabrication by means of x-ray lithography of twodimensional GaAs/AlGaAs photonic crystals with an unconventional unit cell[END_REF][START_REF] Suzuki | Three-dimensional photonic crystals created by single-step multi-directional plasma etching[END_REF][START_REF] Takahashi | Direct creation of three-dimensional photonic crystals by a top-down approach[END_REF] . With the progress of the 3D printings came new promising perspective. The main advantages of these technics lie in the possibility of making exotic architecture (Figure 12) and crystals with a high regularity [START_REF] Liu | Structural color three-dimensional printing by shrinking photonic crystals[END_REF] . [START_REF] Liu | Structural color three-dimensional printing by shrinking photonic crystals[END_REF] However, these "top-down" technics require a lot of energy and time in comparison with size of the crystal achieved. They use technologies hardly transferable to the elaboration of healthcare/cosmetic applications.

On the opposite the "Bottom-up" approach count on the self-assembly properties of small objects. Usually made from a dispersion of solid objects with a size between 1 and 1000 nm in a liquid phase, the bottom-up way involves the arrangement of these colloidal object to a periodic lattice.

Artificial colloidal crystals made from self-assembly

In the bottom-up philosophy, 1D & 2D artificial photonic crystal are usually designed through the self-assembly of Block copolymers (BCPs).

BCPs are a specific class of copolymers, in which the chemically distinct monomer units are grouped in discrete blocks along the polymer chain [START_REF] Hamley | The physics of block copolymers[END_REF] . Thanks to the advancement of polymer synthetic strategies and techniques, e.g., controlled polymerization techniques with facile post-polymerization functionalization, BCPs with precisely controlled molecular weights and defined macromolecular architectures can be prepared [START_REF] Zhang | Synthesis of Block Copolymers of Styrene and Methyl Methacrylate by Conventional Free Radical Polymerization in Room Temperature Ionic Liquids[END_REF][START_REF] Uhrig | Experimental techniques in high-vacuum anionic polymerization[END_REF][START_REF] Hong | Living anionic polymerization[END_REF][START_REF] Hadjichristidis | Macromolecular architectures by living and controlled/living polymerizations[END_REF] .

One of the ubiquitous features of BCPs is their ability to form a plethora of nanoscale ordered structures. By manipulating the molecular parameters such as the Flory-Huggins interaction parameter ሺχሻ, the degree of polymerization ሺNሻ, and the volume fraction (f), various morphologies including spherical, cylindrical, lamellar, and others have been revealed both experimentally and theoretically [START_REF] Matsen | Origins of Complex Self-Assembly in Block Copolymers[END_REF][START_REF] Lennon | Free Energy Evaluation in Field-Theoretic Polymer Simulations[END_REF] .

For instance, BCPs made of poly(styrene)-b-poly(2-vinylpyridine) [START_REF] Kang | Broad-wavelength-range chemically tunable block-copolymer photonic gels[END_REF][START_REF] Lim | Dynamic Swelling of Tunable Full-Color Block Copolymer Photonic Gels via Counterion Exchange[END_REF] can be selfassembled into lamellar phase to make 1D photonic crystals. More, the poly(2vinylpyridine) phase can be filled with gold nanoparticles through in situ precipitation of Auric acid to elaborate films displaying exotics optical properties [START_REF] Wang | INVITED] Hyperbolic-by-design self-assembled metamaterial based on block copolymers lamellar phases[END_REF] .

Similarly, the χN ratio of the BCPs can be adjusted to produce 2D photonic crystals.

For instance, Deng et al. synthesized a high molecular weight polystyrene-bpolyisoprene copolymer by anionic living polymerization to produce phase separation of standing cylinders [START_REF] Deng | Two-dimensional block copolymer photonic crystals[END_REF] . Even if nowadays the elaboration of block copolymer with high molecular weight has been eased, their conception still lies in anionic living polymerization. This rigorous synthesis approach is not easily transferable toward industrial production, as it require an environment free from oxygen and protic solvent, as water [START_REF] Hirao | Advances in Living Anionic Polymerization: From Functional Monomers, Polymerization Systems, to Macromolecular Architectures[END_REF] .

Three-dimensional photonic crystals from a bottom-up approach are usually made from the self-assembly of colloidal objects. According to their shape and size, plenty of configurations are achievable [START_REF] Xie | Liquid crystal self-assembly of upconversion nanorods enriched by depletion forces for mesostructured material preparation[END_REF][START_REF] Seelig | Self-assembled 3D photonic crystals from ZnO colloidal spheres[END_REF][START_REF] Kim | Optical characteristics of SiO2 photonic band-gap crystal with ferroelectric perovskite oxide[END_REF][START_REF] Ge | Highly Tunable Superparamagnetic Colloidal Photonic Crystals[END_REF] . In the next section, we focus on crystalline architecture based on organic materials.

Twisted nematic photonic crystals.

This self-assembly of is made of anisotropic building blocks (BBs). Here, the BBs can be considered as rod-like objects, that follow a self-assembly pattern wellknown from liquid crystal studies. The Twisted nematic pattern is mode of an arrangement of BB describing a layered structure, with BB tilted by a finite angle with respect to the normal layer. This twist is associated to a pitch, referring to the distance over which the BB undergo a full 360° twist. The structure pattern is thus reproduced every half-pitch. Due to this periodicity, diffraction phenomena may occur. For instance, one mostly investigated BBs are the cellulose nanocrystals (CNC) to produce such photonic films [START_REF] Lagerwall | Cellulose nanocrystal-based materials: from liquid crystal self-assembly and glass formation to multifunctional thin films[END_REF][START_REF] Parker | The Self-Assembly of Cellulose Nanocrystals: Hierarchical Design of Visual Appearance[END_REF] . They require usually a slow drying of the solvent for the CNC can have the time to self-assemble. Otherwise, they also be treated for a long time with an intense magnetic field to promote a long-range ordering [START_REF] Frka-Petesic | Controlling the Photonic Properties of Cholesteric Cellulose Nanocrystal Films with Magnets[END_REF] .

Opal-like material

Matrix can be: air or an organic/inorganic material. The colloids and the matrix must present a refractive index difference, with a low absorption coefficient in the visible range. The easiest way to make a photonic crystal is thus through the fabrication of colloidal spheres with a controlled size and refractive index. For the refractive index, the materials chosen are usually PS or SiO2 spheres for the versatility of their production. In both cases, their synthesis leads usually to a suspension of these colloidal objects dispersed in solvent. The photonic crystal is therefore obtained by the self-assembly through the controlled drying of theses suspensions. The lattice achieved can be described as an organized array of spheres with air between them; in other words, organized spheres in an air matrix.

However, the refractive index difference between of the spheres/matrix can also be tuned by adjusting the refractive index of the matrix. To do so, two strategies are achievable.

The first one consists in the modification of an already self-assembled lattice in air. In such case the free-space between particles can be infiltered with a solution leading to the synthesis of a filling material. For instance, Waterhouse et al. [START_REF] Waterhouse | Opal and inverse opal photonic crystals: Fabrication and characterization[END_REF] used an inorganic filler, leading to the formation of silica through condensation of organosilanes in basic condition infiltered in the lattice. At the opposite, Zhang et al. [START_REF] Zhang | Photonic sensing of organic solvents through geometric study of dynamic reflection spectrum[END_REF] designed a self-assembly of inorganic spheres, with an organic filler made from a polymerizable monomers solution also infiltered in the lattice. In such case, the polymerization can be initiated thermally [START_REF] Ito | Strain-Responsive Structural Colored Elastomers by Fixing Colloidal Crystal Assembly[END_REF] or photo-chemically [START_REF] Chen | Highly Stretchable Photonic Crystal Hydrogels for a Sensitive Mechanochromic Sensor and Direct Ink Writing[END_REF] .

The second strategy lies in the conception of core-shell colloidal objects. Indeed, the purpose here is the shell material could act as the filling material previously described.

Inverse Opal-like material

This kind of architecture can be produced from the previously described opals structures where the free-space between spheres/cores is filled. Inverse opal-like are made by using the spherical lattice as a template: the final photonic crystal is made by the remaining filling material after the template has been removed. To this purpose, chemical etching [START_REF] Yan | A flexible surface-enhanced Raman substrates based on cellulose photonic crystal/Ag-nanoparticles composite[END_REF][START_REF] Kassim | Preparation and Properties of Silica Inverse Opal via Self-Assembly[END_REF][START_REF] Zhao | Chemically Responsive Polymer Inverse-Opal Photonic Crystal Films Created by a Self-Assembly Method[END_REF] or annealing [START_REF] Waterhouse | Opal and inverse opal photonic crystals: Fabrication and characterization[END_REF] are usually performed to remove the template, according to the sphere/matrix natures. The final material obtained can thus be described here as an array of spheres made of air, within a matrix than can be made of organic/inorganic material (Figure 13). From left to right, the surrounding matrix is either made of air or of a material different from the self-assembled beads. On the right side, the beads have been removed, replaced with air. Adap ted from Yan et al. [START_REF] Yan | A flexible surface-enhanced Raman substrates based on cellulose photonic crystal/Ag-nanoparticles composite[END_REF] From a photonic point of view, the optical properties of a twisted nematic crystals are parameterized by the pitch of the self-assembly. In opal and inverseopal like material, the diffracted wavelength is mainly controlled by the spheres size and the inter-particle distances, according the Bragg-Snell theory. From the point of view of the ordering conditions, twisted nematic self-assemblies require constraints on the positions and the orientations of the anisotropic BBs. However, due to their isotropic shape, spheres require only constraints on their positions to be periodically organized in a colloidal crystal. Because these geometric reasons, we believe the isotropy of spherical building blocks may facilitate their selfassembly for the development of a cosmetic applications. More especially, our attention is turn to the fabrication of photonic crystal from spherical core-shell for different reasons. Firstly, in a one controlled drying step, the isotropic colloids can be organized in a periodic pattern. Second, the physical parameters governing the optical properties are experimentally tunable, depending on the core/shell refractive indexes related to their chemical nature and on inter-particles distances, related to the shell thickness.

The self-assembly of colloidal building blocks is the subject of physical forces operating for or against it. Since decades, numerous studies carried on their fundamental understanding.

Self-assembly methods & forces involved

Several works inspired this section. The works of Ng et al. [START_REF] Ng | Colloidal Crystals. in Modern Aspects of Bulk Crystal and Thin Film Preparation[END_REF] and Dommelen et al [START_REF] Van Dommelen | Surface self-assembly of colloidal crystals for micro-and nano-patterning[END_REF] offers an overview about the colloidal stability and the forces involved in their self-assembly. Concerning self-assembly forces, the work of Li et al. [START_REF] Li | The forces at work in colloidal selfassembly: a review on fundamental interactions between colloidal particles[END_REF] give a more exhaustive review of usable physical forces. In complement, the works of Yu et al. [START_REF] Xu | Drying-Induced Cracks in Thin Film Fabricated from Colloidal Dispersions[END_REF] exposed a synthetic description of mechanism underlying the organization of organic colloids under an evaporation-driven process. Those works were used as guideline to the conception of the following sections.

Colloidal stability

The first concept to consider about these dispersed objects is the small size of colloidal particle suspended in continuous phase, usually liquid. Because of their size, between 1 and 1000 nm, the colloidal objects are exposed to random motions. This is caused by the momentum transfer from the thermal activities of the molecules of the suspending medium. Discovered by the British biologist Robert Brown in 1827, this Brownian motion is driven by thermal energy kBT on the basis of the kinetic gas theory giving: ½ 𝑚 𝑝 𝑣 2 = 3 2 𝑘 𝐵 𝑇 with mp being the particle mass, v the particle translational velocity and T the temperature. This Brownian motion will be a key feature, involved in each aspect of the self-assembly mechanism.

Sphere model

As first consideration, colloidal particles may be conceived as hard and electrically neutral particles. Besides van der Waals forces, they only interact through steric repulsion when they are close enough to experience a physical contact. For monodisperse spherical particles, the close-packing limit is 0.74 and would be in those conditions the most stable form of colloidal crystal at equilibrium. In practice, the higher the concentration of colloidal suspension, the higher the chance that colloids flocculate before than maximum packing limit should be reached. Brownian motion allows particles to gain thermal energy easily and collide with each other to form clusters. If many aggregates form upon collision (especially at high temperature and high concentration), there is a high chance that amorphous colloidal aggregates will form, preventing further packing.

Charged spheres

Almost all colloidal particles are not electrically neutral. They may contain a large number of acids, base or other functional groups which are susceptible to dissociation in a polar solvent. Their functional groups are normally determined by the synthesis path or catalysts used. For instance, polystyrene beads synthesized using KPS (Potassium persulfate) initiator will give rise to negatively charged particles. Hence, hard sphere model using exclusively steric repulsion is only a good approximation, but not an accurate approach to address real colloidal system. 

DLVO model

The further description of charged spheres has been largely described and reviewed [START_REF] Derjaguin | The Derjaguin-Landau-Verwey-Overbeek (DLVO) Theory of Stability of Lyophobic Colloids[END_REF] . On some point, this description is comparable to the interactions between atoms through a Leonard-Jones potential. In the case of charged colloids Derjaquin, Landau, Verwey and Overbeek described analogues and different possible interactions through the well-known DLVO theory. This theory describes the interaction forces between charged surfaces in a liquid medium (Figure 14). It combines both the van der Waals forces and electrostatic interaction of charged surface. Here, it is assumed that:

• Each colloidal particle is surrounded by its own double layer and behaves as if it was electrically neutral unless it approaches another particle closely enough.

• The potential energy of an elementary charge on a surface is much smaller than the thermal energy, kBT.

• The particles are allowed to change position and find their own equilibrium states.

The DLVO potential can thus be expressed as:

𝑉 𝐷𝐿𝑉𝑂 = 64𝜋𝑅𝑐 0 𝛤 0 2 𝑘 𝐵 𝑇 𝑘 𝐵 𝑒 -𝜅𝑟 - 𝐴𝑅 12𝑟
With R being the particle radius, co the ion concentration, kB the Boltzmann constant, T the temperature, κ the inverse double layer thickness, r is separation between particles, and A is the Hamaker constant. The surface potential of particles, Γ0 can be described by:

𝛤 0 = tanh ( 𝑧𝑒𝛷 0 4𝑘 𝐵 𝑇 )
With z being the valence of counter ions, e the electronic charge, and Φ is the surface potential. The first part of the Equation 13is related to electric double layer interaction (repulsion by similar charge between particles) whereas the second part can be referred to attractive van der Waals interaction.

The electric double layer provides an energy barrier against irreversible agglomeration. This energy barrier, as indicated in Figure 15 (right) as Vmax, normally has a magnitude ranging from 0 ~ 100 kbT, depending on the suspension parameters. Unlike the atomic model, two minima exist between two approaching colloidal particles, which are irreversible (primary) and reversible (secondary) respectively. In atomic crystals, atoms are held strongly in the single equilibrium position (Figure 15 left). High energy barrier or chemical bonds must be broken to disrupt the ordering. A brief comparison of interaction potential between atoms and colloidal particles side-by-side is illustrated in Figure 15.

Equation 13 Equation 14Figure 15 A comparison of interaction potentials between atoms (left) and colloidal particles (right) in close proximity, described respectively by Leonard-Jones potential and DLVO potential. Adapted from Ng et al. [START_REF] Ng | Colloidal Crystals. in Modern Aspects of Bulk Crystal and Thin Film Preparation[END_REF] .

Surprisingly, the existence of secondary minimum allows scientists to "anneal" or remove defects in ordered arrays of wet colloidal crystal at this metastable state, before reaching the final irreversible dry state of colloidal crystal For crystallization to occur, van der Waals forces must exceed double layer repulsion. This could only happen when particles are close enough, overcoming the energy barrier Vmax. This is possible as double-layer interaction energy is finite or increases slowly when r approaches zero, while Vvdw decreases exponentially when r → 0. Unlike electrostatic interaction, van der Waals interaction is highly insensitive to the change of pH and electrolyte concentration. Small addition of salt may change the magnitude of Vmax significantly and remove the secondary minimum. Thus, no ordering in long range is ever possible if this situation happens.

Steric stabilization

The colloidal stability of a suspension can also be achieved through another non-electronic interactions which requires to take a step away from the sphere model developed so far. This stabilizing interaction is called steric stabilization [START_REF]Encyclopedia of Colloid and Interface Science[END_REF] and is brought by molecular chains at the surface of the colloidal object. It can involve for instance the adsorption of nonionic surfactants [START_REF] Romero-Cano | Colloidal Stabilization of Polystyrene Particles by Adsorption of Nonionic Surfactant[END_REF] or polymers [START_REF] García | Polymermediated colloidal stability: on the transition between adsorption and depletion[END_REF] on the surface of particles, or the covalent grafting of macromolecules on their surface [START_REF] Ueno | Colloidal Stability of Bare and Polymer-Grafted Silica Nanoparticles in Ionic Liquids[END_REF] .

It produces an adsorbed layer with a thickness δ. This layer can be strongly solvated, or hydrated the solvent when this one is a good solvent of the layer's molecules.

From a thermodynamic point of view [START_REF] Parfitt | The dispersion of fine particles in liquid media[END_REF] , the free energy of two layers interacting can be expressed as function of the related enthalpy (∆𝐻 𝑚𝑖𝑥 ) and entropy changes (∆𝑆 𝑚𝑖𝑥 ሻ:

∆𝐺 𝑚𝑖𝑥 = ∆𝐻 𝑚𝑖𝑥 -𝑇∆𝑆 𝑚𝑖𝑥
If the free energy is null, the adsorbed layer has no impact on the flocculation, whereas with a negative value, the layers interaction would promote the flocculation processes. The steric stabilization is achieved only if ∆𝐺 𝑚𝑖𝑥 is positive. To do so, three cases are possible:

1. Both entropy (𝑇∆𝑆 𝑚𝑖𝑥 ) and enthalpy terms are negative, with 𝑇∆𝑆 𝑚𝑖𝑥 <∆𝐻 𝑚𝑖𝑥 . The steric interactions are dominated by the entropic stabilization effects, due to the reduction in the configurations' number of the adsorbed molecules in the adsorbed layer 2. Both terms are positive, with 𝑇∆𝑆 𝑚𝑖𝑥 <∆𝐻 𝑚𝑖𝑥 . The steric interaction is thus driven by the enthalpic stabilization 3. ∆𝐻 𝑚𝑖𝑥 > 0 and 𝑇∆𝑆 𝑚𝑖𝑥 < 0 and therefore both terms contribute to the stabilizationcombined stabilization When two particles with a radius R approach to distance h that is smaller than 2δ, the adsorbed layers can either overlap or be compressed without overlapping. Both mechanisms involve a reduction in the configurational freedom of the adsorbed molecules, inducing a repulsive force (𝑇∆𝑆_𝑚𝑖𝑥 < 0ሻ. If a high surface coverage is essential to achieve such effect, the solvency of these stabilizing molecules with the liquid phase remain critical.

Those mixing effect can be interpreted according to polymer solution theory, applied when h < 2δ. The layer overlapping and elastic compression described mentioned above follow then the equation derived by Napper [START_REF] Napper | Steric stabilization[END_REF] from the free energy expression:

∆𝐺 𝑚𝑖𝑥 = 2𝜋𝑅𝑘𝑇𝑛 2 𝜁 2 𝑉 𝑠 2 𝑉 𝑖 ( 1 2 -𝜒) 𝑆 𝑚𝑖𝑥 + 2𝜋𝑅𝑘𝑇𝜁𝑆 𝑒𝑙
The first and second terms refer respectively to the mixing of the adsorbed layers and the elastic compression effect. With Vs and Vi being the volumes of polymer segment and solvent molecule respectively; n the number of segments per polymer chain; ζ the number of chains per unit area of surface; χ the Flory interaction parameter and Smix and Sel positive geometrical terms.

When the stabilizing chains are in a good solvent environment (𝜒 < 1 2 ), the mixing term is positive (enthalpic stabilization). However, when 𝜒 > 1 2

, its sign changes the steric interaction induces an attractive force between colloids. In such case, the elastic term remains repulsive and still operate at short distance. The flocculation behavior depends thus on the structure of the adsorbed layer and the magnitude of the repulsive/attractive interactions arising from the overlap of the adsorbed layers.

Ordering of colloidal particles -Solvent evaporation

Nevertheless, the ordering and kinetics of colloidal particles could be quite different from atomic crystals. The medium (solvent) of colloidal dispersion gives rise to the dynamic motion of particles through Brownian motion and exerts capillary forces on the particles near the interfaces [START_REF] Lazarov | Formation of two-dimensional structures from colloidal particles on fluorinated oil substrate[END_REF] . Fluid instability at interface (e.g. dewetting) further complicates the kinetics of crystallization process [START_REF] Davis | Moving contact lines and rivulet instabilities. Part 1. The static rivulet[END_REF][START_REF] Troian | Fingering Instabilities of Driven Spreading Films[END_REF] .

Hence, it is important to address the relevant critical forces involved in particle ordering. First, the proposed mechanisms will be mostly focused on assembly process induced by capillary forces. It differs from other, assembly methods like field induced assembly [START_REF] Holgado | Electrophoretic Deposition To Control Artificial Opal Growth[END_REF][START_REF] Prieve | 2-D assembly of colloidal particles on a planar electrode[END_REF][START_REF] Yethiraj | A colloidal model system with an interaction tunable from hard sphere to soft and dipolar[END_REF][START_REF] Zhang | In situ observation of colloidal monolayer nucleation driven by an alternating electric field[END_REF] and spin-coating assembly [START_REF] Jiang | Large-Scale Fabrication of Wafer-Size Colloidal Crystals, Macroporous Polymers and Nanocomposites by Spin-Coating[END_REF] . As mentioned before, selfassembly via gravitation force is rather slow, and limits its application. Besides, the particles will only settle if their size and density is sufficiently high. This sedimentation tendency is best characterized by the Peclet number 87 (Equation 15).

𝑃𝑒 = 4 3 𝜋(𝜌 𝑝 -𝜌 𝑓 )𝑔𝑅 4 𝑘 𝑏 𝑇
With mp being the mass of a particle with a radius R, g the gravitational acceleration, ρf and ρp respectively the density of the fluid and the particle. This number is a good indicator to determine the stability of a colloid suspension. For

Equation 15

Pe >> 1, the particles will tend to sediment and form agglomerates. For instance, polystyrene spheres of 0.1 μm and 10 μm in water solvent at a temperature of 23°C

give Peclet number of 5 x 10 -5 and  5 x 10 3 respectively. Therefore, this practical issue led to the studies on filtration and centrifugation [START_REF] Park | A Three-Dimensional Photonic Crystal Operating in the Visible Region[END_REF][START_REF] Velev | Colloidal crystals as templates for porous materials[END_REF] which however as drawbacks in terms of packing quality and thickness of the crystal grown.

Nevertheless, the formation of polycrystalline domains with different lattice orientation in colloidal crystals is commonly found, possibly due to nucleation at different locations of the interface and the subsequent growth of crystal domains in different directions [START_REF] Pusey | Structure of crystals of hard colloidal spheres[END_REF] .

Several casting technics involving the control of the self-assembly through capillary forces may catch our attention, as drop-casting, dip-coating, doctor blade or Langmuir-Blodget deposition. All those technics presents pros and cons, but more importantly similitudes due to evaporation forces occurring in each of them.

The drop-casting technique can serve as a good example of the implication of a liquid evaporating among moving colloidal solids.

Drop-casting

Drop-casting can be considered as quite straightforward approach. The suspension is poured or cast drop by drop, on a substrate. The film is prepared when the solvent is fully evaporated. It' a process mainly driven by evaporation and capillary force. A well-known daily phenomenon is currently observed in such experiment, known as the "coffee-ring" effect [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF] . When a drop of coffee is spilled onto a solid substrate, a dense ring of stain will be formed upon drying, leaving the center of the initial droplet empty. This dense deposition of coffee solids near the outer ring is related to an intense movement of solid particles from the droplet interior to the drying perimeter. This driving force is mainly attributed to evaporation, causing outward capillary flow (both solvent and solids) to the pinned contact line of the drying droplet, in order to replenish solvent loss from the edge [START_REF] Dushkin | Nucleation and growth of twodimensional colloidal crystals[END_REF] .

The mechanism and stages of evaporation-induced assembly was first investigated in detail using an experimental cell containing a thin well of monodisperse micrometer-size latex particles, which allowed in-situ microscopic observations [START_REF] Denkov | Mechanism of formation of two-dimensional crystals from latex particles on substrates[END_REF] .

Similar to coffee-ring experiment, the particles were brought convectively to the edge of evaporation front (Figure 16), and the ordering of particles was found to be initiated when the thickness of water layer approached the underlying diameter of particles [START_REF] Ng | Colloidal Crystals. in Modern Aspects of Bulk Crystal and Thin Film Preparation[END_REF] .

Figure 16 Evaporation driven self-assembly in a trapped droplet. Polystyrene particles (860 nm) move convectively to the drying edge, forming monolayer crystal at the outer perimeter. Transitional phases (e.g. buckling, square) are observed few particle diameters away from the perimeter. Arrow indicates the direction of particle movement. Adapted from Ng et al. [START_REF] Ng | Colloidal Crystals. in Modern Aspects of Bulk Crystal and Thin Film Preparation[END_REF] .

Examples of particles moving to the drying edge of water film are shown in Figure 17. In those conditions, self-assembly starts when water thickness is close to the particle diameter. In evaporation-induced self-assembly, much attention is paid to the drying stage when the thickness of water layer is close to particle diameter. As evaporation proceeds, thinning of water layer causes deformation of menisci between particles at the drying front. Further evaporation from the concave menisci increases the curvature and local capillary pressure, driving more water influx from thicker water layer to thinner region. However, depending on other experimental conditions, convective force can introduce a significant modification in the self-assembly dynamic.

Marangoni effect

Those convection forces have been furtherly investigated and studied, giving rise nowadays to the Marangoni effect. This effect holds his name from the Italian physicist Carlo Giuseppe Matteo Marangoni who investigated the spreading of oil drops on a water surface in the 1860s. This behavior was explained as being the macroscopic manifestation of a liquid flow resulting from local differences (gradients) in interfacial tension. Indeed, a liquid with a high surface tension pulls more strongly on the surrounding liquid than one with a low surface tension.

Therefore, the presence of a gradient of surface tension cause the fluid to flow toward regions of high surface tension. Moreover, this surface tension gradient can be also caused by a concentration gradient or by a temperature gradient. Bhardwaj and co-workers [START_REF] Bhardwaj | Self-Assembly of Colloidal Particles from Evaporating Droplets: Role of DLVO Interactions and Proposition of a Phase Diagram[END_REF] showed that this effect can be overcome by altering the pH value of the suspension. To that purpose, they studied films made from aqueous dispersion of Titanium dioxide particle. The pH value of the suspension was lowered or increased, respectively either with an addition hydrochloric acid or sodium hydroxide. As result, the DLVO force was adjusted, The ratio of three characteristic velocities (Vrad, VDLVO+, and VMa) determines the final pattern shape. Vrad is the radial flow velocity scale caused by the maximum evaporation rate at the pinned wetting line, VDLVO+ is the velocity scale caused by an attractive DLVO force, and VMa is the Marangoni velocity scale. Adapted from Bhardwaj et al [START_REF] Bhardwaj | Self-Assembly of Colloidal Particles from Evaporating Droplets: Role of DLVO Interactions and Proposition of a Phase Diagram[END_REF] The Marangoni effect may develop also interesting self-assembly patterns when it concerns particles which may tend to aggregate preferentially at near the water/air interface because of their low density. The work of Lee et al. [START_REF] Lee | Uniform Coating of Self-Assembled Noniridescent Colloidal Nanostructures using the Marangoni Effect and Polymers[END_REF] shows that convection forces can be promoted to achieve photonic crystals. To do so, they let to dry poly(styrene) aqueous suspension on a heating plate. The gradient of temperature between the bottom and the higher level of the drying suspension generated a gradient of surface tension. The promoted Marangoni effect allowed to achieve a more homogeneous deposit and inhibit the formation of the "coffee stain" pattern (Figure 19). [START_REF] Lee | Uniform Coating of Self-Assembled Noniridescent Colloidal Nanostructures using the Marangoni Effect and Polymers[END_REF] 

Drying of the suspension

The drying process of an hard spheres dispersion in a liquid has been intensively studied and can be separated has been separated in three different stages [96][START_REF] Scherer | Theory of Drying[END_REF][START_REF] Wedin | Stress development during drying of calcium carbonate suspensions containing carboxymethylcellulose and latex particles[END_REF][START_REF]Film Formation in Coatings. Mechanisms, Properties, and Morphology Edited by Theodore Provder (Polymer and Coatings Consultants) and Marek W. Urban[END_REF][100][101] :

(1) The constant rate period, (2) The first falling rate period (3) The second falling rate period In the constant rate period (1), the volume reduction of the particle network equal simply to the volume of liquid lost through evaporation. At this stage, the evaporation rate per unit area of drying surface is constant. Indeed, a layer of liquid covers entirely the solid spheres, the liquid between them does not take affect the evaporation speed, and mechanical stress accumulation can be negligible. The airliquid interface is macroscopically flat during this first stage of drying. The duration of this stage is therefore proportional to the initial volume fraction of solvent in the suspension [START_REF] Wedin | Stress development during drying of calcium carbonate suspensions containing carboxymethylcellulose and latex particles[END_REF] . Eventually the particle volume fraction in the drying film increases until a three-dimensional particle network is formed, it's the gel point 101 . At this moment of the drying process, the particle network develops some compressive yield stress, which increases as the drying continues. However, the particle network is able to remain undeformed if the applied isostatic compressive consolidation pressure is less than the compressive yield stress. As the liquid evaporate, the liquid-air interface attempts to penetrate into the top of the arrangement of solid particles. To do so, it forms a curved meniscus between neighboring particles. These curved menisci between particles create an isostatic consolidation pressure on the particle network and a pressure gradient between the liquid at the surface, and the liquid in the interior of the drying dispersion. The liquid rises to the surface as a result of this pressure gradient and continues to evaporate at a constant rate.

During the second stage of constant rate drying (2), the top of the particle network and the air-water interface recede at the same rate. This is because the consolidation pressure applied to the particle network due to the capillary forces is sufficient to consolidate particle arrangement. As the network continues to consolidate, its compressive yield stress increases until the particle network has sufficient strength to withstand the capillary pressure and further consolidation is not possible at the capillary pressure determined by the curvature of the air-water interface.

At this point the third and final stage of drying begins (3). The liquid/vapor interface penetrates into the compacted arrangement and the evaporation no longer occurs at a constant rate as the liquid/vapor interface recedes into the pores between the particles. At this step, the capillary pressure decreases in the same time as the liquid/solid interfacial area. Eventually, the shrinkage of the solid particle network stops at this stage.

After the constant rate period, the first falling rate period describes the process of liquid flowing through the space between arranged particles, and the second falling rate period describes the final stage of drying, when liquid can escape only by diffusion via the vapor phase to the surface.

It is also worth noting that large and partially submerged particles can be immobilized by the thinning water layer as the vertical component of surface tension force pressing the particles against the horizontal substrate is huge. This phenomenon also serves as a condition for contact line pinning, which we will discuss later in section 4.2. Besides, formation of multilayer colloidal crystal is possible if wetting angle is large or thickness of water layer is large 102 . Due to the almost fixed contact line formed by colloidal droplet on horizontal substrate, a variation of colloidal crystal thickness is commonly observed, from one single layer near the edge to multilayer further away from the contact line. In spite of evaporation, slight reduction of water layer thickness over time does not help in the uniformity.

Langmuir-Blodget deposition

The formation of monolayers is a well-known process, achievable an experimental approach called the Langmuir-Blodgett deposition 103 . The principle (Figure 20a) is commonly used with surfactants, such as oil and is quite straightforward. It can be also applied to colloidal materials as well, as long as they allow the formation of a monolayer at an interface. In such case, the dispersion of colloidal suspension at the interface will induce the spreading of the colloids, forming a spaced monolayer on the surface. In a second time, this spaced monolayer compressed through a barrier to reduces the available surface area, resulting in a rise of the surface tension. Capillary forces drive then the preliminary self-assembly of the colloidal at the interface air/liquid. The self-assembled compact monolayer of colloidal sphere can finally be gathered with a substrate. The lower surface tension provided by the substrate will cause the colloids to transfer from the interface.

The surface chemistry of the substrate on the colloidal crystal formation has been investigated by Reculusa and co-workers 104 . To do so, they tested several hydrophobic substrates by trying to form colloidal crystals using variously functionalized silica particles. Nonetheless, none of the silica particles were able to attach onto the hydrophobic surface, implying that the interaction between the liquid phase and substrate dominates the interaction between particles and substrate. Thus, the hydrophilicity of the substrate plays a fundamental role during self-assembly with a Langmuir-Blodgett method. The technique has its limits in terms of particle size and functionalization. The technics was extensively developed, allowing nowadays the formation of stacked monolayers of colloidal crystal up to meters by roll-to-roll method, as developed by Parchine et al. 105 . In principle, the substrate is continuously withdrawn from a fluid supporting the compressed monolayer of self-assembled colloids. Multilayers are achieved by repeating the method on a covered substrate.

The deposit self-assembled layers is not limited to planar substrate, as shown the works of Kohoutek et al. 106 (Figure 21) . They showed the coverage of threedimensional object was achievable at the condition to control rigorously the continuous compression of the compressed monolayer at the liquid's interface, in parallel the withdrawn of the substrate. However, the Langmuir-Blodgett technics suffers from limitations: the self-assembly, as mostly driven by surface tension interactions, doesn't allow the spontaneous formation of multilayers in one deposition. Indeed, several succession Langmuir-Blodgett are required to form 3D photonic crystal. Even if a high regularity is achievable with this approach, it nevertheless required a substantial experiment set-up. 

Vertical deposition / Dip-coating

The vertical deposition technic is also known as the Colvin method 102 . It can be easily set up with conventional lab tools. Briefly, the substrate is maintained partially immerged vertically into a colloidal suspension. The substrate's position is fixed whereas the suspension evaporates, letting ideally a self-assembled colloidal crystal thanks to the forces induced through the evaporation. Two inherent issues are related to this method: the increase of the particle layer number with time and the flocculation's risk due to the particle concentration increase, because of the gradual solvent evaporation. In response, Wong et al. 107 developed the technic to reduce the risk of flocculation with the addition of convection movement induced by a heat source. The mains advantage of this approach is the high regularity of the colloidal crystal achievable (Figure 22), however the process remains quite slow, as it could take from several days to weeks to form a dry film. The dip-coating technic is a coating method which share several common points with vertical deposition. The experimental set-up barely the same, at the exception that the substrate is no longer static: it's withdrawn at a controlled speed. In 1996, Nagayama and Dimitrov suggested a model 108 , confirmed later by Gu et al. 109 , to control the film thickness:

𝑘 = 2𝛽ℎ𝑗 𝑒 𝜑 0.605𝑅𝑈ሺ1 -𝜑ሻ
Where k is the number of layers, U is the withdrawal rate, φ is the particle volume fraction, je is the solvent evaporation rate, R is the radius of the particles, h is the meniscus height and β is a ratio between the particle and the solvent velocity, generally close to 1. The main information brought by this equation is the number of layers is decreased when the withdrawal rate increase. It appears as a real issue for the formation of multilayers, i.e. 3D colloidal crystal, in a short period of time. in adjusting the deposit parameters (Figure 23). The solvent was wisely chosen to get a high boiling point and a low surface tension during the capillarity bridge evaporation, with here, N-Methyl Pyrrolidinone. The withdrawal rate was then significantly increased, from generally around 1 µm.s -1 to a maximum of 4000 µm.s - 1 , and giving rise to three-dimensional photonic crystals ordered into a FCC lattice.

Doctor blade casting

A doctor blade is a device commonly used to print highly uniform films in the printing industry and used as well to create ceramic coatings. With this method, a blade applies a unidirectional shear force to a liquid that passes through the small gap between the blade and the substrate. The perpendicular blade moves thus closely along the substrate, leaving only a thin film of the initially deposited material. Prevo et al. 111 developed this doctor blade casting to elaborate selfassembled colloidal crystal, build on the same model than the one previously described with vertical deposition. In this way, they achieved a phase diagram of the structure achievable, using a dispersion of micrometric hard PS spheres as model. Controlling the blade speed with regard to the substrate, and the suspension solid content, they achieve the controlled stacking of multilayered colloidal crystal (Figure 24). The silica template was then removed by a short hydrofluoric acid bath to from an inverse photonic crystal (Figure 25 e to h). The cross-section SEM images of the achieved structure shows the high degree of regularity achievable through doctor blade casting. As expected a significant change of the optical properties appears after the template removal, the high refractive index of SiO2 being replace with the lower refractive index of air.

Nevertheless, the simplicity of this method is counterbalanced by its sensitive to dust and debris, which can easily inhibit the colloidal formation. Among all those approaches observed in the previous section, all involved two elementary concepts to generate a self-assembly of colloidal objects: the nucleation of a small aggregate of particle called nuclei and the growth of these nuclei

Nucleation and Growth theory

The concept of nucleation has a general applicability in a variety of phase transition problems [113][114][115] , including crystallization, melting, boiling, condensation, precipitation, etc. In terms of nucleation, two dominant mechanism can be distinguished. First, homogeneous nucleation that happens freely in the surrounding medium when the concentration of objects is high enough force: their interaction leads to the formation of the aggregates giving rise of nuclei. However, the nuclei induced from the presence of dust particles, impurities or any interface, as the vessel walls, are considered as produced from heterogeneous nucleation.

The Classical Nucleation Theory (CNT) is the most common theoretical model used to understand the nucleation mechanism and can give a reasonable estimation of the nucleation rates. In the case of the homogeneous nucleation of colloidal object, the quantity of nuclei produced over time can be expressed as an Arrhenius's law following 116 :

𝐽 = 𝐽 0 𝑒 - ∆𝐺 * 𝑘 𝐵 𝑇 = 𝛽𝑛𝐷 𝑙 2 𝑒 - ∆𝐺 * 𝑘 𝐵 𝑇
With ∆𝐺 * is the nucleation barrier, n the particle number density, D the particle diffusion constant and l a typical length scale, kB the Boltzmann constant, T the temperature and β, a proportionality constant, usually close to the unity. Two parameters of the Equation 16 may be noticed: First, the homogeneous nucleation rate is function of the diffusion of the colloidal object in the dispersion. According to Stokes-Einstein law 117 due to the Brownian motion, the smaller the object, the higher the diffusion constant. Second, there is an energy barrier ∆𝐺 * to overlap in order produce nuclei.

The expression of the free energy of the system during a homogeneous nucleation 118 of a spherical crystallite for a colloidal object is given by (Figure 26):

∆𝐺 = 4 3 𝜋𝑟 3 ∆𝑔 + 4𝜋𝑟 2 𝜎
Where r is the nuclei radius, 𝜎 the surface tension of the nuclei-liquid interface per unit area, ∆𝑔 is the free energy difference between objects involved in an aggregate an those dispersed in the medium. Thus, the nucleation barrier corresponds to critical size depends then strongly on the surface tension of the nuclei. As the situation considered involves a high concentration of colloids usually assumed negative. The more attractive the interaction between colloids, the higher the |∆𝑔| value, thus the lower the nuclei critical size, allowing the start of the growth step. The heterogeneous nucleation is phenomenon appears as a bit more complex. Sandomirski et al. 120 investigate the heterogeneous crystallization of hard-spheres near an interface, here a glass wall, over time (Figure 27).

Figure 27 Snapshots based on (A) confocal microscopy and (B) simulations of a sample. In this reconstruction, only crystalline particles are shown and the simulat ion box is reduced in the z direction. Adapted from Sandomirski et al. 120

In their study the driving force was gravity thanks to the size of their building blocks (colloidal beads with a radius of 0.9 µm). The crystallization process was followed here again by confocal microscopy and compared with Brownian dynamic simulations. In both case, colloidal arrangement with a higher degree of crystallinity was found close to the walls, while more disorganized arrangement was found in more distant area. The loss of compacity with the increasing distance from the wall was associated to a phenomenon of "caging" when the volume fraction of colloids become too high. The caging effect has especially a strong impact on the growth step of the crystal, inducing a decrease of the coefficient constant of the particle, limiting its possibility to contribute to the growth of a crystalline plan.

In complement, the works of Palberg et al. 116 the growth velocity of a planar interface can be expressed as a:

𝑣 = 𝑣 ∞ (1 -𝑒 ቀ ∆𝑔 𝑘 𝐵 𝑇 ቁ )
Where 𝑣 ∞ = 𝐷𝑑 𝑙 2 is the limiting velocity and is given by the self-diffusion of particles to their target place, characterized by the particle coefficient constant D, through an interface of thickness d. According to the expression, the growth is thus limited by the mobility of the coefficient constant of the particle, in keeping with the Sandomirski's experimental results 120 .

The Terrace, Ledge, Kink theory 121 is usually known in classical atomic crystal field for describing the surface defects on a crystal plane, triggered by temperature increase. It involves the consideration of several be atomic configuration (Figure 28a). Briefly, each atomic position in associated with the number of neighbors; its coordination number. The higher the coordination number, the higher are the energy holding the atom at its place. According to Nozawa et al. 122 the TLK theory take part of the growth of colloidal crystals. They studied the distribution of kinks sites in function the intensity of depletion forces to simulate attractive forces between PS particles (Figure 28 b &c). The kinks sites trends to decrease when the attractive force between particle increase. It indicates the surface of a growing crystallin plane appears less regular, with more kink sites, under weak attraction forces. In other words, the intensity of the attraction forces between colloidal sphere may impact the final crystalline structure. 

Detailed growth process of steps under high and low surfactant concentration (Cp). Snapshots o f growing steps under (a) high Cp (0.15 g/L). and (b) low Cp (0.10 g/L). The dashed circles show the mounds formation. Adapted from Nozawa et al. 122

The control of the self-assembly forces operating on building blocks leaded several teams to innovative materials. Possibly inspired by the skin of the chameleon, several scientific teams conceived responsive photonic crystals, playing with the optical rules governing the diffraction phenomenon.

Responsive self-assembled 3D photonic crystals

Those innovative materials possess a diffraction-dependent coloration. As the structural colors are extremely sensitive to refractive index changes, and deformation, several teams elaborated color responsive material based on these physical characteristics.

Temperature responsive materials

Park et al. 123 succeeded to produce a thermo-responsive self-assembled photonic crystal. They designed core-shell colloids made of polystyrene for the core and poly(N-isopropylacrylamide) -PNIPAMfor the shell. The colloidal crystal was self-assembled thanks to depletion interaction against glass walls. The depletion forces were due to Polyacrylamide with a high molecular weight (Mw = 5.10 6 -6.10 6 g.mol -1 ) dispersed with colloidal building blocks (Figure 29) 

Polystyrene@PNIPAM core-shell nanoparticles self-assemble into photonic crystals through a depletion attraction (a) Self-assembly of colloidal crystals is driven by a depletion attraction induced by the presence of non-adsorbing polymer (gray dots). (b) An optical micrograph of the photonic crystals formed on a glass substrate shows highly uniform structural colors. (c) Series of optical micrographs of the photonic crystals taken during heating shows the uniform change in structural color upon heating. Adapted from Park et al. 123

The photonic crystal achieved was then kept confined in the glass chamber used to its formation thanks to an epoxy sealing, preventing the evaporation of water. Because of the Low Critical Solubility Temperature behavior of the PNIPAM, it turns hydrophobic, when the temperature reaches its Volume Phase Transition Temperature (VPTT). The temperature has thus a strong impact on the size of the building blocks, the shell collapsing on the core when T>VPTT. As the inter-particle distance is correlated to reticular distances between crystalline plans with coreshell BBs, a modification of the temperature induces here a shift of the diffracted colors as expected from Bragg-Snell theory. The cohesion of the film here is assumed to be brought by the depletion forces occurring on the colloidal crystal against the glass wall.

Solvent-chromic materials

A color shift is thus expected each time the reticular distances are affected: in other terms, a swelling of the matrix separating can induce a sufficient deformation of the lattice to induce a red-shift (increase of dhkl). In their works, Fudouzi et al. 124 self-assembled poly(styrene) beads with a size between 170 -200 nm through a controlled evaporation process of an aqueous dispersion. The achieved photonic crystal was the filled in its interstices with a mix of polydimethylsiloxane (PDMS) precursors. After a curing of one night at ambient temperature, and 6 hours at 55 °C, the material is achieved (Figure 30).

Figure 30 (a) A schematic illustration of the process in which the lattice is increased by swelling the poly(dimethylsiloxane) (PDMS) matrix with an appropriate liquid. The PDMS matrix will shrink back to its original state once the liquid has completely evaporated. (b) Photographs of a photonic paper before and after its color had been changed by covering the surface with 2propanol liquid (c)Patterns generated on the surfaces of photonic papers with silicone fluid as the ink. The photonic papers were assembled from 202nm PS beads in a PDMS matrix.

The photonic crystal is thus composed of organized poly(styrene) beads embedded in a matrix of PDMS. The swelling of the lattice can be operated locally, defining the kind of materials as a photonic paper. The color change is more produced by a modification of the paper structure itself than by the ink. For instance, Zhao et al. [START_REF] Zhao | Chemically Responsive Polymer Inverse-Opal Photonic Crystal Films Created by a Self-Assembly Method[END_REF] and Zhang et al. [START_REF] Zhang | Photonic sensing of organic solvents through geometric study of dynamic reflection spectrum[END_REF] exposed the possibility to use respectively invers opal and opallike 3D photonic crystals as chemical sensors to probe specific concentrations of solvent, in function of the color shift of the material. In such case, the color shift is also impacted by the refractive index of the chemical probed, altering the average refractive index of the matrix.

Mechano-chromic materials

-Hybrid colloidal mixture between organic and inorganic objects Wu et al. 125,126 made mechano-chromic films from the drying of a batch mix of nanosized silica (20 nm) and colloidal copolymer of poly(styrene-butyl acrylate) (Figure 31). The styrene presence into the colloidal copolymer promotes a refractive index difference between the beads and the matrix. On the counter part, the butyl acrylate increases the mobility of the chains constituting the beads at ambient temperature and ensuring the film cohesion through their intertwining.

However, the use of such nanosized silica (20 nm) may be controversial in the context of a cosmetic application 127 . Indeed, due to their size, they may increase of the risks of inflammatory reactions and may have a potential genotoxicity. -Swelling and photocuring of photonic crystals Foulger et al. 128 proposed to freeze a self-assembled photonic crystal of crosslinked poly(styrene) beads through, first, a photoinitiated polymerization of methacrylate functionalized poly(ethylene glycol). Then, the dried organic composite was swollen with 2-methoxyethyl acrylate and a photo-initiator (2,2diethoxyacetophenone) before an UV curing. Here, the PEGMA matrix/PS beads system insures the required refractive index difference to get photonic properties.

The photochemically crosslinking allowed here non-destructive deformations of the arrays, and thus mechano-chromic properties.

Inomata et al. [START_REF] Ito | Strain-Responsive Structural Colored Elastomers by Fixing Colloidal Crystal Assembly[END_REF] made a self-assembly of poly(ethyl acrylate-methyl methacrylate), successively swollen by an aqueous solution of ethyl acrylate, ethylene glycol di-methacrylate (a crosslinker) and a thermal initiator. Once swollen, the array is frozen by a thermally initiated reticulation. Here the dried films produced are colorless, but display photonic colors once swollen. Due to its thermal treatment, the swollen films are cohesive enough to present mechanochromic properties.

Similarly, Chen et al. [START_REF] Chen | Highly Stretchable Photonic Crystal Hydrogels for a Sensitive Mechanochromic Sensor and Direct Ink Writing[END_REF] modified a crosslinked poly(butyl acrylate) self- assembly through swellings with relatively hydrophobic and hydrophobic monomers. The hydrophobic one, 2-ethylhexylacetate is firstly introduce to swell the colloidal crystal, then the acrylamide monomers is added in the water dispersion. An UV curing, allowed by the presence of benzophenone, produce the formation of poly(acrylamide-2-ethylhexylacetate) chains inside and between the PBA spheres, promoting its cohesion properties. The obtained material display mechano-chromic due to increase of the refractive index difference between the beads, and the surrounding matrix, during the UV curing of the monomers.

-Hard core@soft-shell self-assemblies Such structures are made usually with a hard core presenting a high refractive index and a soft shell with a lower refractive index. Several self-assembly strategies can be explored, depending of the organic or inorganic nature of the cores.

For instance, concerning inorganic cores, Chen et al 129 . conceive a mechanochromic based on the self-assembly properties of iron oxides, Fe3O4 under a magnetic field. The organized array was frozen through the free-radical polymerization of monomers solubilized in the surrounding dimethylformamide.

The reaction is thermally initiated at 70°C, to form a copolymeric gel composed of N-vinyl caprolactam and N-hydroxymethyl acrylamide, encapsulating the magnetically self-assembled Fe3O4 array. Kim et al. [129][130][131][132] proposed a core-shell architecture of silica cores (with an average refractive index of 1.45) with an adsorbed shell of poly(ethylene glycol) phenyl ether acrylate (PEGPEA) (Figure 32). The films are made through the suspension infiltration in a confined space, between two glass layers separated by 50 µm. Then the self-assembled structure is fixed by UV-photopolymerization. With organic cores, Viel et al. 133 conceived a mechano-chromic photonic material. Their colloidal objects are core@interlayer@shell (CIS) system, made of poly(styrene)@poly(methyl methacrylate)@poly(ethyl acrylate). Those CIS objects are made by successive free-radical emulsion polymerization. Then, the dried suspension is mixed with a benzophenone (UV initator) at 120 °C into a micro-extruder to form opalescent films. Those films are finally crosslinked under an UV light.

The production of such responsive photonic crystal involves a strong control on the design parameters of the BBs. Concerning building blocks, the coreshell architecture offers the possibility to set on the same time the refractive index of the scattering beads (core) and its surrounding matrix (shell). As seen earlier, the produced color can then be controlled by the thickness of the grafted shell, according to the core size. The conception of such colloidal object isn't straightforward, and require a careful control of the synthesis process.

Core-shell colloidal design

Microgels are made with a large variety of polymers, in organic solvent 134 or in water [135][136][137][138][139][140] . In order to explore different applications possibilities, they can be combined with different materials. They can be noticeably assembled into a core-shell architecture 141-148,148-159 . Several syntheses have been used in the frame of patented applications. In the next sub-section, a slight description of the synthesis processes usually developed are displayed Several synthesis ways exist to produce such core-shell colloidal designs.

They may be produced through the self-assemblies' properties of macromolecules, but most of the time they involved the sequential production of the core, then the organic shell. The targeted cores are then qualified as seeds on which the shell would be formed. The shell formation is a critical step, that may require pretreatment steps on the cores 'surface to reduce the surface tension differences with the forthcoming shell. Reactive functions may also add on seeds 'surface to make the shell through condensation reactions, or controlled radical polymerizations. In some cases, polymerizable surface functions may be available directly after the polymerization of the seeds. Consecutively, the shell can be directly synthesized and graft at its surface through seeded polymerization processes. The next section describes firstly the general synthetic overview of these synthesis ways.

Core-shell made by self-assembly

Solutions exist to perform the formation of core-shell structures laying on the self-assembly abilities of polymers. The driving forces are usually hydrophilic/hydrophobic interactions from polymerizable block copolymers (BCPs) or the electrostatic interactions from polymers wearing electronic charges. This solubility difference between hydrophobic/hydrophilic polymers is exploited to force the self-assembly of core-shell structures in water. In a first step, the hydrophilic material is synthesized as seeds. In a second step, the hydrophobic material is synthesized on those seeds. As the two step are done in water, at some point a phase inversion occurs, resulting in a core-shell structure with a hydrophobic core surrounded by a hydrophilic shell 154,156,157,160 .

A simpler approach can be performed in a "one-step" process to generate core-shell geometries. In such case, macro-monomers with hydrophilic chains (PEG, PVP) are combined with monomers leading to hydrophobic polymers (PMMA, PS) 153,161,162 .

A last synthesis path which use controlled radical polymerization can be exploited. Controlled radical polymerization can be presented as a "living" polymerization: the termination reactions are inhibited to the profit of growth reactions. Three main process are used: Reversible Addition-Fragmentation chain Transfer (RAFT) 163 Thanks to these processes, it is possible to form block copolymers that selfassemble into core-shell like structures in dispersed state. Such kind of process is also called Polymerization-induce Self-Assembly (PISA). However, these processes might expensive reactants and/or implies several purification steps to get rid of the remaining catalyst for a cosmetic application.

Electrostatic interactions can also be exploited to make multi-layered coreshell structures. In the associate reference 149 , the negatively charged polymer (poly(4-styrene sulfonic acid) ) is adsorbed on positively chitosan based core.

Successive layers are added by alternated addition of positively charged polymer (polyallylamine) and negatively charged polymer. The layer addition is realized with successive dispersions and filtrations.

Condensation reaction

Condensation reaction are also used to make core-shell structures. These reactions result in the formation of an ester or an amide bond. It involves usually carboxylic acid functions and hydroxyl/amines functions to form an ester/amide bond. This path permits to covalently link cores and molecules which present orthogonal reactive functions. These molecules can be unsaturated monomer as pre-made polymers.

In such way, thermo-responsive made core-shell structure can be made. In a first step PNIPAM cores are made by controlled radical polymerization. Then, PEI shell is grafted in a second step 142 with a condensation reaction of acids & amines functions.

An esterification process can also be employed to graft available double bonds on the surface of a core 148 . This process is thus combined with free radical polymerization to enhance the bonding of the hydrophilic shell on a hydrophobic substrate

Seeded polymerization

The process of seeded polymerization is a powerful tool to control the quantity of particles into the medium. It requires monodispersed particles of controlled sizethe seeds. In seeded emulsion polymerization, the main advantage is to limit the nucleation step. At the end of, the number of final particles is equal to number of seeds. For instance, Macchione et al. 165 and Ho et al. 166 reviewed several grafting methods to form hybrid particles and gathered them in three categories: "grafting-from", "grafting-to" and "grafting-through"(Figure 33). With "grafting-from" methods, the surface particle is decorated with initiator sites that can induce the polymerization of a new layer. With "grafting-to" conditions, polymers and particles surfaces possess orthogonal chemical functions able to react with each other, making a covalent bond between the grafted material and the seed. Finally, "grafting-through" methods involve the polymerization of surface functions on the seeds taking part into the polymerization process of the shell.

For all the seeded processes involved in the fabrication of photonic materials, the control of the shape and the size in the colloidal scale of the seeds is essential. Nowadays the control of these properties is achievable through wellknown emulsion and precipitation polymerization.

Seed synthesis -Emulsion polymerization

Colloidal beads are usually done through several synthesis methods that can be related to classical nucleation and growth theory. Depending on the surfactant quantity, from none with precipitation polymerizations to a high concentration with mini-emulsion polymerizations, the nucleation of the colloids will be altered.

It relies on the difference of solubility between the cores

Traditionally, suspension polymerization, dispersion polymerization, emulsion polymerization and precipitation polymerization are the preferred synthesis procedures for the polymerization of organic beads 167 . Among them, suspension polymerization involves a process in which monomers, relatively insoluble in water, are dispersed as liquid droplets with a steric stabilizer through a vigorous stirring. The size dispersion of particle is influenced by the control of dynamic process control (stirring). The achievement of small colloid is achievable, but at the cost of an increase of the size polydispersity, with reactions times up to 24 hours. In dispersion polymerizations, the beads formations rely on the solubility difference between the polymers and the monomers. It requires thus organic solvent, leading to the formation of swollen organic beads, sterically stabilized.

Indeed, stabilizers such as poly(vinyl pyrrolidone) (PVP) must be utilized to stabilize polymeric particles and prevent particles from coagulation Comparatively, precipitation polymerization is based on similar phase segregation of the growing polymer than the dispersion polymerization. The peculiarity of the precipitation polymerization comes from the absence of stabilizing agent which is a key element is dispersion polymerization: the growing oligomers are not swollen with the solvent and truly precipitate.

Figure 34. Comparison of several synthesis approaches for the formation of colloidal beads. Adapted from Arshady et al. 167

Emulsion polymerization allow to achieve easily small colloidal particles with a narrow size distribution (Figure 34). A typic emulsion polymerization requires the dilution of a quantity of surfactant, the surface agents dispersing the monomers into droplets. With this free-radical polymerization process, the polymerization is usually thermally activated thanks to the addition of an initiator into the hot mixture. The emulsion polymerization mechanism is well known 168,169 , and is usually described in two steps.

When the initiator is activated, usually through heating, free radicals are formed in the solvent where a slight fraction of the monomer is dissolved. The meeting of both molecules initiates the polymerization in the solvent, it's the nucleation step. Following the experimental conditions, several mechanisms happened simultaneously or in different proportions. Above the CMC, a large number of micelles are formed in the mixture. The small size and the number of the micelles is high against the reservoir droplets. The free radicals and oligo-radicals have statistically more chance to encounter a micelle than a droplet. In this case the nucleation mechanism is micellar. Under the CMC, the nucleation is called homogeneous. There are no micelles. Oligo-radicals precipitate in solution, stabilized by surfactants, when they achieve a critical size.

In both cases, the oligo-radicals growth is fed by the monomers diffusing through the solvent. A third mechanism is possible, when the initiator/oligo-radicals come directly into a monomer reservoir droplet. This droplet nucleation mechanism, is statistically disfavor in classical emulsion polymerization, due to its small number in solution. This nucleation step, is followed by a growth step. The polymerization continue in the nuclei until no more monomers are available. The control of the nucleation/growth step during the synthesis allow to control the particle size and its distribution.

In the case of a homogeneous nucleation, the concentration of latex particle can be set in function the concentration of surfactant and initiator operating during the nucleation process. Then, according to the Smith-Ewart Theory 168 :

{ 𝑁 𝑝 ∝ 𝐶 𝑠𝑢𝑟𝑓 0.6 𝑁 𝑝 ∝ 𝐶 𝑖𝑛𝑖𝑡 0.4
Where Np is the average number of latex particles nucleated per unit of volume of water, Csurf and Cinit are respectively the surfactant concentration and the initiator concentration. In other terms, it allows for a defined quantity of monomer to control the size of the latex particle in function of the number of particles nucleated: the higher the NP values, the lower the final latex size.

Nevertheless, the chemical affinity between the seeds, the polymer forming the shell and the solvent is crucial to control the design of the final colloidal objects.

Indeed, Herrera et al. 170 suggested a phase diagram (Figure 36) covering the possible scenarios in function of the surface tension evolution between the seeds (1), the material forming the shell (2) and the solvent (3). Organic seeds can be designed to prevent the phase inversion between the core/shell material. Indeed, the macromolecular chains constituting the seeds can be covalently crosslinker during their synthesis, leading the formation of a three-dimensional mesh with fixed nodes. 

Seeded emulsion polymerization

Core-shell architecture can thus be designed through successive seeded emulsion polymerization. The second emulsion polymerization is performed in presence of already synthesized latex, the seeds. Here again, the seed are introduced to inhibit the nucleation phenomena of the precipitating polymer and promote its the growth on the latex surface. As a usual emulsion polymerization, the process is commonly done in water with the presence of surfactant 139,143,145,150,151,171,172 . The hydrophobic monomers are polymerized under the control of the temperature, the stirring speed, the initiator and surfactant concentrations. The seeds are usually purified by dialysis or centrifugation, before the shell grafting step.

Seeded emulsion polymerization is especially exploited to form hybrid coreshell structures, with an inorganic core. By skipping the polymer nucleation step, the seeded process allow to grow a variety of polymers on organic as inorganic colloidal object, as on carbon quantum dots 144 or on gold nano-rods 146 . PNIPAM can be used as a core 147 or shell material, depending on the application & the properties aimed. The core-shell structure is usually obtained through a seeded polymerization. In the optic of forming a PNIPAM shell, the seeds are firstly systematically purified 146,155 when a free radical polymerization is involved. Indeed, the presence of residual surfactant is known with PNIPAM to inhibit its growth on seeds 173 . The seeds used can be whether made with a hydrophobic polymeric material 155 , or an inorganic material 144,146 . However, seed purification can be avoided in at least two cases. The first one when the core is also made of PNIPAM 147 , the shell monomeric material is then added consecutively at the core synthesis. The second one is when polymerizable inorganic carbon quantum dots 144 are used as seeds.

Seeded precipitation polymerization

The case of seeded precipitation polymerization of thermo-responsive material appears in the literature. In the work of Anderson et al, they used process of seeded precipitation polymerization to graft thermosensitive PNIPAM microgels on a PS particles 174 . They synthetized firstly PS seeds by emulsion polymerization.

Then, by adjusting the quantity of latex and PNIPAM microgel precursor, they synthesize particles with several hydrodynamic thickness of PNIPAM shell. In few words, they dissolve NIPAM and MBA (crosslinker) into latex solution, then they inject KPS (initiator) into the mixture at 70°C. Due to its VPTT, the PNIPAM microgel synthesized at this temperature is hydrophobic in an environment made of water and PS particles. It results a promoted aggregation of the PNIPAM microgel nuclei on the PS particle to reduce the surface tensions in the solution.

It seems that the grafting of the PNIPAM on the PS seeds is due mainly to physical properties of the microgel. Once adsorbed at the surface of the PS seed (T°>VPTT), the microgel is kept at the surface due to its high glass transition temperatureTg (TgPNIPAM = 90°C) and the reticulation nodes that maintain the integrity of the shell. As the synthesis is made under a free radical process, some transfer reaction could possibly occur between the core and the seed material and then stabilize the grafting.

The way to introduce monomers in the mixture as a strong impact on the grafting quality. It seems that the seeded precipitation polymerization realized in starved conditions could promote, the transfer reaction between the core and the microgel, but with the apparition of a inhomogeneous shell in the case of the PNIPAM.

Seeded precipitation polymerization are done often from seeds made by emulsion polymerization. In the case where the seed are not purified, the presence of surfactant could interact during the grafting step. Indeed, considering the work of Nguyen 176 , the nucleation step of the microgel could be a key parameter to control the particle morphology and the grafting efficiency. In another work of Andersson et al. 173 , the surfactant concentration appears to stabilize the formation of smaller PNIPAM microgel particles. This involve that the presence of surfactant in a seeded precipitation polymerization could induce the nucleation of more microgels nuclei, with a smaller critical diameter, than in the same conditions without surfactant. Depending on the ionization state of the MAA part, which is pH dependent, the water/polymer solvent can be either reinforced or inhibited. Moreover, they also demonstrated very interesting cohesive and self-supported film-forming properties by water evaporation 181 . This POEGMA-based microgel offers several advantages to the elaboration of a photonic material: performant self-assembling properties and strong cohesive interaction thanks to chains entanglement (Figure 38).

Figure 38. Images of OEG-based microgel films prepared by solvent evaporation of a) P(MEO2MA-co-OEGMA-co-MAA) microgels, b) γ-Fe2O3/P(MEO2MA-co-OEGMA-co-MAA) hybrid microgels with 16 wt-% of γ-Fe2O3, c) Elastic self-assembled γ-Fe2O3/P(MEO2MA-co-OEGMA-co-MAA) hybrid microgels films at the equilibrium state (i) and after elongation (ii). Adapted From Boularas et al. 181

Throughout the rest of the document, this last multi-responsive microgel will be developed toward the design of hard-core@soft-shell building block, for the elaboration of bio-inspired photonic crystals.

Conclusion

Among the multitude of creatures displaying with iridescent coloration, their ornaments all share a regular organization of the matter which constitute them at the colloidal scale. This regularity is characterized by a periodicity, either in one, two or three dimensions, and by a corresponding alternation of material with different optical properties. This specific organization of the matter at the colloidal scale, i.e. between 1 and 1000 nm, is associated with the apparition of iridescent colorations. These structural colorations are even able to be modified depending to the self-assembled structure. The overview about the light-matter interactions exposed the light diffraction phenomenon involved with such colors.

The electromagnetic interactions within periodic materials are extremely sensitive to the unit cell design, and the refractive index of the matter which constitute it.

The colors are produced because of photonic band-gap, analogue to electronic band gap in dielectric materials, and induce a selective reflection of light wavelength corresponding to the forbidden band-. The position of this photonic band-gap can be easily predicted with a Bragg-Snell equation for crystals made of spherical building blocks.

Artificial Photonic crystals can be made with a large variety of choices, depending of the production conditions. We exposed the advantage of "bottom-up" technics, involving the self-assembly of colloidal building blocks (BBs). One branch of among the tree of possibilities offered by bottom-up technics rely on the evaporation forces during the drying of a dispersion of building blocks. Convective and capillary forces take part in the self-assembly mechanism of the colloidal BBs.

The drop-casting/solvent evaporation approach remains one of the most accessible technics to get a fast answer about the optical properties achievable by a BBs' dispersion. For the elaboration of artificial photonic crystal, the design of the colloidal objects remains a key feature to control the optical and mechanical of the final self-assembly. Among the choices of synthesis strategies available, the seeded polymerizations are ways to produce core-shell spherical object, with an efficient control on its dimensions and its properties. The core-shell architecture has been used as a design of choice for the elaboration of responsive self-assembled photonic crystals, In the next section will be presented the synthesis attempts to form colloidal spheres with a core-shell design with a hard sphere and a soft shell. 

Introduction

Colloidal crystals are materials presenting a periodic arrangement at the colloidal scale. When the adequate conditions are reunited, as described in the previous chapter, the light wavelength can be selectively diffracted and produce colors in the visible range: the material is thus considered as a photonic crystal.

The utilization of viscoelastic polymer allows to develop switchable colors, such as mechanochromism [1][2][3][4][5] . The elaboration of such responsive & bio-inspired colors is achievable through the self-assembly of core-shell colloidal spheres [6][7][8] . Seeded emulsion and precipitation polymerization are two promising approaches to conceive these multilayered architectures. Here, we investigated the conception of hard core with high refractive index surrounded by soft materials with lower refractive index. The main purpose was to integrate a multi-responsive microgel made of POEGMA onto polystyrene cores to develop color switchable materials.

The Bragg-Snell coloration being expected in reasons of the performant selfassembly properties of the POEGMA-based microgel (MG), and the refractive index difference between the core (n PS ≈ 1.59), and the surrounding matrix (n POEGMA ≈ 1.47) in the dried films. Nevertheless, the synthesis and the characterization of such objects are not straightforward. A peculiar attention was brought on the effective grafting of the MG shell to promote the self-assembly of regular arrangements. In this context, two different colloidal designs were explored, core-interlayer-shell (CIS) 9 and core-shell (CS) 10 particles. The CIS design was firstly explored with the expectation that an adhesive interlayer may promote the effective grafting of the shell. An interlayer of poly(n-butyl acrylate) was chosen due to its adhesive properties associated with its low Tg (Tg PBA ≈ -49 °C ) but also to its refractive index close to the POEGMA shell (n ABu ≈ 1.46).

Core-interlayer-shell: adhesion on interlayer

Synthesis protocol

The synthesis of the core-interlayer-shell rely on three successive steps of polymerization. The core is obtained through the polymerization of Styrene S and a crosslinker, the divinylbenzene (DVB) in dispersed media (emulsion). The interlayer is made from n-butyl acrylate (BA) and diethylene glycol methacrylate (EGDMA) from PS seeded polymerization and form a core@shell PS@PBA colloid.

Finally, the responsive POEGMA-based shell is synthesized through a seeded precipitation polymerization, thanks to the raw PS@PBA seeds' dispersion previously obtained.

Polystyrene beads (core)

Materials: Styrene (Sfrom Sigma-Aldrich); divinylbenzene (DVBfrom Sigma-Aldrich); Sodium Dodecylsulfate (SDSfrom ABCD); potassium persulfate (KPSfrom Sigma-Aldrich).

The PS cores are produced from the emulsion polymerization of the St with DVB. The total amount of DVB, the crosslinker, is calculated to keep a molar ratio o n DVB n St +n DVB = 5%. The surfactant (SDS) concentration is controlled, according to the core size targeted (Appendix 1, p. 211). The final solid content targeted -SCth, considering a conversion rate of 100%, is adjusted with water to keep 𝑆𝐶 𝑡ℎ = 6.0 ± 0.5 𝑤𝑡%.

For instance, in 1.5 liter 3-neck rounded bottom beaker set up with a thermostat and a mechanical stirrer, 650 g of MiliQ water and a mass mSDS of sodium dodecylsulfate were mixed. Successively, the mix of 42.636 g (0.409 mol) of styrene and of 2.647 g (0.020 mol) of DVB were added into the reactor. The mixture was then stirred at 300 rpm for 45 min under bubbling nitrogen gas while the temperature was increased to 70 °C. After 45 min and once the set temperature was reached, a degassed aqueous solution of KPS (0.193 g (0.7 mmol) /10 mL) was injected into the reactor.

After 3 hours, of reaction, a sample was withdrawn for analysis right before the successive synthesis of the poly(n-butyl acrylate) layer (PBA) reticulated with EGDMA.

PBA interlayer

Materials: n-butyl acrylate (BAfrom Sigma-Aldrich); ethylene glycol dimethyl acrylate (EGDMAfrom Sigma-Aldrich); Sodium Dodecylsulfate (SDSfrom ABCR), potassium persulfate (KPSfrom Sigma-Aldrich).

The PBA interlayer is produced from a seeded emulsion polymerization with the previously made PS dispersion. The total amount of EGDMA, the crosslinker, is calculated to keep a molar ratio of The following protocol theoretically lead to a solid rate of 8.5 ± 0.5 wt%. The theoretical shell as the same composition than the Boularas microgel, with a OEGMA/MEO2MA ratio of 10 mol%, a MAA/(OEGMA + MEO2MA) ratio of 5 mol%, a crosslinker/monomers ratio of 1.92 mol% and a initiator/vinylic molecules ratio of 0.86 mol%. The quantity of microgels precursor and seed dispersions is adjusted in function of the wanted balance between thermosensitive shell and the core of the particle. For instance, to achieve at 25 wt% of shell material against the theoretical final solid content, the following protocol is used with PS@PBA seeds.

Firstly, MEO2MA (14.0466 g -74.7 mmol), OEGMA (3.9420 g -8.3 mmol) and crosslinker (0.4160 g -1.7 mmol) were dilute into the seed dispersion (20 g -0.111 g/mL) and mixed with a magnetic stirrer. This solution and a complement of seed dispersion (460 g -0.111 g/mL) were introduced into a 1.5 liter 3-neck rounded bottom beaker equipped with a mechanical stirrer (set at 300 rpm). The reactor was purged with nitrogen for 45 min at room temperature to remove oxygen. When the purge is over, a mix of dissolved MAA (0.3726 g -4.4 mmol) into seed dispersion (20 g -0.111 g/mL) was introduced in the reactor. The system was heated up to 70 °C for 30 min, then an aqueous solution of KPS (0.2071 g (0.8 mmol) / 20 mL) was introduced in the reactor. Finally, the reaction was let for 6 hours, then stopped by cooling the mixture and by opening the reactor to the air

Size distribution and morphology (AFM/TEM and DLS)

The colloidal objects were firstly analyzed to evaluate the shell grafting step on the overall size dispersion and on the morphology of the spheres. The size dispersion was evaluated by Dynamic Light Scattering (DLS), whereas the morphology of the particles was probed by Atomic Force Microscopy (AFM).

Figure 1a shows the size evolution of the colloidal particles after the successive grafting step. Figure 1 displays the size of PS spheres, with an average size of 140 nm, named PS140. Then after a grafting of a PBA layer, a core@layer object is achieved, named PS140@PBA180 with an average hydrodynamic diameter of 180 nm, corresponding to a PBA layer with a thickness of 20 nm. Finally, the grafting of the microgel shell give rise to the formation of core@interlayer@shell objects (CIS), named PS140@PBA180@MG(25wt%) with a size around of 214 nm at 60 °C (collapsed state) . Indeed, the CIS spheres displays an analog temperature and pH responsive behavior due to the microgel shell than microgel particles 11 . The pH was set with a citrate-phosphate buffer 12 , made from solutions of citric acid and Na2HPO4 respectively at 0.01 and 0.02 mol/L. Below its Volume Phase Transition Temperature (VPTT), the shell@microgel is swollen by the solvent due to H-bonding between the polymer and water. Above the VPTT, the polymer/solvent interactions are destabilized, reinforcing the polymer/polymer interactions: the shell@microgel collapse, with a volume decrease (Figure 1b). Due to the presence of methacrylic acid, the polarity of the microgel chains can be tuned according to the pH of the solvent. The more ionized the carboxylic acid, the stronger the water/polymer interactions. That's why a shift of the VPTT occurs when the solvent become more basic -pH increase (Figure 1c).

The morphology of the objects after these two successive grafting is observed through AFM (Figure 2). The objects appear spherical, with a significant modification of the size and the mechanical properties of their surface. The AFM in PeakForce mode allows to gather information about how the tip of the apparatus, probing the surface, adhere to the surface. From this information is extracted an evaluation of the stiffness of the surface. After the grafting steps, the particles appear softer than the initial PS seeds. This mechanical modification relies on the viscoelastic properties of PBA and PEGMA material characterized by a negative glass transition temperature. In other terms, the polymeric chains of the layer/shell are flexible and develop weak Van der Waals interactions with the tip, typical of rubbery materials.

Those CIS material were then self-assembled into film by solvent evaporation. Briefly, the raw CIS suspension was let drying on a polystyrene petri dish mounted on a heating plate set at 40 °C, above the shell VPTT. The UV-visible spectrum was then acquired by transmission photospectrometry, in the visible range. It must be mentioned these substrates absorb strongly light in the range below 300 nm due to aromatic chemical function of PS material (Figure 3). The spectrum registered in the extended visible range (300 -700 nm) was considered valid, as at least 60 % of the light is not absorbed by the support.

Therefore, the support contribution to the gathered signal is removed thanks to a blank with a petri dish support before each analysis. The spectra obtained are then normalized with respect to their maximum intensity to further comparisons. Figure 3a displays a spectrum with a distinctive scattering behavior associated to an increase of the apparent absorbance in the wavelength range of 300-500 nm. This absorbance increase is assumed to be cause by a selective reflection due to the scattering and diffraction of colloidal objects. Indeed, the films don't show any iridescent coloration, and trend to produce a blueish coloration independent of the observation angle (Figure 3a). However, a slight scattering peaks may be identified at a wavelength coherent with the PS@PBA size, according to the Bragg-Snell equation (Figure 3b).

The AFM observation of the film surface made from raw suspension displays an apparent "skin" hiding the colloidal arrangement (Figure 3c). The same film was then prepared to observe its cross-section by cryo-ultramicrotome. To do so, the films were firstly frozen at -120 °C with liquid nitrogen, then the section was sized to form a pyramid of which the top surface was surfaced at the controlled speed of 10 µm/s. The sample was then let at ambient temperature in a close flask with desiccants to limit the frost formation. The surface of the truncated pyramids was then observed by AFM. The cross-section displays a disordered arrangement of colloidal beads but with the presence of smaller particles, with diameters around 50 nm (Figure 3c raw). The same suspensions were then purified through 5 centrifugation/redispersion cycles in MiliQ water at 10.000 rpm, for 30 minutes.

The films made from those purified suspensions gave rise to surface without "skin", but still with disorganized arrangement, even with cross-section pictures. Those smaller particles were not observed with films made from purified suspensions (Figure 3c purified).

Impact on the self-assembly (UV-vis. & AFM)

A comparable study was then performed on a CIS system made with a bigger PS with an average hydrodynamic diameter of 190 nm. In the same way, a PBA layer was grafted on those PS seeds, giving rise to beads with an average hydrodynamic diameter of 250 nm, before the grafting of a microgel shell. Here, a higher amount of microgel was introduced, with a mass ratio of 50 wt% of microgel monomers against the targeted total solid content. As previously, the grafting steps induce also a softening of the colloidal surfacedarkening of the particle with stiffness contrastcoherent with the viscoelastic properties of the material (Figure 4). Nevertheless, the observation of raw CIS beads shows clearly the presence of soft and spread residue after the microgel grafting step. The more the quantity of microgel monomers, the larger is the size of these residues. Moreover, these residues show a significant impact on the self-assembly properties. Indeed, Figure 5 shows the organized patterns produced by the selfassembly of the cores and the core@layer beads made by ambient solvent evaporation. The arrangement is regular, crystalline, in comparison with the films made from raw CIS particles at 40 °C, where non-order is discernable. No impact of the temperature on the beads ordering was identified. It appears thus this microgel shell grafting step is identified as causing a loss of the arrangement's periodicity. Figure 6 Left -Raw spectra of films from solvent evaporation of suspensions of PS190@PBA250 and PS190@PBA250@MG(25wt%) and PS190@PBA250@MG(50wt%). Right -Identified Bragg peak from the difference of the experimental data and the fitted baseline. Bottom -Schematic of suspended particles with pictures of films made from corresponding raw suspensions.

This first approach to graft this thermo-responsive microgel shell shows significant secondary nucleation can happens. This secondary nucleation induces the formation of free polymeric material, swollen in the suspension. These small objects appear then invisible to DLS analysis, the refractive index between these particles and the solvent being too weak to induce a measurable signal. However, they were found, by AFM, to be the cause of disorder after the self-assembly process. In order to effectively graft this microgel shell, a simplified approach is discussed in the next section of this chapter.

Core-shell systems

The synthesis of core-interlayer-shell material implies several uncertainties about the role of the interlayer, especially its implication during the microgel nucleation and growth. The architecture of a simpler core-shell system has the advantage to reduce the synthesis steps and focus on the fundamental properties of the targeted beads: a hard core, a soft shell and a significant refractive index difference. In this context, this section focuses on the conception of core-shell beads (CS) made of PS core, with a shell of microgel.

Firstly, core-shell beads were made with the previously described PS beads cross-linked by DVB. Obviously, the grafting step of the PBA layer was skipped, and the core-shell was synthesized with the raw PS-DVB seed dispersion. A mass fraction of microgel of 50 wt% was aimed, giving rise to PS-DVB@MG(50 wt%).

Figure 7a shows the films after the solvent evaporation of raw CS suspension. Small beads are distinguishable as traces of secondary nucleation occurring during the shell grafting. The study of isolated particles (Figure 7 b &c)

shows a large number of spread nanoparticles. The shape of these small objects, with a width higher than their height attest of their soft viscoelastic properties attributed to microgels secondary nucleation. More, the "core-shell" objects containing a PS core present heterogenous morphologies (Figure 7a), surely troublesome for the self-assembly of photonic crystals. From previous experiment, it appears the microgel grafting step is a critical issue to the formation of colloidal photonic crystals. Herein, we targeted the chemical modification of the hard cores as a simplified experimental approach to produce colloidal crystals.

In consequence, two different kinds of PS core were synthesized. The main difference lay in the crosslinker used for their conceptions. On one hand, divinyl benzene (DVB), with a chemical structure close to the PS beads, on the other hand, ethylene glycol dimethacrylate (EGDMA), closer to the POEGMA-based microgel from a chemical point of view. The shell grafting step was investigated through a semi-batch process in order to limit the risk of secondary nucleation.

Synthesis protocol

Two kind of PS cores were thus made with different crosslinkers. The amount of crosslinker, DVB or EGDMA, was fixed at 5 mol% with respect to styrene monomer. The shell material was grafted upon the raw seed suspension through a semi-batch process. with different experimental conditions. The grafting step of the POEGMA shell is then performed on the obtained raw seeds. As raised in the introduction of this section, a semi-batch approach is investigated for this grafting step, in parallel of the crosslinker modifications. In our case, it involves the continuous injection of the monomers and the initiator solution in the raw dispersion of the seeds. According to the work of Shi et al. 13 where similar semi-batch technic was employed, it may promote the growth of shell by seeded precipitation polymerizations. Briefly, the slow addition of monomers set the polymerization in "starved" conditions, where the growth of the polymeric chains depends on the "feeding" speed, e.g. the monomer injection speed. The purpose here is the inhibition of the risks of secondary nucleation, and then promote the growth of the shell. To do so, the initiator is injected in concomitantly, to progressively initiate the POEGMA polymerization.

The following protocol theoretically leads to a dispersion with a final solid rate of 8.9 ± 0.3 wt%. The monomers are prepared to keep a OEGMA/MEO2MA ratio of 10 mol%, a MAA/(OEGMA + MEO2MA) ratio of 5 mol%, a crosslinker/monomers ratio of 1.92 mol% and a initiator/vinylic molecules ratio of 0.86 mol%. Three different injections speeds are explored thanks to an automated push-syringe: 120, 6 and 1 mL/h. The volume of each syringe is adjusted with water to be similar. The shell to material ratio is set at 50 wt%.

In 1.5 liter 3-neck rounded bottom beaker set up with a thermostat and a mechanical stirrer, 132.256 g or 139.707 g of raw PS-EGDMA or PS-DVB seeds' dispersioninitial solid content of 5.7 and 6.0 respectivelywas degassed under nitrogen gas, stirred at 300 rpm and heated up to 70 °C. In parallel, two mixtures were prepared. The first one, the monomer aqueous dispersion, made with 0.150 g of MAA, 8.000 g of MiliQ water, 6.000 g of MEO2MA, 1.515 g of OEGMA and 0.183 g of OEGDA. The second mixture was an aqueous solution of KPS (0.0874 g/ 20 mL). Both were degassed for at least 15 minutes. Once the reactor was at the right temperature and after at least 45 minutes of nitrogen bubbling, the reactants were injected with a controlled injection speed thanks to an automated push-syringe, at 120, 6 or 1 ml/h.

Once the injection was done, the seeded polymerization was let to occur for 6 hours, then stopped by cooling the mixture and by opening the reactor to the air.

Impact on the size and the morphology

The hydrodynamic diameters of the core-shell (CS) particles at 60 °C was compared to the one of the PS seeds used. Each DLS measurement is an average of at least 50 acquisitions, with for all a monodisperse size distribution characterized by a polydispersity index (PDI) below 0.1 (Figure 8). Whatever the sample, spheres with homogeneous shapes can be guessed, with average diameters close to the measured heights. AFM analysis allows to perceive a surface according to its contrast of mechanical properties. For each set of pictures, is displayed representation of the same area, either in function of its topography, or its stiffness. The stiffness is measured according to the measurement of the Derjaguin, Muller, Toropov, or DMT modulus, giving an approximation of the Young's modulus of the surface. In brief, the whiter the area, the stiffer the surface.

Due to the size dispersion of the colloidal object, no reliable information about the impact of the process on the size evolution can be done. However, it clearly appears that all the protocols considered lead to a darkening of the beads' surfaces, with respect to the silicon, compared to the initial PS beads. The softening of beads can be related here also to an effective grafting of the microgel shell.

The comparison of the particles spreading on the surface may give also information about the relative efficiency of each grafting protocol. Indeed, due to the viscoelastic properties of POEGMA material, the thicker is the shell, the more spread the CS particles on the wafer surface. However, AFM tip trends to slightly oversize the measured diameter, due to its geometry. The geometrical characteristic of the tips can be integrated simply in a relation described in the work of Canet-Ferrer et al. 14 to correct the diameter (width) measurements. • The particles' widths of the dried CS beads are related to the hydrodynamic diameters of the collapsed core-shell particles at 60 °C. The Standard deviation overlaps nonetheless the average value measured by DLS is often superior to the AFM measurements as expected. With DLS measurement, the shell's particle may remain swollen, even if the temperature is above its VPTT. Moreover, the light scattering gives access to the hydrodynamic diameter, which over evaluates the size of suspended object since it considers the solvation sphere surrounding the particles.

• The width/height ratios measured by AFM give access to a relative evaluation of the shell quantity grafted on the seed surface. With such consideration, the particle the more spread is the CS particle with a PS-EGDMA core and a high injection speed (120 mL/h) 

Grafting rate evaluation

The evaluation of the grafting efficiency can be done in three different ways.

The first one consists in the evaluation of the diameter of purified core-shell particles and compare this diameter to a theoretical one. The theoretical diameter is calculated considering some assumption on the particle density, and the absence of secondary nucleation during the grafting step. In this case, the diameters ratio (experimental/theoretical) gives a first consideration of the grafting efficiency. The experimental methods involved are DLS (hydrodynamic diameters), and microscopy technics (AFM, TEM). Nevertheless, light scattering technics has the advantage to quickly gives an average value on a large population, at the opposite of visualization technics. That's why DLS is preferred in the rest of the manuscript for grafting rate evaluation. In such case, the grafting rate is expressed as:

𝛾 𝐺𝑟𝑎𝑓𝑡 𝑆𝑖𝑧𝑒 = 𝐷 𝑒𝑥𝑝 3 -𝐷 𝑐 3 𝐷 𝑚𝑎𝑥 3 -𝐷 𝑐 3 & 𝐷 𝑚𝑎𝑥 = √ -(𝐷 𝑐 ) 3 𝑓 𝑀𝐺 𝑚 -1 3
With Dmax the theoretical diameter of the core-shell particle, considering that the density of the shell and core are equal, no secondary nucleation occurs, and the particle are spherical. Dc is the core diameter, 𝑓 𝑀𝐺 𝑚 is the theoretical mass fraction of microgel in the solid content and D exp is the experimental diameter measured by DLS or microscopy.

Briefly, the raw suspensions are diluted roughly to 1 mg/mL with MilliQ water, then analysis with a Malvern ZetaSizer Nano Dynamic apparatus.

The second way to evaluate the grafting efficiency consider the chemical nature difference between raw dispersion and purified dispersions. Indeed, after purification, the suspension is free of un-grafted microgel whereas the proportion For both TGA and FTIR-ATR, the films are prepared from suspensions dried under ambient conditions for at least 1 day and put in the oven for 6 hours under vacuum at 70 °C, just before TGA analysis.

With TGA, the data is gathered with an Q50 TA instrument apparatus. To do so, the films were heated from ambient temperature to 550 °C at the rate of 10 With FTIR-ATR, the apparatus used was a Nicolet iS50 FT-IR TM from Thermo Fisher Scientific. Each FTIR-ATR spectrum was made consecutively to a background acquisition of the ambient atmosphere. In such case, the values of 𝑟 𝑀𝐺/𝑃𝑆 are taken from MG/PS absorptions ratio (Figure 12). The two absorption peaks considered are located around 690 cm -1 and around 1110 cm The data were systematically treated with an automated baseline correction. More, as the ATR spectroscopy trends to overestimate the intensities of signals with low wavelength number, an automated ATR correction provided by the apparatus software was also performed. This correction considers, the crystal nature of the ATR set-up, here a diamond, the incidence angle, here 45° and the refractive index of the sample averaged at 1.50.

It is worth noting that the FTIR-ATR analysis was performed from the reflection of a light beam that penetrate evanescently inside the sample before being reflected up to the detector. The depth penetration of the incident IR beam must be superior than at least a row of CS particles (~0.5 µm) to get chemical information on the shell/core composition. Table 1 presents the evaluation of the depth penetration of the incident beam, according to our experimental set-up.

Here, the refractive index of the sample is taken between two extremums constituting the suspensions, corresponding to the water and the poly(styrene). In those conditions, the depth probed by ATR is sufficient to go through at least one monolayer of CS particles, in wavenumber range of 500 -4000 cm -1 .

Table 1. Variation of the depth penetration of the incident IR light in a sample in function of the wavenumber.

The viability of both procedures, TGA and FTIR-ATR, were confirmed with the characterization of films with a known MG/PS ratio, leading for each technic, to the corresponding calibration curves (Figure 13). The masses ratios are traced in function of the TGA intensities ratios or the FTIR-ATR absorbance ratios. For each experiment, it appears a linear relation between the masses' ratio and the experimental data. More information about the relative quantification approach is available in appendix 3, p.216. The existence of a linear relation between the absorbances ratio and masses ratio has serious advantages for the evaluation of the shell grafting rate. Indeed, in case of seeded precipitation polymerization, the shell formation may induce the formation of free objects. This un-grafted material, possibly a mix between water soluble polymers and nano/microgels, can be removed through several centrifugation/redispersion cycles of the raw suspension (Figure 14). with the grafting rate evaluation of PS-EGDMA@MG and PS-DVB@MG core-shell particles (Figure 15). From these three different approaches, an average value of the grafting rate is calculated for each injection speed. The Figure 15 confirms the trend identified previously. With CS made from DVB crosslinked cores, the highest grafting rates are effectively obtained with the slowest injection speed with an average value of 58 ± 8 wt%. The two highest injection speed, 6 & 120 mL/h, are associated with a decrease of the grafting rates, with respectively 36 ± 9 and 38 ± 15 wt%. With PS-EGDMA seeds, outstanding grafting rates are achieved with the highest injection speed, with an average value of 90 ± 9 wt%. For the 6 mL/h and 1 mL/h injection speeds, lower values are reached with average values of 47 ± 4 and 52 ± 4 wt%.

The PS-DVB series shows that a slight improvement of the grafting rate may be effectively achievable through the utilization of a semi-batch process with starved condition. Nonetheless, the utilization of a different crosslinker, here EGDMA improves significantly the probability of an efficient grafting. In this case, the grafting rate skyrockets when the monomers/initiators preparations are rapidly injected in the seed suspension.

Impact on the self-assembly

The impact on the grafting rate on the self-assembly was focused on seeded EGDMA CS beads. The surface of films from raw and purified suspension were observed by AFM after solvent evaporation on a heating plate at 40°C. Surface images brought information on the self-assembly ability on the suspension, depending on the shell grafting rate. The samples' images are thus films from raw with ungrafted material and purified dispersions. Organization of particles presenting a grafting rate of around 90% and 50% are then compared (Figure 16). It appears firstly than higher is the grafting efficiency, higher is the particle organization on the film surface. The improvement of the surface organization is especially noticeable with purified dispersion. About raw films, no nanogels are observable for both dispersions. However, in the case of the slow injection speed (1mL/h), the presence of a slight "skin" seems cover the surface.

A decreased injection speed seems impact the microgel nucleation, limiting the formation of nanogels, however the presence of WSP still perturbs the particle organization. With the highest injection speed comes the raise of grafting rate. This process allows the particle to form a more regular array. This phenomenon can be associated with the strong abilities of microgel particles self-assembly.

As seen above, the highest injection speeds for the synthesis of PS-EGDMA@MG particles lead to an improvement of the particle organization, but what consequence does-it have on the film's optical properties? The Bragg diffraction phenomenon result from the interaction of the light with a well-ordered array. However, in our case, because of the size of the particle, Mie scattering phenomenon occurs simultaneously in the same spectral area. In order to evaluate the impact of the structural coloration on the Bragg diffraction intensity, it's required to separate the Bragg contribution from the spectrum. The isolated scattering spectrum is simulated by a function which is a combination of a classical exponential decrease and a power law. The UVvisible transmission spectra were obtained in a range of 300 nm and 800 nm, with a step of 1 nm. The apparatus was an UV-2450 spectrometer from SHIMADZU. The films were drop casted on a PS support relatively transparent in UV-visible.

With λ, the incident wavelength and k0, 𝜏, 𝜎, c as fitting parameters, the equation is fitted on the experimental spectrum truncated from around 400 nm to 550 nm, corresponding to the area where the Bragg diffraction occurs. This empirical equation allows the reconstruction of a reliable baseline (r² > 0.999) of the scattering spectrum for each sample, without any diffraction phenomenon. The intensity difference between the experimental and the fitted baseline gives an evaluation of the Bragg contribution intensity in the experimental spectrum. It is then possible to compare the samples spectrum and observe how the synthesis process impact the Bragg diffraction (Figure 17). This empirical approach was applied to all dry films of PS@MG. A slight decrease of the Bragg contribution is observable for core-shell particles from PS-DVB seeds, following the drop of the MG grafting rate (Figure 18).

Figure 18 (a) & (c) UV-visible spectrum of a film made from a raw suspension of PS@MG(50wt%). The curve with the dashed line displays the baseline considered to isolate the diffraction peak. The baseline is traced from a partial fit on the experimental data from decreasing exponential function describe above. (b) & (d) Difference between experimen tal data and the fitted baseline. (a) & (b) Samples series with seeds crosslinked with DVB. (c) & (d) Samples series with seeds crosslinked with EGDMA.

However, for PS-EGDMA systems, the Bragg contribution raise significantly with the augmentation of the grafting rate. Globally, the intensity of the Bragg contribution raises with the grafting efficiency of the microgel phase. This result appears coherent with the improvement of surface organization observed with the AFM.

Conclusion

Core-shell like colloidal beads offers the possibility to conceive responsive photonic crystals. The elaboration of colloidal spheres made with a hard core of PS and a soft shell of POEGMA has been investigated. The purpose of such architecture is to control the shell thickness of the POEGMA layer and then control the parameter of unit lattice characterizing the crystalline arrangement.

The use of an adhesive interlayer of PBA has been firstly investigated through a batch process, with the direct mixing of the POEGMA monomers and the PS@PBA seeds.

The observation via atomic force microscopy of films and isolated colloids highlighted POEGMA grafting issues. The outer shell synthesis leads to the formation of free POEGMA microgel particles due to secondary nucleation phenomenon. It has for consequence an inhibition of the self-assembly ability of the core-interlayer-shell CIS particles with respect to their seeds. A simplification of the colloidal design was then performed to focus on the POEGMA grafting on PS as core-shell CS particles, with less time and steps-consuming.

Core-shell CS architectures made of POEGMA-based microgel around crosslinked PS spheres was thus aimed. Two series of cores were compared, one crosslinked with DVB, with a similar chemical structure to PS, the other with EGDMA displaying chemical similarities with the POEGMA-based microgel (MG). In addition, a semi-batch synthesis protocol was tested, with a continuous introduction both of the monomers and the crosslinker in the seed dispersion. Several injection speeds were probed. The grafting rate of the POEGMA shell was evaluated from several characterization approaches to identify an effective synthesis pathway for the elaboration of PS@MG particles. The semi-batch protocol with a high injection speed involving the use of PS sphere crosslinked with EGDMA gives rise to the highest grafting rate, with an average grafting up to an average value around 90 ± 9 wt%. The improvement of the grafting rate is correlated with the formation of more organized self-assembled films, giving more intense structural colors.

To conclude this section, we have presented a way to make core-shell particles through two successive steps. We have managed the synthesis to overcome the requirement of intermediary purification with seeded precipitation polymerization 10,13,15,16 . The copolymeric POEGMA shell offers a tunable VPTT 17 in contrast with classical acrylamide-based materials 18 . Moreover, the biocompatibility of the shell 19,20 give rise to interesting development, especially for skincare applications. 

Introduction

In the previous chapter, several technological limitations were identified for the elaboration of core-shell beads without the utilization of intermediary purification steps. Fortunately, a synthesis method has been identified for the grafting of a thermo-responsive POEGMA-based microgel on PS spheres. In this chapter, we expose the design of several core-shell particles, with different thickness of shell producing films with tunable colorations. At this end, the architecture/composition of the beads were followed by AFM, TEM, DLS and FTIR-ATR spectroscopy, similarly to the previous chapter. The self-assembled photonic crystals were then characterized by AFM/SEM microscopy and by UV-visible photo spectroscopy to identify the crystalline lattices formed, and their spontaneous mechano-chromic responsiveness. Finally, a focus on the copolymer composition that constitute the shell is presented, aiming the promotion of the self-assembly properties of raw suspensions. The impact of the core size on the self-assembled structure is also discussed. Here, in 1. The grafting step of the POEGMA shell is then performed on the obtained raw seeds, according to the protocol identified in the previous chapter.

Tunable coloration

The following protocol theoretically lead to a dispersion with a final solid rate of 8.9 ± 0. 

Impact of the shell thickness on optical properties

The hydrodynamic diameters of the core-shell spheres were evaluated by DLS. The samples were prepared from raw suspensions diluted to roughly 1mg/mL. The Figure 1 shows the evolution of the size distribution, according to the expected proportion of shell material in the solid content. The average hydrodynamic diameters of collapsed particles grow with the expected amount of POEGMA-based microgel in the solid content (fMG). As all the core-shell dispersions were made from the same seed dispersions, with an initial average diameter of 185 ± 19 nm, an increase of the shell thickness is observed.

For suspensions with targeted microgels content of 67, 75, 80 or 85 wt% in the solid content of raw suspensions, average diameters of 256 ± 27 nm, 283 ± 28 nm, 306 ± 32 nm and 230 ± 33 nm are respectively obtained at 60°C. The suspensions obtained are associated with polydispersity indexes (PDI) below 0.05 whatever the experimental conditions probed corresponding to a narrow size distribution of the microgels. The conservation of the thermo-responsivity of the particle, associated with the coherent increase of the hydrodynamic diameters indicate the protocol synthesis seems to operate, with a gradual increase of the shell thickness according to fMG. To push forward the investigation on the grafting rate of the shell material, similar approach as in the chapter 2, can confirm the robustness of the synthesis method.

Grafting rates particles. Isolated particles were studied by AFM from samples prepared through the solvent evaporation of purified suspension (5 centrifugation/re-dispersion cycles) diluted at 1 mg/mL on cleaned silicon wafers (Figure 2a).

Figure 2. (a) AFM pictures of isolated particles from purified dispersions with contrast depending of the surface topography or stiffness. (b) Comparison between the measured heights & widths of these particles(c) Evaluation of the average width/height ratios for each group of particles. At least two different particles are considered each time

Homogeneous spheres in size and shape were observed. The enlarging of the soft-shell thickness is related to an increase of spheres' spreading on the substrate. Indeed, the comparison of the corrected width measured by AFM, with respect to the measured heights gives an appreciation of the object's spreading on the substrate (Figure 2b). As in the previous study presented in chapter 2, the measured heights give values similar to raw core measurement, marked by a slight increase with the microgel percentage. At the opposite, the corrected width increases significantly with the rise of MG material. Consecutively, the width/height ratio increase with the MG proportion, testifying of the particle spreading (Figure 2c). POEGMA/PEGMA materials are known for their visco-elastic properties due to their negative glass transition temperature: the polymeric chains are mobile at ambient temperature and interact with their surrounding and spread on the silicon. Moreover, a strong adhesion of the isolated microgels with silicon surface was already observed by AFM 1 . It worth noting that the stiffness is coherently impacted by the MG grafting step: the particle becoming darker than the initial PS seeds, with respect to the substrate.

As described in the previous chapter, a deep analysis of the shell grafting rate was performed. Briefly, the grafting rate presents the amount of MG effectively grafted on seeds, compared to the total amount of MG material in the suspension.

Evolutions of the size and the chemical composition were realized by DLS and FTIR-ATR, respectively (Figure 3). The analysis of the MG grafting rate by DLS & FTIR-ATR shows similar results with an average microgel grafting rate around 81 ± 5 wt%, whatever the fMG proportion. In other words, around 20 wt% of the microgel precursors as led to objects still free in the solution. However, the pure microgel synthesis is known to form also free-water soluble polymer with around 25 ± 5 wt% of the final solid content of microgel. The apparent constancy of the grafting rate values could be explained as an intrinsic limitation inherent to the microgel formation mechanism.

Coloration. The macroscopic observation of the films obtained from the dispersions synthesized shows the formation of iridescent layers from fMG = 66.7 wt to higher fraction (Figure 4). The films were prepared by solvent evaporation of corresponding dispersions on PS substrates set on a heating plate at 40 °C.

Figure 4. Macroscopic pictures of PS/MG films with transmission spectroscopy analysis. (a) Maximum intensity of the Bragg contribution in function the size of the CS particles. (b) Contribution of the Bragg diffraction in the normalized transmission spectrum of films made from raw suspensions by solvent evaporation at 40 °C. (c) Corresponding films photographed with an incidence angle of 0° with respect to the surface normal. (d) Films made in the same conditions and from the same dispersion with the addition of 0.0075 wt% of carbon black nanotubes in the dispersions. The photography was taken with the same lighting, from observation angle of roughly 0° and 45° with the surface normal.

The more the microgel fraction increase, the more the color is red-shifted, with a decrease of the evaluated Bragg contribution intensity. The color shift follows effectively a linear relation with the particle sizes, coherent with the Bragg-Snell equation. The intensity decrease appears here as a consequence, of the scattering dependence of the diffraction phenomena, in relation to the incident wavelength in this size range. However, the films are crackled. During the drying, a macroscopically observable iridescent layer is formed at the surface of the wet film. This photonic layer is fractured during the drying process, and finally is "frozen" progressively as the water evaporates, letting an iridescent film on the substrate.

Sphere interpenetration Colloidal lattices are observable on the films'

surfaces by AFM (Figure 5). Most of the time, hexagonal patterns are observed but depending the area probed, cubic lattices may appear. However, the inter-particle distances measures are the same for given systems, whatever the surface square/hexagonal array. Such characteristics may be coherent with (100)/(111) crystalline plans of classical face-centered cubic lattice. The complementary observation of isolated CS particles by TEM can demonstrate an interpenetration of the shell in the films as the interdistance is lower than the dimeter of individual particle.

At this end, TEM images were performed by drying of suspensions roughly diluted to 1 mg/mL on TEM grids in environmental conditions. The visualization of the particles by TEM allows to distinguish the grafted PEGMA shell (Figure 6b). Indeed, a dense core is observed and surrounded by a light halo: the more the thickness of microgel increases, the more the halo circumference raises. The MG shell is composed of a loose network of deformable PEGMA-like chains which can flow at room temperature (a glass transition temperature Tg was measured by DSC to be around Tg ~ -35°C). 19 On the opposite, the core is made of a thermoplastic polymer as a frozen network of PS chains. Here, we supposed that the looseness of the PEGMA network associated to its spreading on the support doesn't allow to get enough contrast to be perceived directly by TEM. However, the circumference of the core@soft shell building blocks is revealed thanks to some dust adsorbed at their surfaces. The dark region of the particles displayed by TEM, the "cores", present similar dimensions with the heights measured by AFM, and confirm the presence of more compact cores in the center of the particles (Figure 6a). In addition, the diameters of the halo observed by TEM ("core-shell" diameters) have values close to the widths measured by AFM and confirm the perception of the shell by TEM. More interestingly, the interparticle distances measured by AFM on the films surfaces appears systematically lower than the CS widths measurement, whatever the imaging technic used. This difference is explained by the intertwinement of the particles in the self-assembled structures. Indeed, the corresponding interpenetration of the shells is thus possible due to the -Chapter III: Colloidal self-assemblyfilm characterization -123 loose and flexible network of the MG layer. This interpenetration is observable in Figure 6c, where this phenomenon is associated to a darkening of the mixed shell. Nonetheless, this observed darkening here may be also due to an overlapping of the shell: only the compared particle measurements give the certitude of this interpenetration.

Self-assembly mechanism

Convection driven self-assembly. The self-organization of colloidal systems is depending of entropic forces and particles visco-elastic behavior during the dispersion drying process [2][3][4] . In order to explore the impact of the temperature, the same dispersion of PS-EGDMA@MG(75 wt%) were dropped on PS substrates.

As the CS particles demonstrated to be thermo-responsive, similar behavior was probed on films. To do so, PS substrates were put on a heating plate set at 30 °C & 60 °C and compared with a film made at ambient temperature. The corresponding macroscopic pictures of the films are presented in Figure 7. A temperature close or above the VPTT (27°C for raw suspensions) seems to improve the surface organization. When the temperature increase, the particles dispersed switch from a soft and swollen state to a harder and collapsed state. The colloidal system get similarity with systems known to form well-designed selfassembled arrays, like PS particles 5,6 . With heat, the particles surfaces become more hydrophobic and the shells collapse.

Heterogeneous arrangement. The macroscopic aspect of the films presents on surface a colorful iridescent layer, but fractured. Beneath this layer, the film seems to present a glassy aspect. The hypothesis proposed is the core-shell particles self-organized only on the top of the wet film during its drying. This behavior would be comparable to self-assembly mechanism proposed in the literature for hard spheres 5,6 .

To confirm the existence of this localized iridescent layer, a dispersion of PS-EGDMA@MG (75 wt %) with 0.0075 wt% of CNT was let drying on thermoplastic poly-urethane (TPU). The film was then characterized by reflectance spectroscopy. The TPU support was firstly characterized by transmission spectroscopy to confirm its transparency in the visible range. Then the TPU supported films of CS particles were characterized by reflectance spectroscopy on each face (up and down). The total reflectance (Rt) and the diffuse reflectance (Rd) spectra are both collected for the TPU support and the TPU support + film (Figure 8). At this interface, significant colloidal organization's differences appear by SEM observations depending of the film areas. Where iridescent colorations are perceived, mono-crystalline surfaces with length up to 20 µm are observed. On more transparent areas, the colloidal organization is completely disordered (Figure 9). The self-assembled layer during the solvent evaporation breaks and reveals the amorphous arrangement below. Indeed, this self-assembly heterogeneity should also be observed in the depth of the film.

The in-depth organization analysis was performed from sample to be cut by cryo-ultramicrotomy, before AFM imaging. To do so, a dispersion of PS-EGDMA@MG (75 wt %) was let drying on a Thermanox TM plastic support at ambient temperature overnight. Then, the film was frozen at -120°C in the cryo-ultramicrotome chamber. The sample was trimmed to form a truncated pyramid on the film cross-section (Figure 10). The top of the pyramid forms a rectangle of around 40x60 µm² which was probed by AFM. This surface covers roughly an area from the bottom to the top of the film thickness. A color difference seems noticeable between areas close to the support (A), slightly red, then those close to the surface of the film (C).

Several areas were investigated by AFM to observe the consequences on the colloidal organization. Figure 11 shows that the particle organization is more and more defined as areas close to the surface are probed.

Figure 11. AFM pictures with height (left) and stiffness (right)contrast of area close to the support (A), in between (B) and close to the surface (C). The corresponding camera captures of the areas probed are displayed above. A zoom showing the core-shell architecture of the particles is displayed on the right.

The area close to the substrate (A) seems to be mostly disorganized, even if some grains are noticeable. The intermediate picture (B) seems to be slightly more organized. Finally, close to the air interface (C), the particles are strongly organized forming apparent layers. The current observation seems to suggest that the redder areas correspond here mostly to disorganized packing whereas the greener areas are associated with the most organized area.

The combination of reflectance spectroscopy and cross-section AFM confirm the presence of a colloidal crystal layer above a disorganized bed.

Considering the previous identification of the organized/disorganized areas in function of the sample color, a quick measurement with optical microscopy would suggest a crystal layer between 30 and 50 µm. The cross-section visualization by AFM of such samples shows that the self-assembled organization is preferentially localized at the surface of the material and bring a visual confirmation of the coreshell architecture of the building blocks (Figure 11). This "surface localized" organization is coherent with the literature 5 about the self-assembly of hardspheres. Nevertheless, it is worth noting that our BBs are composed by a soft and sticky PEGMA-like shell 1 which should limit the self-assembly ability to form a periodic organized structure 7 .

Addition of a filmogenic agent. Whatever the current control on the coloration of the films, the surface remains heterogeneous. Park et al 8 displayed the impact of depletion forces to maintain the stability of colloidal crystal independently of the temperature. They used macromolecules too large to enter the hydrogel mesh and then increase the osmotic pressure. In their case, concentrations above 4.7 g/L showed best results to stabilize hydrogels arrays in a swollen state.

Carboxymethylcellulose (CMC) is known to be a good water soluble filmogenic agent and a good candidate to mimic previous results in order to promote the colloidal self-assembly. A formulation trial was explored with a CMC of 60,000 g/mol, with concentration considered with respect to the proportion of CMC in the final solid content.

It appears that if the increase of CMC concentration in the system, macroscopically improves the filmogenic properties of the films. Such behavior is associated with a degradation of the optical properties (Figure 12). From the conditions, the results don't show any significant improvement of the colloidal organization. Carboxymethyl cellulose of different masses could be considered, at lower concentrations. The impact of others filmogenic agent as hyaluronic acid or chitosan should be also investigated.

Stimulable coloration

Crystalline structure evaluation

We experimentally observed a variation of the diffracted wavelength in function of the shell thickness of the core-shell colloids. The Snell-Bragg law allows to associate a diffracted wavelength, the "Bragg wavelength", with several experimental parameters, as it is display below (Equation 1). In order to identify the possible 3D crystalline structure produced experimentally, we compared the variation of the diffracted wavelength with theoretical values obtained from a developed version of the Snell-Bragg equation.

The shell/core ratios inside the colloidal crystal are function of two parameters. Firstly, the compacity of the array (C) and secondly the quantity of core/shell material effectively incorporated inside the cell lattice. To this end, we distinguish here the shell material effectively grafted to the core (fmat(shell)), considering the whole shell material inside the system (fmat(shell)-tot) and the percentage grafted at the surface of PS cores (γgraft), as presented below (Equation 2). It has to be noticed that we assume for the organic matter a similar value of the volume fraction and the mass fraction. Indeed, the densities of the poly(styrene) 

b) For each packing presented is indicated its corresponding dhkl equation, τ value, reflection conditions and the fitted (h k l) plans which are obtained. c) The values of the regression parameters in each case are rep resented in this histogram. FCC and BCC lattice results doesn't satisfy the reflection conditions of the lattice.

However, the diffracted wavelengths are also specific to a (h k l) plan family.

The identification of the right crystalline structure operates mainly in the following step. Firstly, the variation of the theoretical λBragg is expressed in function of fmat(shell). The h, k, l values are free fitting parameters with the constraint to be nondecimal and positive values. Then, the theoretical variation of the diffracted wavelength in function of the shell material are fitted to the experimental variation of λBragg. Finally, the fitted (h k l) plans for each theoretical identified crystalline
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Equation 5

structure are compared against their physical reflection conditions found in the literature 9,10 . In our case, even if FCC and BCC lattices present satisfying regression coefficient, the fitted plans don't correspond to the well-known reflection conditions for these structures. Finally, a non-compact hexagonal array seems to be acceptable as it presents the best results through this method (Figure 13c).

In that study, we developed a versatile approach to consider easily several crystalline structures. The type of crystalline array is integrated into the Snell-Bragg equation by the mean of its compacity, the relation between the core-shell tangency, the cell parameters. In few words, the theoretical wavelength positions evolution, in function of the shell thickness, is compared with those measured by spectrophotometry in order to identify a coherent crystalline structure.

This identification is performed into two steps. The first one consists to fit the theoretical wavelength evolution with the shell thickness for several crystalline structures. The fitting parameters are here the Miller indices to identify diffractions plans that fit with experimental observations. In a second step, the diffraction selection rules associated with each crystalline structure are applied on identified plans to segregate only physical plausible structures.

In literature 11 , hard colloidal spheres tend to be organized into Face Centered Cubic (FCC)space group Fm2m. The Hexagonal Compact (HC) arrayspace group P6/mmmis another classical compact organization considered as suitable for hard spheres with surface hexagonal arrangement. However, in our system, the experimental evolution of the Bragg wavelengths doesn't fit with any of these compact arrangements (Figure 14a).

Figure 14. (a) Comparison between theoretical variations of the diffracted wavelength, for a selection of reticular plan from wisely chosen crystalline structures and the experimental variation of the diffracted wavelength measured by spectrophotometry. The variation of the diffracted wavelength is in function of the shell material mass percentage in the dried system. ( b)

Pictures of a film surface from AFM presenting at same time a hexagonal and a square 2D arrangement, respectively identified as ( 001) and ( 100) plans of a non -compact 3D hexagonal array.

Nonetheless, a satisfying fit is obtained with a hexagonal non-compact array space group P63/mmc. In addition of this analytical identification, the observation of the same surface sample can present simultaneously square and hexagonal surface arrangements. Those two surface organizations are both characterized by the same center-to-center distances. In the case of a non-compact hexagonal structure, these observations can be respectfully attributed to (100) or (001) plans (Figure 14b). If these microscopic observations aren't sufficient alone though they support the analytical identification presented earlier.

Thermo-responsiveness

A thermal stimulation test was done to probe the thermo-responsiveness of the film. Three dispersions samples were dried on PS substrate at ambient temperature. The first one was heated 30 minutes on at heating plate set at 60 °C, whereas the second one was cold in a fridge at 4 °C for the same amount of time.

The third one was kept as reference. UV-visible transmission spectra were performed before and just after the thermal treatment (Figure 15). It turns out neither heating nor cooling as any significant effect on the Bragg contributions and its corresponding relative absorbance spectra.

With photonic crystals, the diffracted wavelength is correlated to the interparticle distance. These core-shell particles are known to be thermo-responsive in solution. To get a thermo-responsive behavior with film, the shell must be sufficiently swollen to collapsed as a function of the temperature in a dried state to impact the inter-distance particle. Nevertheless, the LCST behavior is intrinsically due to a modification of polymer solubility with the solvent, due to a destabilization of the solvent-polymer interactions. In the absence of any solvent, the polymer constituting the shell undergoes only the polymer-polymer interactions: no thermo-responsivity is then induced at the dried state.

Mechanical responsiveness analysis

We discuss in this part the mechanical responsivity of the film's colors.

Firstly, the mechanical sensitivity of the color shift is evaluated by a homemade colorimetric tension test which associate the samples relative deformations to their dominant wavelength (Figure 16).

Figure 16 (a) Three-dimensional representation of the color in a Hue, Saturation and Value space (HSV). The hue control essentially the essence of the perceived co lor and is express in degree, from 0° to 360°.In this HSV space, only the colors contained between the 0°-270° range corresponds to physical monochromatic wavelength. (b) Representation of the human eye sensibility in function of the monochromatic wavelength. Below is expressed the equation used to calculated the dominant wavelength from digital pictures, according to the average hue measured.

In a second time, the macroscopic deformation is correlated to microscopic ones by AFM. Finally, we develop argues that could explain the observed cohesion based on compared DLS and AFM analysis.

The mechanical responsiveness on the films colors was evaluated after casting on a thermoplastic polyurethane (tPU). The deformation of such films leads systematically to a hue shifting, as the evolution of the films dominant wavelength shows it (Figure 17a). A significant color modification is systematically obtained with a relative elongation between 10 & 15 l%. Factually, the more the film is stretched, the more the hue is shifted toward low wavelength. Moreover, this color shift is totally reversible, without any macroscopic degradation of the self-assembled film for deformation up to 50 l%. The photonic crystal recovers its initial coloration immediately after the end of its mechanical solicitation. According the classical Snell-Bragg theory, a blue-shift of the diffraction wavelength is associated with a decrease of the cell lattice parameter for a fixed crystalline structure and refractive index difference between the core and the shell.

Microscopic observations reveal these that these macroscopic elongations are correlated with a colloidal crystalline deformation. Indeed, when a controlled solicitation of 30 l% is macroscopically applied, the surface hexagonal arrangement is elongated with the same elongation rate (Figure 17b). However, the surface arrangement presents also a significant compression upon the perpendicular axe. This alteration of the crystalline structure inducing a compression of the lattice upon a direction appears as coherent with the tendency described by the Snell-Bragg equation. A more complete investigation through numerical simulation may bring useful information.

Complementary to these color shifts, the crystalline structure conserve macroscopically and microscopically its cohesion under mechanical stress. The hydrodynamic diameters in the collapsed state and their corresponding dried diameters are compared to the inter-particles distance measure on films surfaces.

Systematically, the center-to-center distances between spheres for each system are lower than isolated dried particles diameters or their corresponding hydrodynamic diameters in the collapsed state. It implies that parts of the shell intertwine during the CPC formation and contribute to maintain its cohesion when a mechanical stress is applied. Indeed, the PEGMA-based shell is a soft material characterized by a Tg around -35 °C offering enough molecular mobility at ambient temperature to adapt its conformation and support the constrain. Moreover, all the films discussed are made from raw suspensions, meaning that a part of free watersoluble polymer (WSP) may develop inter and intra shell interactions to reinforce the film cohesion. This last element may be responsible of the material color switchable properties without further photochemical crosslinking.

Core/shell alteration & optical properties

In this section we point out the modification of shell composition and the core size deviation and define the consequence on the optical properties of the films produced. Each film was made from raw suspensions casted on PS substrates set on a heating plate at 40 °C. Each time, the chemical modification was performed, keeping all the experimental conditions even, at the exception of the adjusted ratios. The grafting rates was probed by dynamic light scattering (DLS) and InfraRed spectroscopy (IR) and the impact on the optical properties was evaluated from transmission photo-spectrometry.

Crosslinker rate variation

The crosslinker rate was modified to investigate the possibility of promoting either "hard sphere" (higher crosslink rate) or the intertwinement of the shells during the film self-assembly to reduce the surface self-assembly heterogeneity (lower crosslink rate). Suspensions with 0.1 and 2 mol% of OEGDA with respect to shell monomers were thus synthesized to evaluate the impact of the decrease of the crosslinker rate. In parallel, suspensions with 2 and 10 mol% of OEGDA with respect to shell monomers were produced to probe the consequence of a rise of the crosslinker rate in the shell. The decrease or the increase of the crosslinker ratio is here observed thanks to the comparison of respectively samples with fMG = 75 wt% or fMG = 80 wt% (Figure 18).

Figure 18(a) Macroscopic pictures of films with different molar proportion of OEGDA again the total amount of monomers. The corresponding microgel percentages are displayed each time. (b) A comparison of the average grafting rates, diffraction wavelength and intensity for each MG percentages and OEGDA proportions.

Macroscopically, the decrease of the crosslinker rate lead to a perceptible loss of the color intensity. Nevertheless, the diffraction wavelength is not significantly altered. According to the related grafting rate loss, it can be supposed the free un-grafted material perturb the ordering of the suspended CS particles during the solvent evaporation. However, the free POEGMA contribute to maintain the distances between the cores, preserving the diffracted wavelength compared to the reference sample. The increase of the OEGDA ratio for the shell synthesis doesn't have a so dramatic effect on the obtained material (fMG = 80 wt%). Indeed, the reddish diffracted color is still perceptible macroscopically, with a conservation of the grafting rate, measured Bragg wavelength and relative intensity with respect to the reference (2 mol%). Even if there is no apparent improvement of the photonic crystal produced, the surface sample with the highest amount of crosslinker appears slightly less sticky than the reference. We evaluated then by AFM the consequences of the shell modification on the mechanical properties of the produced shells Indeed, the AFM technic allows to probe the interactions between the tip which classically used to realize surface pictures of material surfaces 12,13 . In our case it's possible to evaluate the impact of the shell grafting on the surface properties of the PS seeds, as presented previously (Section 1.2, p.116). More interestingly, the adjustment of the crosslinker proportion into the shell may altered the surface properties. Force spectroscopy by AFM focuses on the adhesion forces occurring between a surface and AFM tip, bringing critical information about the mechanical evolution of the surface. Several purified CS particles suspensions were thus prepared in order to probe the mechanical modulus of the CS beads and their adhesion energy with the tip. Briefly, the raw CS suspensions were firstly centrifuged and re-dispersed 5 times in MiliQ water (10k rpm, 30 min), and diluted to roughly 1 mg/mL. The diluted suspension was the drop-casted on cleaned silicon shards. From the acquisition of at least 20 approach/retract, averaged force curves were then produced for PS-EGDMA beads and CS particles with a crosslinker rate of 2 mol% and 10 mol%. Without surprises and corresponding to their respective glass transition temperatures, the mechanical modulus of the PS core appears significantly higher than those grafted with the PEGMA shell (Figure 19a). In the same way, the adhesion energy of the core-shell particles is significantly increased. However, an increase of the crosslinker rate lead to a drop of the adhesion energy (Figure 19b). The adhesion comes from weak interactions between the tip and the mobile chains at the surface of particle. When the tip is withdrawn, those interaction persist and are continuously broken as long as the tip is retracted (Figure 19c). In the case of an increase of the crosslinker rate, the length of the chain able to develop these interactions is reduced, leading to a decrease of the adhesion energy.

MAA ratio

The MAA ratio was also adjusted to probe the consequence of a modification of shell ionization on the optical properties. To do so, suspensions of CS particles were made from the same core but with different molar proportions of MAA/(OEGMA+MEO2MA) ratios for the synthesis of the shell. Consecutively, it was then expected to produce MG shells with MAA ratio of 0, 5 and 15 mol%, with 5 mol% as our reference composition. The raw suspension was then dried on PS support set on a heating plate at 40 °C before further analysis. The grafting rate was evaluated here only according to DLS data, due to the strong correlation observed between IR and DLS data until here (Figure 20). The macroscopic films obtained doesn't show significant differences between each other. The diffracted wavelength and its relative intensity appear even, with no alteration of the measured grafting rate. If the electrostatic interactions, promoted by the presences of ionic force are well known to operate in the colloidal stability, here, the modification of the ionizable functions doesn't lead to any self-assembly alteration.

OEGMA/MEO2MA ratio

The OEGMA/MEO2MA ratio is known to set the volume phase transition temperature (VPTT) of the microgel. The higher the molar ratio, the higher the VPTT. The reference molar sample, made from CS particles with 80 wt% of MG, and 10 mol% of OEGMA/MEO2MA was compared to similar suspensions but with respectively 5 and 25 mol%. All the suspensions were made from the same seeds' suspension. Coherently with literature, a higher molar ratio induces effectively an apparent shift of the VPTT 14,15 (Figure 21). Indeed, the particle stay swollen at higher temperature due to a reinforcement of the polymer-solvent interaction brought by the higher proportion of oligo ethylene glycol chains. At the opposite, a decrease of the OEGMA/MEO2MA ratio for the shell synthesis leads to CS particles almost collapsed at 25°C, that shrink a bit more at higher temperature, but much less than with the reference composition (10 mol%).

For all these compositions, the grafting rate remains roughly unchanged with an average value around 80 wt% (Figure 22a). 

(b) A comparison of Bragg contribution for each ratio

The macroscopic observation of the film shows the persistence of a similar iridescent coloration, whatever the molar proportion of OEGMA/MEO2MA (Figure 22b). The Bragg's contributions to the transmission spectra show peaks roughly at the same positions. A slight intensity decrease with the lower molar ratio is observable, but is considered as mainly due to the heterogeneity of the film's surface.

Core size

Finally, two different CS suspensions were prepared with the same reference composition for the MG shell, but with variable seed sizes and MG proportions. The target was to evaluate the impact of the core size on the optical properties of similar photonic crystals, with similar interparticle distances. To do so, the shell thickness was adjusted, considering an expected grafting rate of 80 wt%, to produce CS particles with a collapsed hydrodynamic diameter of 285 nm. The seeds used as core have diameters of 141 and 190 nm, and were then used respectively with grafting protocol involving respectively 91 & 75 wt% of microgel material.

The films produced display macroscopically similar hues, but with a less intense diffracted coloration, as confirmed by the UV-Visible spectroscopy (Figure 23). The grafting rate remain roughly the same. The loss of the diffracted relative intensity may be thus associated to two phenomena. The first is related to the absolute increase of the free un-grafted POEGMA in a film presenting a set thickness, for fMG=91 wt%, compared to the reference system. Indeed, as we seen previously, the presence of free WSP as serious consequences on the self-assembly abilities of the dispersed particles. However, one preferred explanation highlights the dependence of the scattering intensity to beads sizes. Indeed, with such a system, the coloration is mainly produced by the resonant scattering of the PS beads embedded in the soft POEGMA matrix. Lower the core size, lower the scattering intensity, and so the diffracted wavelength. At the opposite, an increase of the PS beads over 200 nm induces an increase of the scattering intensity all over the visible range, leading to a whitening of self-assembled films.

Conclusion

In this chapter, we developed the synthesis method to produce core-shell particles with a well-controlled design. The shell thickness was adjusted experimentally to the shell/core weight ratio in a controlled way thanks to a robust synthesis process, characterized by a constant grafting rate of the POEGMA-based microgel. The films show a heterogeneous organization due to the solvent evaporation method. The colloidal particles are mainly disorganized in the lower part of the films close to the substrate, whereas the upper part, closer to the former air/water interface, is highly ordered. This surface photonic crystal is then at the origin of the iridescent coloration. These colors are thus tunable, according to the experimental methods but especially mechano-responsive. Due to the identified intertwinement of the shell, the self-assembled photonic crystals display a spontaneous tenacity to deformation: the lattice obtained by solvent evaporation is deformed with the elongation of the film, and induce a color shifting. This macroscopic deformation of the film, correlated to microscopic deformation, cause an overall increase of the interparticle distances in the direction perpendicular to the deformation, producing a color change coherent with the Bragg-Snell theory.

The initial purpose with this core-shell design is the elaboration of responsive films for a cosmetic application. The transfer of the developed CS technology to a potential marketable product require the development of a convenient formulation. Moreover, the self-assembled structure must be produced during a skin application, on time largely shorter. The next chapter approaches those problematics and develops the investigated solutions.

To conclude this chapter, we have presented the spontaneous self-assembly properties of the core-shell particle under solvent evaporation conditions. The films present mechanochromic properties on clear support without any post (photo-

)chemical treatment by contrast with analog core-shell material [16][17][18][19][20][21][22][23] . This cohesion is assured by the lower Tg of the POEGMA shell by comparison with others acrylamides materials 24,25 . The shell contraction assures a self-assembly related to similar self-assembly through solvent evaporation [26][27][28][29][30][31] .

Introduction

The works in the previous chapters described the elaboration of a new technology to produce tunable and responsive colors from a POEGMA-based microgel. At this end, suspensions of core-shell (CS) particles were prepared thanks to a robust synthesis method, leading after water evaporation to films with intense colors. The current chapter focuses on the transfer of this technology into a skincare product.

The development of a skincare product involves the use of several key compounds. These essential additives can be gathered into three distinct family, each assuming an essential role of the cosmetic formulation. The first one is the bactericide, acting as a preservative and preventing the expiration of the product.

The second family regroups the emollients, which are able to form a protect layer on the skin and limit the skin dehydration during the day. Finally, the last family is composed of the fragrances which has, with the color, an essential contribution in the perception of the final product. It is worth mentioning that the color produced from the suspensions are obtained thanks to a self-assembly mechanism identified during the solvent evaporation. Moreover, this color is exalted with the utilization of nanoparticles of carbon blacks (10-15 nm) whatever the color of the substrates.

The transfer to a skincare application requires thus the replacement of those hazardous nanoparticles by safe absorbing additives and the evaluation of the selfassembly ability of the suspensions by casting conditions more representatives of a skincare utilization.

Impact of cosmetic additives on coloration

All the films presented in this section were prepared from solvent evaporation of raw suspension with variable proportion of additives. The suspensions were let drying on PS supports set on a heating plate at 35°C. The absorption spectra of the films were obtained from transmission photospectrometry.

Bactericide

The preservatives are known as fundamental part of the composition of a skincare product, insuring an extension of its lifespan. Its role is essentially to inhibit the development of bacteria which could alter the properties of the product and being dangerous for the consumer.

The photonic crystals formation can be extremely sensitive to the presence of additives which could destabilized the interparticle interactions and then their self-assembly dynamic. Considering the potential sensibility of the colloidal crystallization two different kinds of bactericide were evaluated at several concentrations.

The main difference between both is their state under environmental conditions as sodium benzoate is a crystalline powder and phenoxyethanol a liquid. In both cases, the proportions of preservative were evaluated at 0.1, 0.5 and 1 wt% of bactericide in raw suspensions with concentrations of CS colloid of 4 wt%.

With sodium benzoate, the addition of the slightest amount of bactericide has a serious impact on the optical properties. Macroscopically, the film produced loss its iridescent green color and trend to an angle-independent blueish color, sign of a degradation of the self-assembly quality with respect to the reference (0wt%).

For higher amount a whitening of the material is observed, due to the uncoherent scattering happening in the disordered material. Indeed, the characterization of this color degradation by UV-visible photospectrometry shows effectively a fall of the Bragg diffraction contribution in the optical spectrum related to a perturbation of the spheres ordering (Figure 1). Motions in the CS beads suspension are constrained by the crystallization of the sodium benzoate during the solvent evaporation. Moreover, the crystals limit the accessible position of the colloids which trend to be more disorganized. In other terms, 2.5 wt% of solid additive with respect to the mass of CS spheres induce a significant decrease of the perceived coloration. With percentages above 12.5 wt%, the diffracted colors are strongly attenuated and inhibited. At the opposite, the use of liquid preservative as phenoxyethanol leaded to promising results. The films obtained display iridescent colorations, with solid content of bactericide in the suspensions up to 1.0 wt%. The corresponding UVvisible spectra shows analogous Bragg contributions related to the iridescent colors (Figure 2). The color trends to loss of its intensity with the highest amount correlated with a slight increase of the diffracted wavelength. Indeed, the more preservative in the suspension, the higher diffraction wavelength. On one hand, the phenoxyethanol is miscible in water and in simple polyol compounds as glycerol.

On the other hand, the POEGMA-based microgel used as shell is well-known for its strong encapsulating property, able to encapsulate in solution additives up to 100wt% of its mass 1 . Therefore, in dried films this liquid preservative has all its chances to swell the MG matrix, altering slightly the inter-particles distances inducing a shift of the resulting Bragg wavelength. Moreover, with a refractive index of 1.51 for the phenoxyethanol, 1.0 wt% of bactericide corresponds to 30 wt% of the MG material in the film and simultaneously increases also the average refractive index of POEGMA matrix, contribution to the wavelength and intensity alteration of the diffracted light.

Figure 2.Macroscopic pictures of films from raw dispersions with several concentration of phenoxyethanol(a). The corresponding Bragg contribution in the relative absorbance spectra (UV-vis transmission) are displayed below (b). Finally, the average positions & intensities of the peaks observed are represented (c).

Fragrance

The fragrance is one of the essential compounds that gives its uniqueness to a skincare. The consequence of its implementation on the film coloration was evaluated by the controlled addition of market-ready perfumed oil in raw suspensions.

To do so, dispersions were prepared with concentrations of 0.1, 0.5 and 1.0 wt% of dried oil of fragrance "J'adore" in raw suspensions (4 wt% of CS beads). The suspensions of CS spheres were used as-made, with a POEGMA-based microgel ratio of 75 wt% in the dried residue. Surface layer on the films with a stronger Bragg coloration seems to appear as the concentration of dried oil increase. The maximum diffraction intensity is captured on the strongly colored area observable at 0.5 wt%. This intensity rise can be associated with a modification of the flow inside the drying suspension. The presence of the oil can modify the gradient tension and promote the Marangoni effect. According to Bhardwaj et al. 2 it can alter the self-assembly dynamic and explain the formation of a photonic layer in the central zone of the dried film. The increase of the diffracted Bragg contribution could thus be explained by an enhancement of the photonic crystal homogeneity/thickness in the measured area, due to this self-assembly alteration. However, it is worth noting that all the films still present a heterogeneous aspect (Figure 3). The swelling of the microgel phase with the perfumed oil can contribute to the modification of the film coloration, increasing the interparticle distances.

Complementary to this diffracted color, raw oil has itself a yellowish color, associated to a dominant wavelength of around 570 -590 nm. The increase of the oil amount in the dried film can intrinsically modify the color of the film, shifting the absorption peak attributed to higher wavelength. In other words, the addition of this light absorbing oil into the dried film can alter the expected coloration due to the light absorbing properties of the fragrance, but also due to a possible shift of the diffracted light caused by an increase of the interparticle distances due to MG swelling. increase of the glycerol ratio. Nevertheless, the dried films cannot support too high proportions of glycerol: above 0.90 wt% of glycerol in the suspension, droplets of emollient are identified, sweating out of the film surface. This proportion of glycerol is associated with 23 wt% of emollient against the CS spheres. The photonic crystal cannot be swollen above this proportion. Indeed, according to the photospectrometry spectra, the addition of the glycerol induces a slight shift of the contribution of the Bragg diffraction. Glycerol shares almost the same refractive index than the POEGMA-based microgel, and is transparent in the visible range.

That's why this shift can be reasonable attributed to an effective alteration diffracted wavelength, by opposition to the previous fragrance analysis.

pH

The pH of the raw suspension is relatively acid, around 3.5 ± 0.5. The pH of the skin being around 5-6, a pH adjustment may be required to produce skincare application. The pH of raw suspension was thus adjusted with a citrate-phosphate buffer 3 , made from solutions of citric acid and Na2HPO4 respectively at 0.01 and 0.02 mol/L (Figure 5). The films colorations with buffered dispersion are very similar to film based on raw dispersion. Moreover, the spectroscopic analysis doesn't show a significant analysis of the Bragg peak positions & intensities, whatever the pH of the dispersion. In other terms, the electrostatic changes induced by pH don't alter the self-assembly dynamic neither its corresponding coloration, apparently.

Complete formulation

Up to this point, the influence of the additives has been evaluated separately.

The addition of a crystalline compound has showed its dramatic effects on the optical properties but promising results has been identified with the utilization of other liquid additives. Even if photonic layers were producible with varied proportion of additives, the self-assembly mechanism and the colors induced are largely impacted by the proportion of additives in the final dried film. In a final product, the controlled amounts of emollient, fragrance and preservative are obviously integrated together into the final formulation. As synergetic effects may appear, the investigation of the additives blends appears thus as essential.

Consecutively, the several suspensions were produced with controlled amount of glycerol (emollient), phenoxy ethanol (preservative), "J'adore" dried oil (fragrance) and raw CS suspensions at 3.6 wt%. The fragrance and phenoxy ethanol proportions were kept constant at respectively 0.2 wt% for each additive with respect to the final suspensions. The proportions of glycerol were variable, from 0 to 3.1 wt% with respect to the final suspensions. Those experimental conditions, with the amounts described in the Table 1 allow to produce formulated suspensions with a total mass of additives corresponding of a range between 10 to 50 wt% of the final dried residue. Each formulation trial was prepared through the successive addition of the correct amount of glycerol, phenoxy ethanol, fragrance and raw suspensions. The mix was stirred with a magnetic stirrer for at least 24 hours, until the suspensions appeared homogeneously white (Table 1). The corresponding films were produced by solvent evaporation on PS substrate set on a heating plate at 35 °C for 1 night. The dried films were successively characterized by UV-visible photo-spectrometry. The rise of the additives proportion doesn't show significant impact on the Bragg wavelength, as observed with previous analysis, with roughly the same Bragg wavelength.

However, the evaluated diffraction intensity in the absorption spectra is more affected. Up to 15 wt% of additives, the Bragg contribution intensity is preserved, but a brutal loss of the diffraction signal is observed for higher amount of additives in the final film (Figure 6). The data appear as coherent with the previous evaluation on the addition of several proportion of emollient, and allow to conclude that whatever the additives incorporated into the CS suspensions, the critical parameter is effectively the proportion of additives. The understanding of the formulation limitations opens the transferability of the core-shell produced toward the elaboration of skincare applications. Nevertheless, it has been displayed the colors produced require a light scattering additive in order to reduce the uncoherent light scatterings that parasite the color perception. The next section presents the efforts developed in this direction.

Replacement of carbon nanoparticles by iron oxides

The substitution of carbon black (nano) is necessary in order to consider the moving legislation around the nano-materials (1-100 nm) for skincare products. This substitution is essential concerning carbon nanotubes which are known now for their toxicity 4,5 . An interesting substitute is the black iron oxide (II, III). It is referenced as "Sunpuro" and "Sympholight". The first one is made of cuboid particles between 50 -150 nm whereas the second one is made of spherical particles between 100 -300 nm (Figure 7). According to the Stokes-Einstein equation, the sedimentation speed of particles can be estimated according to their average radius (r), the gravity acceleration (g), the density difference between the solvent and the particle(Δ(ρ)) and the dynamic viscosity of the suspension (µ). For instance, those Fe3O4 oxides are associated with an average density of 5240 kg.m - 3 , around fifth times higher than polymeric material. Consecutively, the sedimentation of such colloidal particle in water-like fluid (µ~10 -3 Pa.s) is inevitable. The main solution to achieve a dynamic stabilization of such colloidal oxide particle is through the increase of the dynamic viscosity of the suspension. As discussed in the previous section, the total amount of additive, comprising thickening agents as glycerol, must be controlled according to the total amount of suspended CS particles, otherwise a degradation of the optical properties must be expected. In other terms, the rise of the suspensions' viscosity can only be envisaged thanks to the increase of the CS particle concentration in the suspension to preserve the structural coloration intensity. Depending on the dynamic viscosity reached, the travelled distance of the colloidal oxides can be thus evaluated, according to the time period 6 (Figure 8). It's a reason why cosmetic products present usually a controlled and a relatively high viscosity with respect to water. However, the produced raw coreshell suspensions have solid content of roughly 4 wt%, with a water-like viscosity, and any increase of the solid content above 8 wt% had dramatic consequences on the colloidal stability during the shell formation. The grafting was no more controlled, with the production of large and precipitating aggregates. In the context of the development of a skincare product, the rheological properties of the fluid must be controllable, without deteriorating the optical properties of the film produced. More, the application conditions of cosmetic products impose usually the formation of dry films with a controlled thickness around 30 µm, from wet films not thicker than 100 µm. Roughly, suspensions with a solid content around 30 wt% would offers the corresponding conditions to the production of such films. The rise of the solid content appears thus as the next step toward the development of a viable skincare application.

At this end, several approaches were probed to increase the solid content of the suspensions and preserve the self-assembly properties of the colloids. Two industrially transferable strategies were investigated. The first one consisted to gently heat the dispersion under a slow stirring to evaporate the excess of water.

The heating was controlled between 40 and 60 °C to avoid the degradation of the polymeric chains and follow more easily the solvent evaporation. This soft solvent evaporation was controlled on relatively long period up to 3 days. The solid content was followed as a function of the mass loss of the dispersion. It appeared the solid content was hard to control with the thickening of the suspension, leading to the irreversible aggregation of particles on the border of the drying suspension. This process allowed only the rise of the solid content up to 19 wt%.

With the second strategy, aqueous colloidal dispersions were concentrated by a drying/re-dispersion process. The former dispersion was firstly completely dried by freeze-drying then the residue was re-dispersed with the addition of a controlled amount of water. The freeze-drying process rely on the water sublimation at low-pressure and low-temperature conditions. The dispersion was firstly frozen in liquid nitrogen, put in a freeze-dryer where the pressure was decreased. The residue dryness was checked by TGA. It was then re-dispersed with a controlled amount of MilliQ water in function of the solid content aimed. The redispersion was assured by a mechanical stirring, thanks to a stirring anchor set on a stirring motor. The stirring was let for 2 days at ambient temperature, with a rotation speed of 60 rpm. Dispersions of 10, 20, 30 and 40 wt% of core-shell solid content were then produced.

Thin films are made with a doctor blade device from raw dispersions and concentrated dispersions (40 wt% of core-shell).

Elaboration of concentrated suspensions

A completely dried core-shell residue is obtained by the freeze-dried process and presents some re-dispersibility abilities. A milky white dispersion is obtained after 2 days of stirring with a magnetic stirrer at ambient temperature for all solid contents. However, some aggregates are not re-dispersed throughout the stirring process (Figure 9). This result could be expected due to the filmogenic properties of the coreshell particles presenting a shell interpenetration. Then to apply a higher mechanical energy, each dispersion was thus stirred in a Couette geometry with a rheometer, allowing also the measurement of the dynamic viscosity.

The suspensions were sheared during 30 minutes progressively with shear rate from 1 to 1000 s -1 , each time after a pre-shear at 200 s -1 for 10 minutes to limit as much as possible the presence of bubble during the viscosity measurement. This shearing treatment gives first clues of an improvement of the particles' dispersion after one day of rest. Indeed, it appears that the highest concentration (40 wt%) of core-shell displayed the formation of an iridescent layer at the interface water/glass after this shearing treatment (Figure 9). This phenomenon appears spontaneously when the dispersion is let at rest, and surprisingly only after this treatment. This stirring process allowed some aggregates to be re-dispersed but not fully, as aggregates remain visible at the surface of the glassware.

The impact of the remaining aggregates on the size dispersion was probed thanks to Dynamic Light Scattering (DLS) size measurements. The analyses were performed on dilution at 1 mg/mL from raw and sheared suspension. Figure 10 shows that either at 25 °C or 60 °C, the size distribution of concentrated suspension spread slightly towards the larger sizes. This size spreading is related to the presence of some aggregates, enlarging the size distribution after the concentration protocol of the suspension. The role of the un-grafted shell material on this aggregation was evaluated thanks to the analysis of concentrated suspensions originating from purified dispersions. Surprisingly, the widening of the size distribution doesn't appear in such case. The size distribution resulting of the concentrated purified suspensions is roughly superimposable to the ones arising from the raw suspensions (Figure 10), whatever the temperature. The presence of the free un-grafted material would limit the re-dispersibility of the concentrated suspensions, producing a "cement" between particles, probably. Fortunately, the residual aggregates may not disturb the colloidal selfassembly process controlled by solvent evaporation. Indeed, the comparison of films made from raw and reformulated dispersions at the same solid content of 3.5 wt%, didn't show a significant difference of coloration. The suspensions were separately treated at shear rates of 500, 1000 and 1500 s -1 , probing the consequences on the self-assembly properties of the films. Moreover, films made from freeze-dried residues re-dispersed only with the softer magnetic stirring were also compared. The corresponding films were consecutively analyzed by transmission UV-visible spectroscopy (Figure 11). Surprisingly, the different intensities of color between films cannot be associated to a significant difference of surface film organization (Figure 12). Indeed, a similar surface organization is observed which is coherent with the same diffraction peak wavelengths. Additionally, it involves that the identified decreasing of the peak maximum could be related with in-depth organization differences.

Black iron oxides in viscous suspensions & thin films

As discussed previously, the dynamic stabilization of denser and bigger light absorbing colloidal particles, replacing the nanosized carbon black particles, require the rise of the dynamic viscosity of the suspensions. The undertook concentration procedures allow the production of thicker suspensions, with apparently no significant impact on the self-assembly properties of the particles (Figure 11 & Figure 12). As previously, the suspensions were sheared 30 minutes progressively with shear rate from 1 to 1000 s -1 , each time after a pre-shear at 200 s -1 for 10 minutes limiting as much as possible the presence of bubble during the viscosity measurement, succeeded with pause of 1 minute. The average dynamic viscosity increases effectively with the concentration, achieving a viscosity 1,000 times higher than the lowest concentration, with 5.1 × 10 -1 Pa.s -1 for the highest concentration (Figure 13). For each sheared suspension, the same amount of black iron oxide was dispersed to evaluate its dynamic stability. First, the adequate amount of iron oxide was firstly wet with 0.1 mL of the suspension, and stirred manually to promote the formation of solvent/oxide interfaces instead of air/oxide interfaces.

Consecutively the dispersion was completed with the adequate amount of concentrated and sheared suspensions to adjust the final concentration from 10 to 40 wt%. In a next step, the suspensions were stirred then sonicated for 10 minutes respectively. It is worth noting that the final amount of iron oxide is around 1.8 × 10 -2 wt%, higher than nanosized carbon black used before (around 0.1 × 10 -2 wt%). This value is mainly due to the difference of density and respective extinction coefficient to achieve a comparable darkening between both light absorbers in the visible range. Figure 14 shows the obtained suspensions after 24h of rest. The suspensions are homogeneously gray, with the same apparent color.

After 24 hours, the oxides fall completely on the bottom of the glassware for suspension with CS particles concentration between 10 and 30 wt%. According to the Stokes-Einstein theory, the more viscous suspensions (40 wt%) offer the more stable oxides suspensions. Moreover, the rest of the CS spheres self-assemble at the suspension/glassware interface, forming iridescent photonic crystals with a color perception effectively enhanced by the presence of iron oxides. This encouraging observation about the self-assembly ability of such viscous suspensions with bigger iron oxide particles lead to next concern: the elaboration of thinner films from those suspensions.

The sheared mixtures were thus casted with a doctor blade at several wet film thicknesses on PVC support. The supports were installed in an oven heated set at 40 °C during all the casting procedure. The several castings were attempted, from wet films of 100 and 200 µm. The films were casted from raw suspensions of core shell particles with core of 180 nm with a proportion of shell material of 80 wt% that gave rise to iridescent reddish coloration in previous solvent evaporation casting. Here, the doctor blade casting was performed from original raw suspensions, with a solid content around 4wt% and compared with its concentrated and sheared analogues, with a solid content of CS particles around The casting of water-like suspension at 4 wt% lead to heterogeneous films, with variable thicknesses as it appears macroscopically (Figure 15 left). This heterogeneity caused by the dewetting of the substrate leading to several ponds instead of a homogeneous wet film of 100 µm. Nonetheless, a slight coloration remains perceptible on the center of the filmed formed, presumably due to the slow solvent evaporation and the higher colloidal particle mobility in more fluid suspensions. The thickness of the colored area was measured with a digital micrometer screw gauge. The corresponding thickness was around 23 ± 5µm, proving that perceptible structural and iridescent colors may effectively formed from such thin film. The films made with the same wet film thickness of 100 µm (39 ± 3µm once dried), but with a higher concentration doesn't lead to highly perceptible colors, even with light absorbing materials. A slight coloration starts being perceptible only from thicker films, made from 200 µm wet films (72 ± 6µm once dried). Few usual skincare additives were also added in the concentrated suspensions that could act as a plasticizer and may improve the colloidal organization. The addition of hydrophilic (glycerol) or hydrophobic (caprylate/caprate oil) emollient doesn't lead to any perceptible optical improvement and the addition of light absorbing particles doesn't reveal any iridescent coloration, as the system remains disorganized (Figure 16). Our hypothesis is the drying process is too fast, considering the colloidal mobility in these concentrated suspensions: again, only photonic glasses are obtained. Indeed, due to a too fast drying process and considering the colloidal mobility in these concentrated suspensions, only photonic glasses seem to be achievable.

Conclusion

In this section, three compounds' families that are essential for the development of a usual skincare application have been analyzed. The control of the solid/liquid state of the additive considered at ambient conditions show critical impact on the optical properties of the films produced by solvent evaporation.

Hopefully, the film forming properties (Chapter 3) are conserved with liquid additives, paving the way to formulation trials. Nevertheless, the proportion of additives with respect to the core-shell particles must be controlled, leading otherwise to a degradation of the intensity of the structural/iridescent coloration.

The elaboration of a skincare product requires a peculiar attention on the additives used. At this end, the replacement of nanosized carbon particles by larger iron oxides has been investigated. The stabilization of these heavier particles required the increase of the suspension viscosity through a raise of the CS particle concentration. Consecutively, a way to concentrate and homogeneously redisperse the particles has been presented. The successive freeze-drying and controlled redispersion of the dried residue allow the formation of concentrated suspension up to 40 wt%, without altering the self-assembly ability of the core shell particles.

A specific attention has been brought on the shearing protocol of the concentrated particles. A sufficiently strong shear rate is indispensable to the maintain of the organized self-assembly ability of the particles after drying.

Nevertheless, the self-assembly was evaluated only with diluted suspension through the solvent evaporation process analyzed in the chapter 3. This film formation mechanism led to dried films with thicknesses up to 200 µm. However, in the context of a skincare/cosmetic application, the dried film must have an around 6-7 times lower thickness. The evaluation of the optical properties was performed from concentrated suspensions casted through doctor blade casting.

Films with a thickness between 20-40 µm thick were successfully produced.

However, the confinement of the particle in such concentrate particles combined with the faster drying of the thin wet film lead systematically to photonic glasses.

The particles don't have enough mobility nor time to self-assemble during the drying film and form a well-organized top surface layer. The liquid flow, has been identified as the motor of the self-assembly phenomenon and is significantly reduced by the viscosity raise. Without other assembling forces, the suspended particles are frozen during the film drying leading ineluctably to the formation of photonic glasses. From our point of view, the casting conditions of a commercial application are thus inextricably related to the formation of disorganized arrangement of colloids. The next chapter present the perspectives toward the possible elaboration of color tunable photonic glasses with an innovative colloidal design involving this multi-responsive POEGMA-based microgel.

To conclude this chapter, we have presented the limitations of solventevaporation for colloidal self-assembly purposes. The increase of the suspension viscosity induces a loss of the colloids 'mobility 7 , inhibiting the colloidal crystallization. Additives perturbate the self-assembly dynamic leading to a loss of the diffracted intensity with an additive proportion higher than 20-25 wt%.

Introduction

The previous chapter described the effort for making a film with responsive structural colors from self-assembled photonic crystals. Hard-core@soft-shell particles were successfully made, producing actually self-assembled films with responsive colorations through a process driven by convection forces. The transfer of this technology into a skincare application allowed to highlight the formulation limits associated with the development of a marketable product. More, the casting conditions of a skin care applications were identified as limiting the self-assembly ability of the core-shell particles, giving rise only to disordered patterns at the microscopic scale: colloidal glasses. This chapter presents a preliminary approach toward the conception of photonic glasses displaying colors suitable in peculiar for a cosmetic application, with reddish hues.

Red Photonic Glasses

Colloidal glasses refer to materials where the colloidal objects are arranged in a disorganized way. The arrangement of the particles is amorphous by analogy with inorganic glasses where the properties are due to similar atomic organizations. In the literature, such colloidal glasses can produce specific structural colors. Those colors have the peculiarity to present hues independent to the observation angle, by contrast with iridescent photonic crystals.

However, the colorations obtained by photonic glasses made from spheres suspensions are usually associated with blueish/white colors, caused by a predominant behavior of the particles Mie scattering. According to the size of the particles, the blueish/white coloration would be caused by the dependency of light scattered intensity in function of the incident wavelength.

Kim et al. 1 produced successfully photonic glasses with an apparently perceptible reddish coloration. To do so, they firstly synthesized hollow silica spheres (HSS) embedded in a matrix of trimethylolpropane ethoxylate triacrylate (TMPEOTA). The TMPEOTA was photopolymerized to form a matrix with roughly the same refractive index than the silica. The formation of such colloidal glass made of air beads incorporated into a matrix with a higher refractive index appears an appealing design for making red photonic glasses (Figure 1). The wavelength of the color produced (λPhG) can be considered as analog to the Bragg-Snell description, usually used for the description of photonic crystals. Indeed, the amorphous arrangement induces no ordering, by definition. This overall disorder is however associated with an averaged spatial periodicity, where the distance between each particle in the three space directions is the same. This averaged distance, controlled by the sphere diameters (Dsphere) can be integrated into the Bragg-Snell equation. The Bragg-Snell diffraction is then considered at normal incidence, as if it could be considered the incident light can interact with the same virtual reticular plans in any direction due to the amorphous arrangement.

𝜆 𝑃ℎ𝐺 ≈ 2 × 𝑛 𝑎𝑣𝑒𝑟. 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 × 𝐷 𝑠𝑝ℎ𝑒𝑟𝑒

The average refractive index of the material (naver.material) is evaluated in similar manner as in the chapter 3. According to the equations developed above, a design of photonic glass can be achieved integrating the multi-responsive POEGMA-based microgel (MG). The corresponding colloidal object targeted are HSSs, with controlled silica thicknesses and core diameters, surrounded by a MG layer with controlled thicknesses at the collapsed state. Such objects were aimed through a synthesis protocol involving three critical steps. The first one is the actual grafting of a SiO2 layer on PS spheres, with a precise control on the silica thicknesses. The second step rely on the effective formation of hollow silica spheres, thanks to a controlled calcination of the PS@SiO2 spheres to remove the PS templates, without degrading the SiO2 shell.

Finally, the third step consists in the grafting of the MG layer. Each of these steps are critical in the sense they can dramatically impact the size polydispersity value of the colloid. Even if Kim et al. 1 showed that a control of the dispersity promotes the formation of the photonic glasses, a too high size dispersion could inhibit the production of coherent scattering, and so reduce the structural color intensity.

The next section focuses on the production of hollow silica sphere suitable for the elaboration of the targeted colloidal design.

Hollow Silica Spheres

The two first and critical synthesis steps are studied through the production of two series of samples, with different sizes of PS templates and expected thickness of silica. The synthesis methods of these objects are described in the following lines.

Polystyrene beads (core)

Materials: Styrene (Sfrom Sigma-Aldrich); Sodium Dodecylsulfate (SDSfrom ABCR); ethylene glycol dimethyl acrylate (EGDMAfrom Sigma-Aldrich); potassium persulfate (KPSfrom Sigma-Aldrich).

The PS cores are produced from the emulsion polymerization of S with EGDMA, similarly to the protocol exposed in previous chapters. Before use, the inhibitors contained in the all commercial monomers are removed through mixing with an adapted inhibitor remover provided by Sigma-Aldrich, and filtering. The total amount of crosslinker is calculated to keep a molar ratio of This volume fraction of shell material is used as an experimental tool, targeting a theoretical diameter D th for the produced core-shell particles.

𝐷 𝑡ℎ = 𝐷 𝑠𝑒𝑒𝑑 (1 -𝑓 𝑠ℎ𝑒𝑙𝑙 𝑣𝑜𝑙 ) 1 3
Where Dseed is the seeds' diameter approximated for convenience as the measured hydrodynamic diameters by DLS, mshell is approximated as the mass of VTMS and mcore is the mass of dried seeds. The densities dshell and dcore corresponds respectively to the glass (2.2 g/cm 3 ) and PS (1 g/cm 3 ).

Equation 3

Equation 2 Equation 1From the PS cores, core-shell particles with a theoretical size of 328 nm and 182 nm are aimed. The seed concentration is kept constant at 1 wt% in the reactor.

The protocol is inspired from Kim et al. 

Polystyrene@Silica spheres

The distribution of the hydrodynamic diameters corresponding to the obtained particles were analyzed by Dynamic Light Scattering (DLS). The colloids are monodispersed, with no significant evidences of secondary nucleation of silica beads. Even if the grafting step seems satisfactory, the microscopic observation of the objects can confirm the effective achievement of core-shell particles.

The Transmission Electron Microscopy (TEM) images of isolated particles give a direct observation of the core-shell structure. The samples were prepared from raw suspensions diluted roughly to 1 mg/mL, drop casted on TEM grids and let drying for at least 6 hours. The PS particles are compared to their corresponding PS@SiO2 particles. Similarly, with DLS results, the both PS@SiO2 particles show a significant size increase from 156 ± 4 and 90 ± 11 nm for their PS seed homologues to 270 ± 6 and 153 ± 7 nm, respectively. As the silicon atoms have a higher number of electrons than carbon ones, the silica glass highly absorbs the electron beam and appears darker on the images (Figure 4d). In consequence, the shell appears darker than the PS cores, confirming the effective conception of core-shell particles. The grafting rate of the silica is a critical parameter to control the architecture of the final particles. Several methods are used to evaluate this grafting rate. The first one considers the final dimensions of the particles by comparison with the expected size.

According to the Equation 2, the theoretical shell thickness can be estimated from the hydrodynamic diameter of the seeds used and the mass proportion of shell against the core used experimentally. This theoretical shell thickness is related as the ideal case where 100% of the hydrolyzed VTMS is effectively condensed at the surface of PS particles. The shell thickness thus is evaluated as the 𝑡 𝑠ℎ𝑒𝑙𝑙 = 1 2 (𝐷 𝑐𝑜𝑟𝑒-𝑠ℎ𝑒𝑙𝑙 -𝐷 𝑐𝑜𝑟𝑒 ); where Dcore-shell is the averaged hydrodynamic diameter of PS@SiO2 particles. The SiO2 thicknesses are also measured from TEM images (Figure 5a). The measured shell thickness is finally compared to theoretical diameters with theoretical mass grafting rate of 100 wt% and 75 wt% The degassed suspensions were then plunged in liquid nitrogen until complete freezing, A successive freeze-drying was performed for 4 to 5 days, until complete drying of the material. The powder obtained was successively heated at 1 °C/min to 600°C for 6 hours and was let cooling overnight. The control of the heating rate is fundamental because a fast heating of the colloidal particle leads systematically to rupture of the shell and heterogeneous silica residue.

The HSSs were dispersed in absolute EtOH and were sonicated for 10 minutes. Samples for TEM observations were prepared from those suspensions diluted roughly to 1 mg/mL. The suspensions were then drop-casted on TEM grids and dried in ambient conditions for at least 4 hours (Figure 7). The TEM images show the effective elaboration of hollow silica spheres (Figure 7a). The silica layer appears darker and contrast with the lighted air core for both particles' series. Some smaller particles are identified as traces of secondary nucleation of silica during the previous sol-gel precipitation. Moreover, traces of particles with more than one cavity are identified with both series of HSSs (Figure 7a see HSS78 for illustration).

A higher sol-gel condensation of the silica can be achieved at high temperature. This phenomenon occurring between 200 and 800 °C can promote the covalent bonding of the annealed particles and merging them into bigger particles/aggregates. This phenomenon can contribute to the formation of colloidal objects where more than one cavity may exist. These particles are noted as "binomes"," trinomes" or" quadrinomes" according to the number of cavity existing, respectively 2, 3 or 4 and are opposed to "monomes" with only one cavity per particles 5 . An estimation of their distributions was evaluated from a population of at least 100 particles and approximatively 94 % and 72 % of monomes were calculated for PS178@glass308 and PS109@glass169, respectively (Figure 7b).

The distinction of the core/cavities against the silica shell offers the opportunity to correlate the measured dimensions at each step of the HSS elaboration, and highlight the sizes evolution, step by step.

The comparison of the core and core-shell diameters by TEM confirms firstly the current correlation between the size of the PS template and the cores diameters of the PS@SiO2 particles for both series. However, the cavities and coreshell diameters of HSSs endure an apparent contraction (Figure 8). The core-shell particles diameters decrease from 270 nm to 230 nm and 153 nm to 128 nm after calcination. Their cores turn into cavities with smaller dimensions, from 149 nm to 125 nm and from 95 nm to 83 nm, respectively. The condensation of the silica at high temperature include a water loss that could induce a volume loss of the particle after annealing. A peculiar attention is brought on the evolution of the measured core diameters, core-shell diameters, and shell thickness on particles before and after annealing. The purpose is to fully evaluate the impact of the annealing treatment on final particles (Figure 9a). The comparison of the measured dimensions before and after annealing display a homogenous compression of the evaluated distances with respect to their initial size. The compression of approximatively 15 l% is common for both series.

The dimensions by TEM are finally coherent with those obtained by DLS.

However, the agreement of both measurements is apparent only with size distribution normalized in function of the number of particles. As a reminder, scattering intensity of particles is proportional to Dh 6 , where the hydrodynamic diameter of the particle is noted Dh. In other terms, the average size is significantly impacted by the increase of polydispersity index, shifting artificially the peaks toward higher sizes. Figure 10 displays the hydrodynamic evolution of the HSS78 series, made from the small PS templates (PS109). The evolution of the size distribution stays coherent with the previous analysis, with firstly a shift toward higher Dh values after the silica grafting step, then a contraction of the hydrodynamic diameter after the annealing. The sizes indicated correspond to the maximum of the number intensity, the standard deviation is taken as the half of the full width at half maximum.

A significant widening of size distribution is observed for HSS spheres. This widening remains coherent with the formation of aggregates during the calcination step, due to the condensation between silica spheres. The redispersion of the calcinated particles in EtOH or water leads to similar size distribution, even if the size distribution appears weaker with EtOH. This difference doesn't appear significant by comparison with the overall size distributions.

Microgel grafting on silica surface

The next step exposed in the global strategy to achieve HSS surrounded by POEGMA-based microgels is the effective grafting of this last layer on the silica surface. The grafting step is evaluated by convenience on full silica spheres made by classical Stöber sol-gel condensation.

First of all, the synthesis of silica spheres with sizes close to the HSS spheres are produced. According to the Bragg-Snell equation a hypothetical diffraction wavelength of 600 nm can be produced from ordered particles of SiO2 spheres with a diameter close to 170 nm and a volume percentage of microgel of 75% in the core-shell particles (Figure 11). It is worth noting that the arrangement considered is here by default a classical FCC structure, with a diffracted wavelength induced by (111) reticular plans. Consecutively, the synthesis of SiO2 spheres surrounded by 75% in volume of POEGMA material may lead to colloids with an estimated diameter around 334 nm. The self-assembly of these objects into a photonic crystal may theoretically give rise to a diffraction wavelength at 600 nm.

The synthesis of such structure was thus attempted to evaluate simultaneously two distinct phenomena: firstly, evaluate the grafting of MG on silica surface with the minimum of synthesis steps and confirm the impact of a low refractive index differences between the core and shell materials in photonic crystals. Indeed, according to the Mie theory, the scattering intensity depends on the refractive index difference between the scattering colloids (core) and its environment (matrix made from the shell). An absence of refractive index difference should induce an absence of scattering and so no perceptible diffracted wavelength.

Silica size control

The first step of this study consists in the formation of Silica beads with a controlled diameter. According to the work of Greasley and al. 6 , the size of the particles made from a Stöber sol-gel condensation follows a linear relation with the ammonia concentration and the concentration of ethanol (EtOH), water and tetraethoxysilane (TEOS) in the reactive media (Figure 12a). This linear relation between the ammonia and the particle size was experimentally demonstrated in the concentration range among 0 and 0.5 mol/L of ammonia.

Two first attempts with ammonia concentrations of 0. The suspensions lead to unstable particle dispersion segregating quickly in the bottom of a vial (Figure 13a). In other terms, the grafting process leads to the formation of heavy aggregates that can be caused by a predominant phenomenon of secondary nucleation or/and by the formation of a colloidal network during the POEGMA polymerization.

The strategy set up to answer this identified graft issue was to promote the bonding of the MG on the silica through the introduction of polymerizable functions. As it appears in Figure 13b, the suspensions obtained through the same grafting protocol gives apparently more stable suspensions at identical solid content. The next sections develop the studies to control the silica surface modification, then detail the colloids after the MG grafting step from surface modified silica.

Silica surface modification

The target was to assure the surface modification of the silica sphere with a controllable surface density to allow further experiments. The surface modification of silica sphere was inspired from Inoubli et al. 8 In contrast, the evaluation of the apparent zeta potential by DLS display a significant shift of the charge surface on colloids (Figure 14b). The zeta potential was performed from raw suspensions, diluted to approximatively 1 mg/mL. In this context, the charge surface on raw silica colloidal spheres and modified silica are compared with PS-EGDMA spheres. The apparent zeta potential appears lower than its organic analogs, with -63 ± 13 and -46 ± 7 mV, respectively. This difference appears coherent with literature 9 : the maximal charge surface density for silica spheres is around 5 charges/nm 2 , according to the measured surface density of silanol functions. In contrast, the charges of our PS beads are considered as brought mainly from the ionic initiator used during the emulsion polymerization. The maximal charge surface density of PS particles (𝑑 𝑐 𝑃𝑆 )can thus be calculated from the particles concentrations (Npart):

𝑁 𝑝𝑎𝑟𝑡 = 𝑆𝐶 × 6 𝜋 × 𝑑 𝑃𝑆 × 𝐷 ℎ 𝑑 𝑐 𝑃𝑆 = 𝐶 𝐾𝑃𝑆 × 2 × 𝑁 𝑎 4𝜋 × ( 𝐷 ℎ 2 ) 2 × 𝑁 𝑝𝑎𝑟𝑡
Where SC is the particle solid content (kg/L), dPS is the PS density (kg/L), Dh is the hydrodynamic diameter (m), CKPS is the concentration of KPS used for the particle polymerization and Na is the Avogadro number (mol -1 ). According to this equation, the maximal charge surface density for our organic particles is approximatively four time lower than SiO2 particles, with a density among [0.8 -1.0] charges/nm 2 . Surface modification of the silica beads shift the apparent Zeta potential to a similar value, testifying of a modification of the particles' surfaces.

Thermogravimetric analyses offer a more accurate evaluation the surface modification achievement, with a quantitative evaluation of the molecular surface density (Figure 15). At this end, the suspensions were purified by 3 centrifugation/redispersion cycles before being analyzed. Indeed, according to the thermograms obtained from the calcination of dried suspensions, the surface modified particles shows a degradation peak related to the degradation of grafted MPS molecules in the 450-650 °C range 10 . Both samples were heated at the same heating rate (10°C/min) to 1000 °C to assure a complete degradation of the organic molecules, and a complete condensation of the silica. The identification of the MPS degradation gives rise to the following analysis for the MPS quantitative evaluation.

The MPS surface density (𝜎) is here expressed in function of the number of particles calcinated:

Where nMPS is the molecular quantity of calcinated MPS (mol), Dseeds is the diameter of the silica beads(m), 𝜌 𝑆𝑖𝑂 2 is the density of the silica(g/cm 3 ) and 𝑚 𝑆𝑖𝑂 2 is the mass of calcinated silica beads (g).

The molecular surface density of MPS can thus be expressed as:

Where The surface density depends thus essentially of the 𝐰𝐭 𝐌𝐏𝐒 /𝐰𝐭 𝐒𝐢𝐎 𝟐 ratio, measurable by TGA. Figure 16 presents the analysis of the thermograms of silica and surface modified silica beads to get these values.

The inconvenient of the MPS degradation/weight loss is that it happens simultaneously with the water loss due to the condensation of the silica at high temperature, producing a a unique readable weight loss (wtloss). The reading of the weight fraction of silica is thus encrypted: the proportion of water loss during the At this end, the thermogram of a bare silica beads allow to identify wtc in function of the mass of fully condensed silica (𝑤𝑡 𝑆𝑖𝑂 2 -𝑐 ). It is assumed here that for a population of monodispersed particles with a defined size, wt c /wt SiO 2-c is constant. This constant is then used to estimate the proportion of masse loss due to the degradation of MPS (wt MPS ) against the proportion of initial silica (wt SiO 2 ). This analysis offers a quantitative estimation of the molecular MPS surface density, with a value approximatively to 3.1 molecules/nm 2 . However, due to the three silanol functions of MPS monomers, there is a non-negligible probability that the molecules grafted on the surface can be organized into patches, or thin layer.

-Chapter V: Perspectives -Elaboration of photonic glasses -202 Nonetheless, the evidences of surface modification brought by Zeta potential evaluation and TGA measurement comforted the decision to attempt a MG grafting attempt on these model colloids.

Microgel shell grafting attempt on surface modified particles.

The MG grafting attempt was performed according to the protocol described p.197, where the bare silica seeds were replaced by the modified particles. The apparent improved colloidal stability of the suspensions indicates the production of at least less aggregates: indeed, a sedimentation is still observed after 24 hours.

Moreover, the DLS measurement performed led to correlograms indicating large settling particles. However, the supernatant after 24 hours of rest remains still trouble, indicating the presence of smaller particles, more stable in suspensions, and presenting a refractive index difference with the solvent to scatter light, but here again no reliable size distribution was achievable.

However, the particles in the supernatant were observed by AFM, to determine if at least some core-shell particle were formed during this grafting step.

In this context, the supernatant was gathered and let to dry on PS substrate set on heating plates at 40 °C to form dried films. In parallel, the suspensions were diluted to approximately 1 mg/mL and drop-casted on cleaned silicon wafers to visualize isolated particles. The AFM images of the film surface (Figure 17a) show the presence of at least two different kind of colloids: big soft particles and hard smaller beads. The size of the big soft particles reminds the size of POEGMA-based microgel synthesized in classical precipitation polymerization, with an apparent diameter close to 400 nm. In contrast, the hard and smaller particle can be identified as the silica sphere embedded in its POEGMA matrix, due to their apparent higher rigidity.

Their size appears slightly smaller than what could be expected to the measured hydrodynamic measurement (Dh = 180 nm), but could be caused by the matrix hiding the circumference of the embedded silica spheres.

The images of isolated particles display particles with sizes more in adequation with the hydrodynamic measurement of the silica seeds (Figure 17b).

Interestingly, the AFM images with the surface contrast depending on the surface -Chapter V: Perspectives -Elaboration of photonic glasses -204 rigidity show the presence of apparent core-shell particles, made of a hard core (whiter) and surrounded by a soft shell (darker).

A zoom on the isolated MG grafted silica spheres is presented with their homologues SiO2-MPS seeds (Figure 18). It appears clearly the SiO2-MPS spheres have spherical shapes, with sharp edges. No darkening of the outer part of the particle is apparent, at the opposite of the isolated SiO2-MPS@MG particles. The whiter, stiffer cores have sizes coherent with the AFM observation of the seeds.

Though this darker, softer identified shell can be identified as POEGMA layer, nothing indicates if a covalent bonding actually exists. The MG grafting step leads to the formation of relatively unstable suspensions, with a secondary nucleation of POEGMA-based microgel. However, among the object suspended, core-shell particles are identified, as a promise ensuring the controllable grafting of the multi-responsive and filmogenic layer is achievable with some efforts.

Conclusions

Among the lines of this chapter, an alternative design of colloidal particles is described for the conception of reddish photonic glasses. This design can be simply described as a composite particle, made of a hollow silica sphere, surrounded by a POEGMA-based microgel. The conception of these new colloids is related to at least three critical synthesis steps: (1) the formation of PS particles, surrounded by a controlled thickness of glass by seeded sol-gel precipitation, (2) the controlled calcination of the core-shell particles, achieving hollow silica spheres and (3) the effective grafting of the POEGMA-based microgel on the silica beads.

The two first steps have showed to be achievable, a peculiar attention has been brought on the size evolution of the colloids between each step. An evaluation of the grafting rate of silica material on the seeds by DLS and TEM has confirmed the robustness of the first step. The calcination protocol at a controlled heating rate offers the possibility to remove the PS template without any traces of broken silica hollow spheres, but with an increase of the particle size polydispersity due notably to residual intra/inter silanol condensation at high temperature.

The last step has been experimentally modelled on silica spheres with controlled sizes. Surface modified silica spheres were compared with bare silica particles for the grafting of the MG layer. In both cases, the suspensions obtained leaded to settling suspensions over 24 hours. However, the grafted attempt of MG on surface modified silica spheres leaded to the production of identifiable coreshell particles.

Some supplementary effort remains essential for the actual grafting of a POEGMA-based layer on silica spheres. Nevertheless, the present results pave the way toward the elaboration of this innovative colloidal architecture, lightening the possibility and the challenges to overcome for the conception of red photonic glass for skincare applications.

Conclusion

In this work, we have studied the self-assembly of multi-responsive hybrid microgels spheres. It follows the line of previous works on the self-assembly properties of multi-responsive microgels based on poly(oligo(ethylene glycol) methacrylate)-based microgel. In this context, we raised the following question: Would it be possible to develop the self-assembly properties of these microgels to make dried photonic crystal, with controllable and responsive interferential colors toward the conception of a skincare application?

The first chapter reviews the natural photonic assemblies giving structural colors and exposes the fundamental concepts behind the structural coloration: the light scattering and diffraction. The diffraction description from the Maxwell's equation resolution has been compared to the simpler Bragg-Snell approach. This last approach has been identified as an affordable method to estimate the diffracted wavelength from experimental parameters. The size of the building With a peculiar attention on the seed nature and the synthesis method, core-shell particles have been produced with a shell grafting rate around 90 ± 9 wt%, without intermediate purification. This high grafting rate is correlated with the self-assembly quality of the film produced, giving more regular photonic crystals with more intense structural colors.

The third chapter focuses on the self-assembly properties of the colloids.

Thanks to its robustness, the synthesis protocol of the core-shell particles allowed the control of the shell thickness, with a constant grafting rate. The alteration of the core/shell balance is a tool to tune the iridescent structural color, according to an aimed diffraction wavelength. These experimental observations have been coherent with theory and have opened the discussion about the crystallin structure of the self-assembly. The particles sizes were correlated with the optical properties of the films to bring forward the "hard sphere"-like self-assembly mechanism of this system. This mechanism is allowed by the thermo-responsivity of the shell and is driven by the convection forces during the solvent evaporation. The films have showed an astonishing tenacity through mechanical deformation, without any (photo-)chemical treatment. This cohesion is due to the visco-elastic properties of the shell, and give rise to an entanglement of the particles after drying. It confers spontaneous mechanochromism properties to the films, then able to color change through deformations.

The fourth chapter presents the works on the transfer of the photonic crystal technology into a skincare/cosmetic formulation. Two points were focused, the impact of essential additives on films' color and the refining of the colloidal suspensions into an applicable product for a consumer. We have pointed out the crucial control of the additive proportion against the quantity of hybrid microgel to conserve the structural coloration. Above 20-25 wt% of liquid additives in the dried film, the self-assemblies are perturbed and loss their diffraction ability. The increase of the suspension solid content in the scope of an applicable product has led to dramatic conclusions. The rise of the suspensions' viscosity, controlled by the colloidal concentration, inhibit severely the mobility of the suspended objects.

Photonic crystals were no more achievable in casting condition relevant for a skincare/cosmetic application. Instead of organized crystals, only blueish films made of disorganized colloidal arrangements were produced, so called photonic glasses.

The fifth chapter opens perspectives on the elaboration of photonic glasses In conclusion, the present research work has achieved the complete conception of hybrid microgels, with a controllable architecture, giving rise to colored films with tunable iridescent coloration and spontaneous mechanochromic properties. From a fundamental point of view, the self-assembly mechanisms were investigated and have allowed the comprehension of the experimental parameters driving the colloidal crystallization. From an industrial point of view, the junction of the marketable casting conditions with the fundamental knowledge on this system allowed the identification of the self-assembly limits of colloidal objects.

In the perspective of further works, we could envision the development of novel colloidal design, targeting the elaboration of photonic glasses with controllable coloration. One could also aim the fine prediction of the color intensity according to the photonic glasses' thicknesses by Finite Difference Time Domain involving the Maxwell's equation resolution, and bring critical information on their suitability for cosmetic/skincare application.

Appendices 1. Size control of PS beads through emulsion polymerization

The nucleation step of an emulsion polymerization is critical to control the final size of the colloidal objects. The higher the number of particles, the lower their final diameter. According to Smith-Ewart Theory, the number of particle (Np) is in particular related to the surfactant concentration (i.e. [SDS]). Related to the classical nucleation theory, the modification of the surface energy impact directly the critical size of an emerging nuclei. In one hand, Smith-Ewart exposes 𝑁 𝑝 ∝

[𝑆𝐷𝑆] 3/5 . In the other hand, the number of particles can be estimated considering the volume of monomer used with respect to the diameter of the particles (Dp), giving rise to 𝑁 𝑝 ∝ 𝐷 𝑝 -3 . It can be thus estimated a power law relating the surfactant concentration and the particle size, as 𝐷 𝑝 ∝ [𝑆𝐷𝑆] -𝑥 . In this theoretical context, x is a power factor with a theoretical value of 0.2, but that could vary depending on the nucleation/growth dynamic of the system 1 .

With our experimental set-up the control of our seeds' size was performed 

Atomic Force Microscopy

The samples were observed through Atomic Force Microscope (AFM) from Brucker© (MultiMode8®), on peak force modes. Each image was taken with a resolution of 512x512. Peak force mods imaging uses a vibrating cantilever.

In peak forces mode, the cantilever oscillates in order to touch the surface punctually with a constant force. The position of the cantilever is adjusted to keep always the same deflection of the laser beam corresponding to a force of 10 pN. However, the parameter correcting the height, 𝜎 ℎ , is not constant and depend of itself of the b/a ratio. Secondly, the effective width weff obtained doesn't consider the curvature of the spherical border, and thus may underestimate the experimental width of the object. Similarly, it can be corrected such as:

𝑤 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑤 𝑒𝑓𝑓 × 𝜎 𝑤 ̅̅̅̅
Here also, the parameter correcting the width 𝜎 𝑤 , is a function of the b/a ratio and must be calibrated.

The parameters 𝜎 ℎ and 𝜎 𝑤 have been calibrated thanks to the simulation of the contact of tip edges, modelled as affine curves, with ellipsoid sections defined by controlled b/a ratios.

The elliptic and affine functions, respectively 𝑦 𝑝𝑎𝑟𝑡 and 𝑦 𝑡𝑖𝑝 was expressed as in a Cartesians (x;y) space: 

𝑦 𝑝𝑎𝑟𝑡 = 𝑏 (1 -( 𝑥 𝑎 )

FTIR-ATR analysis details

The FTIR spectroscopy quantification analysis obey to Beer-Lambert's law: 𝐴𝑏𝑠(𝑖) = 𝜀 𝑖 × 𝑙 𝑖 × 𝑐 𝑖 With Abs(i), the measured absorbance of a chemical function, characterized by its extinction coefficient εi (m 2 /kg), li (m) the thickness investigated through FTIR-ATR analysis and its concentration in the material ci (kg/m 3 ).

Relative quantification consists in comparing an absorbed signal of a target, for instance named Abs(i), to a constant reference, for instance Abs(j). The ratio of interest, called ri/j can then be expressed as: From a practical point of view, the relative quantification search to relate for instance a mass ratio of two different compound and the corresponding r(i/j) ratio.

In such case, the mass information is integrated in the concentration parameter of the Beer-Lambert law. In such case, the concentration of the chemical function probed can be related to the mass of the associated chemical compound We assume then the absorbance ratio ri/j can be related to the following equation: ratios. As the polarizability in intrinsic to a chemical function, the first term shouldn't be significantly altered whatever the i/j proportion and may be assumed quite firmly as constant. However, the two other terms depend on the depth penetration of the beam and so on the average refractive index of the material. The average refractive index depends on the composition of the material. Those two last terms can thus be impacted significantly by the i/j ratio. That's why a calibration curve remain indispensable to assure that a linear relation exists effectively between the absorbances ratio, and the masses ratio.

𝑟 𝑖/

Dynamic light scattering

The polydispersity and the average particle diameter are obtained from a Zetasizer nano ZS from Malvern Instruments. In the following sections, the fundamental equations of dynamic light scattering (DLS) analysis are briefly presented.

Autocorrelation function

Due to their size close to the wavelength, particles interact with light and scatter. This scattering decrease in intensity over time due to the Brownian motion of particles. The dynamic information of the particles can be extract by the analysis of the second order auto-correlation curve whose the expression is: In the Equation 1, 𝑔 2 (𝑞; 𝜏) is the autocorrelation function at the second order, at a particular wave vector, "q" and delay time "𝜏". "I" is the scattered intensity and "t" the time variable.

The first approach is to treat the first order autocorrelation function as a single exponential decay. This treatment is appropriate for a monodisperse population.

𝑔(𝑞; г) = exp (-𝛤𝜏)

In this Equation 2, "𝛤" is the decay rate. The coefficient diffusion "D" is directly derived from this parameter at a single angle or at a range of angles depending on the wave vector "q" 𝛤 = 𝑞²𝐷 With "q", a function of "𝜂 0 "the refractive index of the sample, "𝜆" the incident laser wavelength, and "𝜃" the angle which the detector is located with respect to the cell sample. 

Cumulant method: description of the Z-average value

The Cumulant method is a common method which consider the polydispersity of the system. It allows to obtain Dz, the average hydrodynamic diameter of the particles which can be expressed as below: The Equation 6 is a function of 𝐼 𝑖 , the scattered intensity of the particle i, and the radius of this particle, 𝑅 𝑖 .This interpretation appears as a reliable method to consider particles size fluctuation. Also, the following hydrodynamic results will always be presented as a result of this method.

Mie scattering: simulation

The scattering of particles is simulated the behavior of spherical particles into a medium. The software MiePlot developed by Philip Laven allow easily generate spectrum of scattered intensity in function of its wavelength. The particles diameter, refractive indexes of the medium and of the particles can be fixed, according to the nature of the system.

A

  mon épouse, mon fils, ma famille, mes amis, à tous ceux qui ont été présents et bienveillants, Ces travaux n'auraient jamais eu cette couleur sans vous.

Figure 1 .

 1 Figure 1. (a) Macroscopic pictures of a "Chrysochroa fulgidissima" (up) with corresponding TEM picture of the shell seen in cross-section, adapted from Kinoshita et al. 7 . (b) Macroscopic pictures of a "Chrysina gloriosa" beetle and a "Pollia condensata" fruit with corresponding scanning electron microscopy (SEM). A Schematic representation of the twisted nematic structure is represented between both SEM pictures. Adapted from Sharm et al & Vignolini et al. 9,10 .

Figure 2

 2 Figure 2 Male peacock and iridescent setae from "polychaete" worms. (a) Macroscopic photo of one of the tail feathers and (b) a TEM cross section of a barbule . Adapted from Medina et al. 12 . (c) Scanning electron micrograph (SEM) in the top-left and transmission electron micrograph (TEM) images of transverse sections through a single iridescent seta. (d) Macroscopic of a iridescent "polychaetae" worm. Adapted from Vukusic et al.13 

Figure 3 (

 3 Figure 3 (up) Macroscopic pictures, from left to right of a Sialia sialis and Cotinga maynana birds and a natural opal. The corresponding TEM pictures are displayed below. Adapted from Dufresne et al. 14 & Jones et al. 2 .

Figure 7 .

 7 Figure 7. Scattering efficiency 𝑄versus mx (𝑥 = ሺ2𝜋𝑛 0 𝑟ሻ/𝜆 and 𝑚 = 𝑛/𝑛 0 = 1.59/1.33) for Rayleigh (dashed curve) and Mie (solid curve) scattering. The dotted line indicates the limiting value of Q = 2. Adapted from Cox et al.28 

Figure 8 .

 8 Figure 8. Schematic examples of one-, two-and three-dimensional photonic crystals. The different colors represent materials with different dielectric constants. Adapted from Joannopoulos et al.29 

  Also known as lattice parameters, those translation vectors are characterized by symmetric relations applied on them. Another useful representation of the unit cell in the reciprocal space which can be introduced. It leads to the construction of a reciprocal unit cell, characterized by its reciprocal lattice parameters ሺ𝑏 1 ⃗⃗⃗ , 𝑏 2 ⃗⃗⃗⃗ , 𝑏 3 ⃗⃗⃗⃗ ሻ expressed as:

Figure 9 .

 9 Figure 9. Schematic representation of (a) an FCC lattice and (b) the reciprocal lattice of the FCC with a representation of the first Brillouin Zone. Special symmetry point used in the construction of the band structure diagram are noted. Adapted from Yu et al.30 

Figure 10 .

 10 Figure 10. Calculated photonic band structure in the first Brillouin zone for (a) a fcc dielectric structure composing of air spheres in a dielectric background of refractive index 3.5, with a filling ratio of 86% for air and for 14% dielectric material. (b) diamond dielectri c structure consisting of dielectric spheres of refractive index 3.6 in an air background. The filling ratio of the dielectric material is 34%. The frequency is given in units of c/a, where a is the cubic lattice constant of the diamond lattice.
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 2 photonic crystal through the expression of 𝑛 𝑒𝑓𝑓 , and the geometry of the selfassembly through the relation between the inter-particle and the inter-reticular distances.

Equation 12 Figure 11 .

 1211 Figure 11. Photonic band structure of a silica opal film. (a) Photonic band diagram for FCC packed silica particles in air. (b) Comparison of the theoretical calculation and the experimental Bragg diffraction from (111) colloidal planes of the silica opal film. The wavelength given by the Bragg-Snell equation is indicated by a dashed line. Adapted from Bardosova et al.[START_REF]Nanomaterials and Nanoarchitectures: A Complex Review of Current Hot Topics and their Applications[END_REF] 

Figure 12 .

 12 Figure 12. (a) Heat shrinking induced colors of 3D-printed woodpile photonic crystals. a Schematic of the fabrication process. Left: woodpile photonic crystal written by two -photon polymerization at dimensions well above the resolution limit of the printer to prevent structures from collapsing. Right: after heat treatment, the dimensions of the photonic crystal are reduced below the resolution limit of the printer, and colors are generated. The colors change with different degrees of shrinkage. Micrographs of 3D-printed model of the Eiffel Tower in structural blue (b) and structural red (c). (d) Oblique view of an Eiffel Tower printed with intentional gradient of colors. (e) Further down-scaled multi-color 3D print of the Eiffel Tower. Scale bars represent 10 µm. Adapted from Liu et al.[START_REF] Liu | Structural color three-dimensional printing by shrinking photonic crystals[END_REF] 

Figure 13 .

 13 Figure 13. Schematic representation of opal-like an inverse opal like matter organization.From left to right, the surrounding matrix is either made of air or of a material different from the self-assembled beads. On the right side, the beads have been removed, replaced with air. Adap ted from Yan et al.[START_REF] Yan | A flexible surface-enhanced Raman substrates based on cellulose photonic crystal/Ag-nanoparticles composite[END_REF] 

Figure 14 .

 14 Figure 14. Diagram of electric double layer. Different values of the electrical potential are referenced: the surface potential of the particle, the Stern potential in the close vicinity and farther from the surface, the zeta potential. Adapted from Park et al.[START_REF] Park | Intermolecular Force[END_REF] 

Figure 17 .

 17 Figure 17. Schematic representation of drying edge confinement effect on colloidal assembly. Adapted from Ng et al. 67 .

  either attractive at low pH values, or repulsive at high pH values leading to the formation of a uniform surface (low pH) or well-defined ring (high pH). The macroscopic organization of the film is thus strongly dependent on the repulsive or attractive nature of the DLVO force. They proposed a phase diagram putting into relation three competitive flow patterns: a radial flow driven by the liquid evaporation, a Marangoni flow driven by surface tension gradient and a flow transporting the object to the substrate through attractive DLVO interactions (Figure 18).

Figure 18 .

 18 Figure 18. Phase diagram for self-assembly of nanoparticles during drop drying on a solid surface.The ratio of three characteristic velocities (Vrad, VDLVO+, and VMa) determines the final pattern shape. Vrad is the radial flow velocity scale caused by the maximum evaporation rate at the pinned wetting line, VDLVO+ is the velocity scale caused by an attractive DLVO force, and VMa is the Marangoni velocity scale. Adapted from Bhardwaj et al[START_REF] Bhardwaj | Self-Assembly of Colloidal Particles from Evaporating Droplets: Role of DLVO Interactions and Proposition of a Phase Diagram[END_REF] 

Figure 19 .

 19 Figure 19. Thermal Marangoni effects on the final deposition pattern. (a) Comparison of the dried mark of an ethanol-water mixture (50:50 vol. %) containing PEO-coated silica nanoparticles (d = 228 nm) and remaining PEO at different substrate temperatures. The scale bars are 2 mm. (b) Comparison of thickness profiles along the red dashed line of (a); the light gray solid line, Ts = 25C, the dark gray solid line, Ts = 40C, and the black solid line, Ts = 60C. Adapted from Lee et al.[START_REF] Lee | Uniform Coating of Self-Assembled Noniridescent Colloidal Nanostructures using the Marangoni Effect and Polymers[END_REF] 

Figure 20 .

 20 Figure 20. (a) Schematic representation of the Langmuir-Blodgett deposition method, adapted from Dommelen et al. 68 SEM picture of self-assembled films made from 680 nm SiO2 spheres. (b) 1-layer deposition forming a 2D photonic crystal. (c) 25-layer film by successive Langmuir-Blodgett depositions, forming a 3D photonic crystal. Adapted from Reculusa et al. 104

Figure 21 .

 21 Figure 21. (a) Photograph of the roll-to-roll slot-die coating with strips of optical adhesive NOA164 on the PET substrate with the LB monolayer of silica spheres. Adapted from Parchine et al. 105 (b) Photographic images of the 2D photonic crystal formed from 600 nm diameter silica particles assembled into a single-layer film on a light bulb and corresponding SEM image showing the close-packed ordering of the particles. The scale bar on the SEM image represents 1 µm. Adapted from Kohoutek et al. 106

Figure 22 .

 22 Figure 22. SEM images of the cross sections of the silica colloidal crystal films using thermally assisted vertical deposition (A) and (C) 635 nm, (B) 850 nm and (D) 1.0 µm spheres. From Wong et al. 107

Figure 23 (

 23 Figure 23 (a) grafted adhesive shell influence on the Dip Coating process (b) 3D hybrid photonic crystal from SEM observations on a top view, (c) a side view of (111), (110) and (100) plan of 3 stacked layers. Adapted from Deleuze et al.110 

Figure 24

 24 Figure 24 Layering transition schematic for monodisperse spheres. The experimental micrographs from this study on the bottom are made from polystyrene latex dispersions with a average of diameter 1.1 µm. The different colors of each layer are due to optical interference of the transmitted light. The polygons are to aid the eye. Adapted from Prevo et al. 111

Figure 25 .

 25 Figure 25. (Left) Colloidal crystal-polymer nanocomposites fabricated by the doctor blade coating technique. (a) Photograph of a multilayer nanocomposite consisting of 290 nm silica spheres embedded in an ETPTA matrix coated onto a glass substrate. ( b) Top-view SEM image of the sample in A. Inset showing a Fourier transform of a 40x40 μm² region. (C) Magnified SEM image of (B).

𝜕∆𝐺 𝜕𝑅 = 0 3 3∆ 𝑔 2

 032 , and imply that ∆𝐺 * = 16𝜋𝜎 defining a critical size under which the nuclei is not stable expressed as: 𝑟 * = 2𝜎 ∆𝑔 . It is worth noting that this Equation 16

Figure 26 .

 26 Figure 26. Schematic representation showing the dependence of nucleation barrier ΔG*on the radius r according to classical nucleation theory. Adapted from Karthika et al. 119

Figure 28 .

 28 Figure 28. Schematic simple representation of the TLK sites, adapted from Lan et al. 121 . Detailed growth process of steps under high and low surfactant concentration (Cp). Snapshots o f growing steps under (a) high Cp (0.15 g/L). and (b) low Cp (0.10 g/L). The dashed circles show the mounds formation. Adapted from Nozawa et al. 122

Figure 29 .

 29 Figure 29. Polystyrene@PNIPAM core-shell nanoparticles self-assemble into photonic crystals through a depletion attraction (a) Self-assembly of colloidal crystals is driven by a depletion attraction induced by the presence of non-adsorbing polymer (gray dots). (b) An optical micrograph of the photonic crystals formed on a glass substrate shows highly uniform structural colors. (c) Series of optical micrographs of the photonic crystals taken during heating shows the uniform change in structural color upon heating. Adapted fromPark et al. 123 

Figure 31

 31 Figure 31 Optical images of the crystal film during a stressing and releasing cycle. Adapted from Duan et al. 126

Figure 32 .

 32 Figure 32. (a)Schematic of mechanochromic photonic films composed of a non-closepacked array of silica particles embedded in an elastomeric matrix. (b) Series of photographs of a photonic film with three different strains taken in reflection. Adapted from Lee et al. 131 1

  polymerizations, Atomic Transfer Reaction Polymerization 135 (ATRP) and Nitroxide-Mediated radical Polymerization (NMP) polymerization 164 .

Figure 33 .

 33 Figure 33. Schematic representations of grafting strategies. Adapted from Macchione et al. 165

Figure 35 .

 35 Figure 35. Schematic representation of an emulsion polymerization mechanism. The "R" letters stand for the activated initiators. Three nucleation mechanism are exposed: from a monomer droplet, homogeneous nucleation, and micellar nucleation. The average number of radicals per aggregate is on equilibrium during the growth phase, the entering radicals counterbalancing the exits. Adapted from Distler et al.169 

Figure 36 .

 36 Figure 36. The control of the surface energy between the seeds, the polymer and the solvent can give rise to several molecular self-assembly scenario. Adapted from Herrera et al.170 

  Precipitation polymerization are made from monomers giving rise to macromolecules with a Low Critical Solubility Temperature (LCST). Those polymers have the advantage to switch from hydrophilic to hydrophobic when the temperature reach a specific temperature called the Volume Phase Transition Temperature (VPTT). Above the VPTT, the polymer/solvent interaction are destabilized by the molecular Brownian motion, promoting the polymer/polymer interactions: the polymer collapse on itself. Below the VPTT, the macromolecules are swollen by the solvent. With free-radical polymerization thermally triggered, it offers the possibility to produce thermo-responsive polymers from a precipitation polymerization. Thermo-responsive microgels can be achieved if crosslinkers are added preventing the dissolution when the temperature decreases above the VPTT. Polymers made with crosslinkers, are usually made of thermo-responsive polymers as Poly(N-isopropylacrylamide) -PNIPAM) -crosslinked with N, N'-Methylene-bis-acrylamide (MBA).

  Shi et al. 175 compared the impact of PNIPAM microgels monomers addition conditions, batch wise or continuously, on the PMMA@PNIPAM structure. They obtained particles with an inhomogeneous shell presenting fractal moieties. In this case the KPS is mixed firstly with the PMMA seed dispersion under nitrogen. The PNIPAM microgel monomers are added then continuously at 70°C in the case presented in Figure 37. The first addition of the initiator could favor the transfer reaction between the growing microgel and the PMMA surface.

Figure 37 .

 37 Figure 37. TEM images of PMMA/PNIPAM core-shell particles synthesized by seeded precipitation polymerization, continuous addition at 0.5 mL/min. From Shi et al.[START_REF] Romanato | Fabrication by means of x-ray lithography of twodimensional GaAs/AlGaAs photonic crystals with an unconventional unit cell[END_REF] 

Table 1

 1 Preparation of the Microgel Samples. The Measured Values of Hydrodynamic Radius and the Results of Electrophoretic Measurements, from Andersson et al. 173 Nevertheless, PNIPAM is characterized by a glass transition temperature (Tg) around 140 °C, meaning at ambient temperature its molecular chains are frozen. This glassy state of the material has strong impact on its mechanical properties, forbidding any structural rearrangement under constrains once dried. Since the re-highlight in 2008 from Lutz et al. 177 about the thermoresponsivity of Poly(oligo(ethylene glycol) methyl ether methacrylate)-(POEGMA)-based polymers, several teams worked on its development. Indeed, due to its ethylene glycol chains, these macromolecules can develop reversible interaction with temperature. The induced VPTT can be set in function of the length and the proportion of oligo(ethylene glycol) chains. Briefly, the longer the ethylene glycol chains, the higher the VPTT. Boularas et al. 178-181 designed POEGMA based microgels by precipitation polymerization. The polymeric phase was made of diethylene glycol methyl ether methacrylate (MEO2MA), oligo ethylene glycol methyl ether methacrylate (OEGMA), methacrylic acid (MAA) and oligo ethylene glycol diacrylate (OEGDA) with a molar composition equal to [MEO2MA:OEGMA:MAA:OEGDA] = [84:9:5:2]. The MEO2MA/OEGMA ratio was designed to set a VPTT around 32°C, i.e. average human skin's temperature, with average molecular masses of 250 g.mol -1 and 475 g.mol -1 respectively for OEGDA and OEGMA. More, the thermo-responsivity of the material is supported by a pHresponsivity due to the presence of the MAA function on the microgel arrays.
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  𝑛 𝐸𝐺𝐷𝑀𝐴 𝑛 𝐵𝐴 +𝑛 𝐸𝐺𝐷𝑀𝐴 = 5 mol%. The total amount of BA and EGDMA introduced are calculated to keep a mass ratio of 𝑚 𝑆𝑡 +𝑚 𝐷𝑉𝐵 𝑚 𝐵𝐴 +𝑚 𝐸𝐺𝐷𝑀𝐴 = 50 𝑤𝑡%. The final solid content targeted -SCth, considering a conversion rate of 100%, is adjusted with water to keep SC th =11.3 ± 0.5 wt%. In 1.5 liter 3-neck rounded bottom beaker containing the degassed and heated raw dispersion of raw seeds under N2, an aqueous solution of SDS (0.081g / 5 mL) was added to the solution. A degassed mix of BA (42 g -0.327 mol) and EGDMA (3.248 g -0.16 mol) were introduced in the reactor and stirred for 15 minutes. Then, an aqueous KPS solution (0.1575 g (0.6 mmol) / 10 mL) previously degassed was introduced in the mixture. The reaction was let for 3 hours. The reaction was stopped by reducing the system temperature to ambient temperature and by opening the reactor to air. POEGMA microgel shell Materials: diethylene glycol methyl ether methacrylate (MEO2MA), oligo ethylene glycol methyl ether methacrylate (OEGMA -𝑀 𝑤 = 475 𝑔. 𝑚𝑜𝑙 -1 ), methacrylic acid (MAA); oligo ethylene glycol diacrylate (OEGDA -𝑀 𝑤 = 250 𝑔. 𝑚𝑜𝑙 -1 ) and potassium persulfate (KPS). All the materials are provided by Sigma-Aldrich.

Figure 1 .

 1 Figure 1. (a) Evolution of the hydrodynamic diameters (Dh) distribution of suspended objects from raw dispersions of PS spheres (average Dh = 140 nm), PS@PBA spheres (average Dh = 180 nm) and PS@PBA@MG made with 25 wt% of POEGMA-based microgel in the solid content (average Dh = 214 nm at 60 °C). (b) Evolution of the Dh values of PS140@PBA180@MG(25wt%) spheres according to the suspension temperature and pH. The data is fitted with a decreasing sigmoid function, correspondent regression coefficient (r²) are noted. (c) The corresponding derivative of the sigmoid regressions with respect to the temperature. The minimum of each curve indicates the VPTT of the suspended object, at the set pH.

Figure 2

 2 Figure 2 Atomic Force Microscopy (AFM) pictures of isolated colloidal beads. The images of the first line are display with a contrast in function of the surface relief whereas the pictures from the second line shows the same area, but with a contrast depending of the rigidity of the surfacethe whiter are the pixel, the stiffer is the surface.

Figure 3 (

 3 Figure 3 (a) UV-visible spectrum of a film made from a raw suspension of PS140@PBA180@MG(25wt%). The curve with the dashed line displays the baseline considered to isolate the diffraction peak. The baseline is traced from a partial fit on the experimental data from decreasing exponential function describe below. (b) Difference between experimental data and the fitted baseline. (c) AFM pictures of the surface and the cross -section of films made from raw and purified suspensions.

Figure 4

 4 Figure 4 Atomic Force Microscopy (AFM) pictures of isolated colloidal beads. The images of the first line are display with a contrast in function of the surface relief whereas the pictures from the second line shows the same area, but with a contrast depending of the rigidity of the surfacethe whiter are the pixel, the stiffer is the surface.

Figure 5

 5 Figure 5 Atomic Force Microscopy (AFM) pictures of films surfaces made from the solvent evaporation of raw particles suspensions. The images of the first line are display with a contrast in function of the surface relief whereas the pictures from the second line shows the same area, but with a contrast depending of the rigidity of the surfacethe whiter are the pixel, the stiffer is the surface.

Figure 6

 6 Figure 6 relates the loss of the arrangement with the loss of the optical properties. The samples made from PS@PBA display a significant Bragg diffraction peak around 490 nm, with a relative contribution to the spectrum of 0.3. The impact of the shell grafting step was investigated through the grafting of different shell ratios, 25 and 50 wt% with respect to the solid content. It appears clearly the diffracted intensity decrease quickly with the proportion of shell material incorporated. A slight shift of the diffraction peak from films with the highest amount of shell fraction is however perceptible, possibly due to a weak modification of the interparticle distances, according to Bragg-Snell theory.

Figure 7

 7 Figure7AFM pictures from raw PS-DVB@MG films (a) and beads (b). The images of the first line are display with a contrast in function of the surface relief whereas the pictures from the second line shows the same area, but with a contrast depending of the rigidity of the surfacethe whiter are the pixel, the stiffer is the surface. (c) Zoom on a smaller particle, with a section analysis showing its spreading (grey line). In dashed line is represented a reconstruction integrating the tip-correction on the diameter.

  Polystyrene beads (core)chemical modificationMaterials: Styrene (Sfrom Sigma-Aldrich); divinylbenzene (DVBfrom Sigma-Aldrich); Sodium Dodecylsulfate (SDSfrom ABCR); ethylene glycol dimethyl acrylate (EGDMAfrom Sigma-Aldrich); potassium persulfate (KPSfrom Sigma-Aldrich).The PS cores are produced from the emulsion polymerization of the St with DVB/EGDMA. Before use, the inhibitors contained in the all commercial monomers are removed through mixing with an adapted inhibitor remover provided by Sigma-Aldrich, and filtering. The total amount of crosslinker is calculated to keep a molar ratio of 𝑛 𝑐𝑟𝑜𝑠𝑠𝑙 𝑛 𝑆𝑡 +𝑛 𝑐𝑟𝑜𝑠𝑠𝑙 = 5 𝑚𝑜𝑙%. The surfactant (SDS) concentration is controlled, according to the core size targeted, here between 150 -200 nm (Appendix 1, p.211). The final solid content targeted -SCth, considering a conversion rate of 100%, is adjusted with water to keep 𝑆𝐶 𝑡ℎ = 6.0 ± 0.5 𝑤𝑡%.Here, in 1.5 liter 3-neck rounded bottom beaker set up with a thermostat and a mechanical stirrer, 650 g of MiliQ water and 0.426 g of SDS were mixed. Successively, 42.636 g of styrene with the corresponding amount of crosslinker were added into the reactor, that is 2.665 g of DVB or 4.057 g of EGDMA. The mixture was then stirred at 300 rpm for 45 min under bubbling nitrogen gas while the temperature was increased to 70 °C. After 45 min and once the set temperature was reached, a degassed aqueous solution of KPS (0.1930 g/10 mL) was injected into the reactor. The reaction was stopped after 4 hours by opening the reactor to air and cooling the mixture to ambient temperature.POEGMA microgel shellMaterials: diethylene glycol methyl ether methacrylate (MEO2MA), oligo ethylene glycol methyl ether methacrylate (OEGMA -𝑀 𝑤 = 475 𝑔. 𝑚𝑜𝑙 -1 ), methacrylic acid (MAA); oligo ethylene glycol diacrylate (OEGDA -𝑀 𝑤 = 250 𝑔. 𝑚𝑜𝑙 -1 ) and potassium persulfate (KPS). All the materials are provided by Sigma-Aldrich.

Figure 8 .

 8 Figure 8. Hydrodynamic diameters distribution of PS seed and the corresponding purified suspensions of core-shell particles made at different injection speed. (a) Samples series with seeds crosslinked with DVB. (b) Samples series with seeds crosslinked with EGDMA.

Figure 9

 9 Figure 9 displays pictures of isolated beads corresponding to seeds used as core and their respective CS particles made at several injection speed.

Figure 9

 9 Figure 9 Atomic Force Microscopy (AFM) pictures of isolated colloidal beads. The images of the first line are display with a contrast in function of the surface relief whereas the pictures from the second line shows the same area, but with a contrast depending of the rigidity of the surfacethe whiter are the pixel, the stiffer is the surface. (a) Samples series with seeds crosslinked with DVB. (b) Samples series with seeds crosslinked with EGDMA.

Figure 10

 10 Figure 10 displays for PS-DVB@MG or PS-EGDMA@MG particles, a comparison of AFM measurement realized on at least 3 particles and hydrodynamic diameter measured with DLS. For core-shell particles, it appears systematically than the corrected width measured by AFM are higher than the measured height, testifying of the particles spreading

Figure 10

 10 Figure 10 Comparison of hydrodynamic diameters (Dh) of purified suspensions of coreshell spheres and the corresponding seeds (DLS), with the average's measures of height and corrected width from core-shell colloids by AFM. On the right, an evaluation of the object spreading thanks to the comparison of the width/height ratios. (a) Samples series with seeds crosslinked with DVB. (b) Samples series with seeds crosslinked with EGDMA.

With

  of grafted microgel on PS seed should remain the same. The comparison of the relative quantity of MG/PS remaining in the dispersion after purification with respect to the raw dispersion gives an evaluation of the grafting efficiency. The ratio of microgel/polystyrene in the dispersion was probed by ThermoGravimetric Analysis (TGA) & Fourier Transform InfraRed spectroscopy of Attenuated Total Reflectance (FTIR-ATR). The mass grafting rate is thus expressed as: 𝑟 𝑀𝐺/𝑃𝑆 𝑟𝑎𝑤 , the mass ratio of MG/PS in a film made from a purified dispersion & 𝑟 𝑀𝐺/𝑃𝑆 𝑝𝑢𝑟𝑒 , the mass ratio of MG/PS in a film made from a raw dispersion.

  °C/min under nitrogen flux. The values of 𝑟 𝑀𝐺/𝑃𝑆 are extrapolated from the MG/PS intensities ratio of the weight derivative curve with respect to temperature. The two peaks used are located at 360~380 °C and 410~440 °C, for respectively the MG and the PS phases (Figure 11).

Figure 11

 11 Figure 11 Thermogravimetric analysis (TGA) of dried residue made from POEGMA microgel and PS mixture. (a) Thermograms displaying the weight according to the temperature. (b) Variation of the weight derivative according to the temperature.

- 1 ,

 1 corresponding respectively to the C-H deformation vibration of the PS phase and to the C-O elongation vibration of the POEGMA phase.

Figure 12 .

 12 Figure 12. FTIR-ATR absorption spectrum of films made from the solvent evaporation of MG/PS mixtures. The mass percentage is related to the proportion of POEGMA microgel (M G) in the solid content.

Figure 13 .

 13 Figure 13. Calibration curves for TGA and IR relative quantification analysis. The IDeriv.Weight is the intensity of the weight derivative with respect to temperature (%/°C) extracted from the TGA thermograms.

Figure 14

 14 Figure 14 Schematic representation of the potential population suspended in the colloidal dispersion after the shell grafting step.

Figure 15

 15 Figure 15 Summary of the grafting rate evaluation of the POEGMA-base microgel shell on the PS seeds, according to the seeds' crosslinker and the injection speed investigated.

Figure 16 .

 16 Figure 16. AFM pictures of films made from dispersion synthesized with an injection speed of 120 mL/h and 1 mL/h. PS core are crosslinked with EGDMA. Purified films are made from centrifuged dispersions. For each injection speed, the contrast in either displayed in function of the surface topography (left) or stiffness (right).

Figure 17 .

 17 Figure 17. Macroscopic images of films made from PS@MG dispersions synthesized with different injection speeds. The graph represents the evolution of an experimental spectrum and its modeled scattering baseline. The Bragg contribution is obtained from the subtraction.
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  Polystyrene beads (core)chemical modification Materials: Styrene (S-from Sigma-Aldrich); divinylbenzene (DVBfrom Sigma-Aldrich); Sodium Dodecylsulfate (SDSfrom ABCR); ethylene glycol dimethyl acrylate (EGDMAfrom Sigma-Aldrich); potassium persulfate (KPSfrom Sigma-Aldrich). The PS cores are produced from the emulsion polymerization of the St with DVB/EGDMA. Before use, the inhibitors contained in the all commercial monomers are removed through mixing with an adapted inhibitor remover provided by Sigma-Aldrich, and filtering. The total amount of crosslinker is calculated to keep a molar ratio of 𝑛 𝑐𝑟𝑜𝑠𝑠𝑙 𝑛 𝑆𝑡 +𝑛 𝑐𝑟𝑜𝑠𝑠𝑙 = 5 𝑚𝑜𝑙%. The surfactant (SDS) concentration is controlled, according to the core size targeted, here between 150 -200 nm (Appendix 1). The final solid content targeted -SCth, considering a conversion rate of 100%, is adjusted with water to keep 𝑆𝐶 𝑡ℎ = 6.0 ± 0.5 𝑤𝑡%.

Figure 1 (

 1 Figure 1 (a) Hydrodynamic diameter distribution of particles, from raw seeds suspensions at 25 °C to purified core-shell particles dispersions at 60 °C. (b)The average hydrodynamic diameters of purified core-shell suspensions undergoing several temperatures: at 25 °C then after 10 minutes at 60 °C and finally cooled to 25 °C, stabilized during 10 minutes before the acquisitions.

Figure 3 .

 3 Figure 3. FTIR-ATR & DLS microgel (MG) grating rate evaluation on PS-EGDMA seeds.

Figure 5 .

 5 Figure 5. Picture from AFM of film's surfaces made with raw suspensions of CS particles.The amount of microgel material in the solid content is displayed above. The contrast is either displayed in function of the surface topographythe whiter the pixel, the higher the surface (top) or its rigiditythe whiter the pixel, the harder the surface. (bottom).

Figure 6

 6 Figure6(a) Evolution of the measured particles dimensions by microscopy. The "core" measurement by TEM designed the darker are of the particles whereas the "core-shell" stands for the diameter of the outer limitation revealed by the dust, highlight here with red circles made of a dashed line.

Figure 7 .

 7 Figure 7. Macroscopic pictures of films made at on substrate at different temperatures and their respective

Figure 8 .

 8 Figure 8. Schema of the faces of the films probed by reflectance spectroscopy. The TPU support is non-absorbing in the visible spectrum. Corresponding spectra are displayed below.

Figure 8

 8 Figure 8 shows no differences between Rd & Rt. The TPU support displays no significant reflectance signal by comparison with the ones with the sample.Indeed, the spectra of films face "up" show a peak related to diffraction signals identified for usual CS films. However, with films face "down", the diffraction signal totally disappears due to the formation of a colloidal glass. If the colloidal crystal were formed both on bottom and the top of the film, a diffraction signal should be present for face "down" samples, too.

Figure 9 .

 9 Figure 9. Pictures from TEM of films made from raw suspensions of CS particles with different proportion of MG material in the dried residue. The TEM pictures have been taken from different macroscopic areas on the films. Corresponding Fourier transformation of the TEM picture is represent each time in the corner of the associated image. The TEM picture at the top are artificially colored.

Figure 10 .

 10 Figure 10. Schema of the surface preparation done with cryo-ultramicrotome (microscopy picture in the corner right -x20)

Figure 12

 12 Figure 12 Macroscopic pictures of films made from dispersions with several concentration of carboxymethylcellulose (CMC). Between brackets are showed the percentage of glycerol in the final solid content. The corresponding treated relative absorption spectra are displayed on the left.

λ 2 × 2 ×

 22 Bragg = maximum wavelength of the diffracted light d hkl = inter-reticular distance between (hkl) plans family n mat(core) = refractive index of the core material, in our case, PS (1.59) n mat(shell) = refractive index of the shell material, in our case, PEGMA (1.47) f mat(core) = volume fraction of the core material in the considered lattice f mat(shell) = volume fraction of the shell material in the considered lattice 𝜆 𝐵𝑟𝑎𝑔𝑔 = 2 × 𝑑 ℎ𝑘𝑙 × (𝑛 𝑚𝑎𝑡(𝑐𝑜𝑟𝑒) 𝑓 𝑚𝑎𝑡(𝑐𝑜𝑟𝑒) + 𝑛 𝑚𝑎𝑡(𝑠ℎ𝑒𝑙𝑙) 𝑓 𝑚𝑎𝑡(𝑠ℎ𝑒𝑙𝑙) ) 1/2 Equation 1 Snell-Bragg equation (PS) and the poly(ethylene glycol methacrylate) -(PEGMA) are both close to 1, with respectively dPS ~ 1.04 and dPEGMA ~ 1.10. The nature of crystalline structure contributes to the Snell-Bragg equation thanks through the intervention of the reticular distance (dhkl) term. In the case of the systems considered, this dhkl is related to the crystalline array by a unique lattice parameter, a. This last parameter can be considered as a function of the coreshell spheres diameters, as "a = DCS × τ", where τ represents a "geometric" term specific to each crystalline structure and related to the tangency of the spheres for each lattice. However, the core-shell diameter (DCS) is linked to the shell material percentage grafted at its surface (fmat(shell)). Considering the Equation 4 and Equation 3, the diameter DCS can be expressed as a function of fmat(shell)-tot (Equation 5) to get an expression of the diffracted wavelength in function of fmat(shell)-tot . Here, the Dcore values is taken from the average hydrodynamic diameters values at 25 °C and the grafting rate (γgraft) is fixed at 81 wt% which is the average value experimentally observed. Finally, the percentage of shell material used to make the colloids (fmat(shell)-tot ) is taken from the mass experimentally used during the synthesis. 𝑓 𝑚𝑎𝑡(𝑠ℎ𝑒𝑙𝑙)-𝑡𝑜𝑡 = 𝑚 𝑚𝑎𝑡(𝑠ℎ𝑒𝑙𝑙) 𝑚 𝑚𝑎𝑡(𝑠ℎ𝑒𝑙𝑙) + 𝑚 𝑚𝑎𝑡(𝑐𝑜𝑟𝑒) Equation 3 𝑓 𝑚𝑎𝑡(𝑠ℎ𝑒𝑙𝑙) = 𝑚 𝑚𝑎𝑡(𝑠ℎ𝑒𝑙𝑙) × 𝛾 graft 𝑚 𝑚𝑎𝑡(𝑠ℎ𝑒𝑙𝑙) × 𝛾 graft + 𝑚 𝑚𝑎𝑡(𝑐𝑜𝑟𝑒) proportion of the shell material effectively grafted on the core with respect to the total mass of colloidal object f mat(shell) = weight proportion of the shell material with respect to the total mass of core and shell material C = compacity of the considered lattice Equation 2. Consideration of the compacity & the shell material grafting rate into the Snell -Bragg equation Four different lattices are considered (Figure 13a). According to the theoretical crystalline structure, the expression of dhkl in function of the cell parameter "a" is adapted. Figure 13b displays the expression of dhkl and the values of τ considered for each lattice.

Figure 13 .

 13 Figure 13. a) Schematic representation of several crystalline arrays. Their corresponding group space is indicated between brackets.b) For each packing presented is indicated its corresponding dhkl equation, τ value, reflection conditions and the fitted (h k l) plans which are obtained. c) The values of the regression parameters in each case are rep resented in this histogram. FCC and BCC lattice results doesn't satisfy the reflection conditions of the lattice.

Figure 15 .

 15 Figure 15. Treated relative absorption spectrum to compare Bragg diffraction signals before and after thermal treatments.

Figure 17 .

 17 Figure 17. a) Macroscopic pictures of films stretched at different relative deformation rates under controlled tensile tests. On the right is represented the evolution of their dominant wavelength in function of the relative deformation. b) Macroscopic pictures of the same film before and after its fixation at a measured relative deformation. On the right is displayed the corresponding AFM pictures. The images are displayed in function of the topographic and mechanical modulus contrasts. Corresponding Fourier transformations of these pictures are coupled next to them.

Figure 19 .

 19 Figure 19. (a) Evolution of the mechanical modulus measured during the tip approach on isolated particles. (b) Evolution of the adhesion energy measured during the tip retraction. (c) Evolution of the force curves during the approach and the retraction.

Figure 20 (

 20 Figure 20 (a) Macroscopic pictures of films with different molar proportion of MAA/(OEGMA + MEO2MA). The films were made with a constant MG percentage of 85 wt%. (b) A comparison of the average grafting rates, diffraction wavelength and intensity for each MAA proportions.

Figure 21 (

 21 Figure 21 (a) Evolution in function of the temperature of the hydrodynamic diameters (Dh) for CS particles made from PS-EGDMA core with an average Dh of 178 nm and shell with variable proportions of OEGMA/MEO2MA molar percentages. (b) Hydrodynamic diameters in function of the OEGMA/MEO2MA ratios

Figure 22 (

 22 Figure 22 (a) Macroscopic pictures of films with different molar proportion of OEGMA/MEO2MA ratios. The films were made with a constant MG percentage of 80 wt%. (b) A comparison of Bragg contribution for each ratio

Figure 23 (

 23 Figure 23(a) Macroscopic pictures of films made from different core-shell suspensions. The difference relies on the size of the core, either with a hydrodynamic diameter of 141 nm or 190 nm. The proportion of POEGMA microgel (fMG) is adjusted to get particles with similar collapsed size, around 285 nm.

Figure 1 .

 1 Figure 1. Macroscopic pictures of films made from dispersions with several concentration of sodium benzoate. The corresponding treated relative absorption spectra are displayed below.

Figure 3 .

 3 Figure 3. Macroscopic pictures of films made from dispersions with several concentration of fragrance. The corresponding treated relative absorption spectra are displayed below.

Figure 5

 5 Figure 5 Macroscopic pictures of films made from dispersion buffered at several pH in comparison with a film from a raw dispersion. All the films are made on a hot plate set at 35°C. The corresponding average peaks positions and relative intensities (after baseline subtraction)from relative UV-vis absorbance are displayed below.

Figure 6 (

 6 Figure 6 (a) Absorption spectra of films made with variable calculated amount s of additives in the dried films. (b) Corresponding Bragg contribution to the relative absorption spectra and Bragg wavelength positions in function of amount s of additives.

Figure 7

 7 Figure 7 MEB and TEM images of the iron oxides referenced as (a) Sunpuro (provided by SunChemical) and (b) Sympholight (provided by Kowa Europe GmbH). Scale bars represent 200 nm.

Figure 8 .

 8 Figure 8. Stokes-Einstein equation used to estimate the sedimentation celerity. An estimation of the distance travelled by the oxides in the dispersion is plotted below, after 3 month & 3 years of aging.

Figure 9 .

 9 Figure 9. Macroscopic pictures of concentrated dispersions obtained from freeze-dried residues. An iridescent layer is spontaneously generated at the interface water/glass with the highly sheared dispersions.

Figure 10 .

 10 Figure 10. DLS hydrodynamic diameters size distribution of raw dispersion and redispersed core-shell at the same concentration.

Figure 11 (

 11 Figure 11 (a) Representation of the measured Bragg wavelength maximum and (b) its related contribution to the normalized absorption spectra produced by solvent evaporation. At the exception of the film made from raw suspensions (3.5wt%), the others were casted from suspensions at 40 wt% sheared or not and rediluted to 3.5 wt%. The shear rate is indicated, between 500 and 1500 s -1 .

Figure 12 .

 12 Figure 12. AFM pictures in peak force mode with contrast set on height or mechanical modulus contrast. The films were made from raw dispersion or un-sheared concentrated suspensions diluted afterward to the same solid content than raw dispersions.

Figure 13 .

 13 Figure 13. Viscosity evolution in function of the shear rate of a core-shell dispersion from 10 to 40 wt%. The average dynamic viscosity is displayed next to each concentration. Each point of the graphs was captured after a stabilizing time of 10 s at the indicated shear rate.

Figure 14 .

 14 Figure 14. Macroscopic pictures of dispersions at several concentration mixed with cuboid iron oxides.

Figure 15 .

 15 Figure 15. Macroscopic pictures of thin films made with a doctor blade from dispersions with different core-shell solid content and iron oxides particles at the same concnetration of 1.8 × 10 -2 wt%. The films are made on transparent PVC supports at 35°C.

Figure 16

 16 Figure 16 displays macroscopic and microscopic pictures of analogue films.

Figure 16 .

 16 Figure 16. Macroscopic picture of thin films prepared with a doctor blade. The thickness of the wet film is indicated on the left. The shear rate used to mix the concentrated suspension is mentioned on the top. Corresponding AFM surface pictures are displayed next to some macroscopic pictures. Suspensions concentration is each time 40 wt%

Figure 17

 17 Figure 17 Macroscopic picture of thin films prepared with a doctor blade, with or without iron oxides (i.o.), and with several fraction of hydrophilic or hydrophobic emollient, respectively glycerol and caprylate/caprate oil. The solid content of the CS particles was kept constant at 40 wt%, except when notified.

Figure 1 (

 1 Figure 1 (a) Schematic representation of the conception of hollow silica s pheres (HSS) from PS template. (b) Overview of produced spheres (ce) HSS with controlled silica thicknesses. (fg) Films of disordered HSS spheres infiltered with trimethylolpropane ethoxylate triacrylate (TMPEOTA) at different angle of observation. (hi). Films with before (h) and after (i) the infiltration. (j) Compared reflectance spectra of films without or with TMPEOTA.

  n aver. material =(1-ϕ p )×n matrix +ϕ p × Where nmatrix, nMG, nglass and nair are respectively the refractive indexes of the matrix surrounding the particles, the POEGMA-based microgel and the air. The measures of Dsphere, DHSS and Dcore are the diameters of the hollow silica sphere (HSS) with a MG layer grafted, the diameter of the HSS alone, and the diameter of the air core inside the HSS, respectively. The packing parameter Φp is taken at 0.64, corresponding to randomly close packed spheres according to Scott et al.2 

Figure 2 (

 2 Figure 2 (a) Synthesis plan for the elaboration of HSS with a POEGMA -based shell. (b) Design aimed according, to the work of Kim et al to get a photonic glass with associated with a wavelength of around 650 nm.

Figure 3

 3 Figure 3 Hydrodynamic diameters distribution before and after the grafting step o f a silica layer on PS beads. (a) and (b) referring two different series of PS templates

Figure 4

 4 Figure 4 Images from Transmission Electronic Microscopy of PS (a & c) and PS@SiO2 (b & d) spheres. The digits indicate the hydrodynamic diameter of the corresponding PS or PS@SiO 2 spheres.

Figure 5 (

 5 Figure 5 (a) Zoom on TEM image of two different series of PS spheres with a shell of SiO2 (PS@glass). (b) Shell thickness measurement according to TEM and DLS technics, compared to theoretical grafting rate at 75 wt% and at 100 wt%.

Figure 6

 6 Figure 6 Evolution of the hydrodynamic diameters' distribution of PS@SiO2 spheres from raw suspensions, degassed suspensions at 250 mbar for 48 hours at 40 °C, and purified PS@SiO2 by three centrifugation/re-dispersion cycles at 10k rpm for 5 minutes.

Figure 7 (

 7 Figure 7 (a) TEM images of produced HSS spheres from the two series of PS@SiO2 spheres. (b) Evolution of the number of cores by particle One, two, three, four cores by particles being here called monomes, binomes, trinomes or quadrinomes and are shown with red circles. The particles without cores are designed as providing from a 2 nd nucleation. The evaluation of the population distribution was done on at least 100 particles for each set of particles.

Figure 8

 8 Figure 8 Measurement from TEM images of core diameters and core-shell diameters for each PS, PS@SiO2 and HSS corresponding to each set of samples.

Figure 9 (

 9 Figure 9 (a) Zoom on HSS images displaying the measurement of a core diameter, an overall core-shell diameter and the silica thickness. (b) Comparison of compression rate with respect to the measurement of PS@SiO2 for each set of particles.

Figure 10 DLS

 10 Figure 10 DLS measurement of hydrodynamic diameters of the colloids produced from the PS109 series. The signal is normalized

Figure 11

 11 Figure 11 Evolution of the estimated core-shell diameter with 75 wt% of grafting rate, and the associated wavelength of (111) plans in the case of a FCC crystalline lattice, according to the Bragg-Snell equation.

  109 and 0.245 mol/L were made to trace the linear relation corresponding to our experimental set-up and determine thus the concentration needed for a targeted diameter between 160-190 nm. The concentrations of EtOH, water and TEOS are fixed at16.295 ± 0.094, 1.022 ± 0.099 and 0.129 ± 0.001 mol/L, respectively. Figure12brepresents the corresponding calibration curve integrating the third attempt, with an ammonia concentration of 0.183 mol/L giving rise to SiO2 particles with an average hydrodynamic diameter of 174 nm. The hydrodynamic diameters distribution of each synthesis is associated with a polydispersity index below 0.04, testifying of monodisperse suspensions.

Figure 12 (

 12 Figure 12 (a) Evolution of the SiO2 spheres sizes in function of the ammonia concentration, with fixed proportion of EtOH, water and TEOS during the sol-gel condensation. Adapted from Greasley and al. 6 (b) Experimental variation of the SiO2 spheres with molar concentration of EtOH, water and TEOS respectively of 16.295 ± 0.094, 1.022 ± 0.099 and 0.129 ± 0.001 mol/L.

Figure 13 .

 13 Figure 13. Macroscopic evaluation of the suspensions stability of silica spheres treated after a grafting step of POEGMA-based microgel. The silica spheres were treated without (a) or with (b) a surface modification step.

  who used 3methacryloxypropyltrimethoxysilane (MPS) to introduced polymerizable vinylic function on the beads surfaces. The surface modification was performed consecutively to the synthesis of the silica beads. The mass of MPS was controlled to keep a mass ratio with respect to the dried mass of silica beads around 3/1.The hydrodynamic diameters of the surface particles are compared to their corresponding bare silica beads (Figure14a). A slight increase of the averaged Dh is observed for surface modified particles, from 176 ± 22 nm (PDI = 0.015) to 181 ± 36 nm (PDI = 0.04). In spite of this apparent average difference, the standard deviation remains too high to proof itself the actual presence of MPS particles at the surface of the colloidal particles. The spreading of the size distribution toward the larger sizes can indicate the formation of some aggregates formed during the surface treatment. Indeed, the presence of three silanol functions in the MPS molecule allow the crosslinking of the particles, even if those events may remain disadvantaged because of the low concentration of particles during the MPS grafting, around 1 wt%.

Figure 14 (

 14 Figure 14 (a) Hydrodynamic diameter distribution of silica and corresponding surface modified spheres. (b)Evolution of the apparent Zeta potential extrapolated from the measurement of the electrophoresis mobility by DLS.

Figure 15

 15 Figure 15 Thermograms from TGA of purified spheres of SiO2 and surface modified SiO2 spheres with 3-(Trimethoxysilyl)propyl methacrylate (MPS). The surface density of MPS aimed is indicated between brackets, accordingly to the proportion of MPS used during the surface modification protocol.

  MMPS is the molecular weight of fully hydrolyzed MPS (206.35 g/mol), mMPS is the mass of hydrolyzed MPS calcinated, mtot is the total calcinated mass (g), 𝑤𝑡 𝑀𝑃𝑆 and 𝑤𝑡 𝑆𝑖𝑂 2 are respectively the mass fraction of MPS and silica respectively initially calcinated. It gives rise to the following equation, expressing the molecular surface density in molecules/nm 2

Figure 16

 16 Figure 16 Analysis of thermograms from TGA, identifying the loss of waster adsorbed or due to silica condensation and the residual mass of condensed silica (a) of pure silica spheres, compared to purified functionalized SiO2 spheres with MPS (b). (c) The normalization of the water loss due to silica condensation allow the identification of mass loss corresponding to the MPS degradation and to uncondensed silica spheres.

Figure 17 AFM

 17 Figure 17 AFM images with contrast in function of the topography of the surface (left) or the stiffness of the surface (right). (a) Film made from an attempt of SiO 2@MG particles suspension. The red circles indicate the presence of big microgels particles whereas the green circles show the hidden small particles of glass, according to their rigidity. (b) Observation of isolated particles from purified SiO2@MG particles' suspensions

Figure 18 AFM

 18 Figure 18 AFM images of isolated particles from purified SiO2-MPS(ex) before and after the grafting attempt of POEGMA-based microgel shell. The volume fraction of microgel is aimed to be around 75 wt% in the film. On the right, the contrast is displayed in function of the surface topography, whereas on the right, the contrast is according to the surface rigidity.

  blocks and the refractive indexes of the materials are essential for the control of the optical properties. From there, the presentation of accessible artificial photonic crystal by bottom-up approaches have brought our interest on the opal-like structures. Their formation through self-assembly have been described in the framework of solvent evaporation. In this context, without any external forces the self-assembly mechanism is controlled essentially by convection forces inside the drying suspensions and by surface tension interplaying between the particles and the solvent. The overview of bio-inspired and self-assembled photonic crystals have allowed the selection core-shell colloids as suitable design for making responsive and tunable structural colors. We have aimed the synthesis of hardcore@soft-shell particles made of polystyrene core surrounded by a poly(oligo(ethylene glycol) methacrylate)-based microgel shell. Seeded precipitation polymerization appears as the most accessible synthesis pathway for the conception of core-shell particles. Nonetheless, the synthesis of the shell layer via seeded precipitation polymerization is systematically preceded by a constraining purification step of the seeds. The review of the artificial photonic crystals has showed the experimental constraints behind responsive properties, as the mechanochromism. The self-assembled core-shell particles are systematically (photo-)chemically reticulated to assure the film cohesion and responsivity through mechanical deformation.The second chapter exposes seeded precipitation polymerization in water without intermediate seed purification to conceive of PS cores surrounded by a POEGMA-based microgel shell. The integration of an interlayer of PBA to promote the microgel adhesion hasn't led to an efficient grafting of the shell. This observation has led to a simplification of the colloidal design, i.e. without interlayer.

  made from a new colloidal design. It integrates the poly(oligo(ethylene glycol) methacrylate)-based microgel shell around hollow silica spheres to produce reddish photonic glasses. The first part treats the conception of hollow silica spheres (HSS) by seeded sol-gel condensation and successive annealing. Colloidal HSSs with controllable morphology are achievable, fitting the theoretical dimensions required for the conception of the aimed photonic glass. The second part discuss the actual grafting of the microgel on the colloidal silica through an experimental model with full spheres of colloidal silica. Bare silica and surfacemodified silica have been investigated, but only the surface-modified samples have given encouraging results.

  through successive synthesis at different SDS concentrations. It allowed to calibrate the 𝐷 𝑝 ∝ [𝑆𝐷𝑆] -𝑥 equation (figure), with x values for PS-DVB & PS-EGDMA particles respectively of 0.442 and 0.605.

Figure 1

 1 Figure 1 Hydrodynamic diameter of the seeds synthesized, according to the SDS concentration. At the exception of the SDS concentration, each synthesis of PS -DVB or PS-EGDMA series shared the same experimental conditions.

Figure 2 .

 2 Figure 2. Force vs. Separation plot in peak force mode during the tip withdrawal

2 ) 1 2 𝑦 2 + 2 +

 21222 𝑡𝑖𝑝 = 𝑎 ′ 𝑥 + 𝑏′ Where a' is the defined according to the tip angle, such as 𝑎 ′ = 𝑡𝑎𝑛 (𝜃) with 𝜃 = 12.5° and b' is considered as a fitting parameter. Indeed, the point of contact between the tip edge and the border of the particle imply 𝑦 𝑡𝑖𝑝 = 𝑦 𝑝𝑎𝑟𝑡 . It can be developed as an 2 nd degree equation:𝑎 ′2 ) 𝑥 2 + 2𝑎 ′ 𝑏 ′ 𝑥 + 𝑏 ′2 -𝑏 2 = 0The existence of only one contact point imply the 2 nd degree discriminant, ∆ must be null: 𝑎 ′2 ) × (𝑏 ′2 -𝑏 2 ) = 0 This last equation defines a success condition for the fitting of b'. Consecutively, a model was designed, with a fixed value for the minor axis of the ellipse, b = 90 nm, and variables values for the major axis, a = [90;100;110;120;130;140;150;160;170;180]. The b' values was thus fitted so that ∆= 0 for those systems with b/a ratios between 1 and 0.5. Each contact point was consecutively associated with coordinates (x0;y0). According to the system designed, we obtain 𝑤 𝑒𝑓𝑓 = 2𝑥 0 and ℎ 𝑒𝑓𝑓 = 𝑦 0 + 𝑏. Consecutively, the parameters 𝜎 ℎ and 𝜎 𝑤 are calculated for each b/a values with: the parameters 𝜎 ℎ and 𝜎 𝑤 vary linearly with the b/a ratios, with slope coefficient respectively of around 0.11 and -0.04. As the slope are weakly pronounced, we chose to average the correcting parameter within the b/a ratios between the [0.5 -1] value, giving rise to 𝜎 ℎ ̅̅̅ = 0.577 and 𝜎 𝑤 ̅̅̅̅ = 0.988.

Figure 4

 4 Figure 4 Variation of an ellipsoid particle section with b = 90 nm. The a radius are between 90 and 180 nm, by step of 10 nm. Each black dot represents the calculated contact point between the edge of the tip (gray lines), according to the b/a ratios. Corresponding 𝜎 ℎ and 𝜎 𝑤 are represented.

Figure 5

 5 Figure 5 Schematic representation of the probe volume in a FTIR-ATR experiment. The open bracket expresses the dependence of the Beer-Lambert parameters with the depth penetration of the incident IR beam, and the polarizability on the chemical function.

  𝑖 ∝ 𝑑𝑝 = 𝑓(𝜆; 𝑛 𝑚𝑒𝑑𝑖𝑢𝑚 ) 𝜀 𝑖 ∝ 𝛼 𝑖 against the volume probed by the IR beam. With ATR, the volume probed can be expressed as function of the contact surface between the set-up crystal and the sample S, supposed constant, and the depth penetration (dp). The depth penetration is directly related to the thickness investigated in classical Beer-Lambert's law (li) and can be expressed as a function of the refractive index of the medium, nmedium and the wavelength of the incident light, λ. Concerning the coefficient extinction of the chemical function probed (εi), it can be related to the polarizability of the chemical function, αi.

𝑔 2 (

 2 𝑞; 𝜏) = <𝐼(𝑡)𝐼(𝑡+𝜏)> <𝐼(𝑡)>²

  The coefficient diffusion is usually exploited through the Stokes-Einstein equation to determine the hydrodynamic radius, Rh of the spherical particles. The Equation 5 is a function of 𝑘 𝐵 , the Boltzmann constant, T the temperature, D the coefficient diffusion and 𝜂, the dynamic viscosity of the solvent.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 

	3 wt%. The monomers are prepared to keep a OEGMA/MEO2MA
	ratio of 10 mol%, a MAA/(OEGMA + MEO2MA) ratio of 5 mol%, a
	crosslinker/monomers ratio of 1.92 mol% and a initiator/vinylic molecules ratio
	of 0.86 mol%. The shell proportion is adjusted with the seed dispersion quantity,
	for a fixed masses of shell monomers. Consecutively, core-shell particles with
	expected proportion of 67, 75, 80 and 85 wt% of shell material in the solid content
	(fMG) are produced.
	In 1.5 liter 3-neck rounded bottom beaker set up with a thermostat and a
	mechanical stirrer a controlled mass, mseeds, of raw PS-EGDMA seeds' dispersion
	(Table 1)-initial solid content of 5.31 respectively -was degassed under nitrogen
	gas, stirred at 300 rpm and heated up to 70 °C. In parallel, two mixtures were
	515 g

prepared. The first one, the monomer aqueous dispersion, made with 0.150 g (1.8 mmol) of MAA, 8.000 g of MiliQ water, 6.000 g (31.9 mmol) of MEO2MA, 1.

Table 1 .

 1 Quantity of additives used with the corresponding amount of raw suspension with an initial solid content of 3.6 wt% to prepare several suspensions, with different global proportions of additives in the final solid content.

	add./dried residue	glycerol	phenox.	fragrance	raw susp.
	[wt%]	[g]	[g]	[g]	[g]
	10	0.0000	0.0400	0.0400	19.9200
	15	0.0470	0.0400	0.0400	19.8730
	20	0.0994	0.0400	0.0400	19.8206
	30	0.2255	0.0400	0.0400	19.6945
	40	0.3913	0.0400	0.0400	19.5287
	50	0.6187	0.0400	0.0400	19.3013

Table 1

 1 Proportion of material used, according to the seeds and the mass fraction of shell

	1

  )

	178	89	86.468 10.906 8.291 62.179
	109	80	66.064 10.178 7.685 57.638

  𝜌 𝑆𝑖𝑂 2 × 𝜋 × 𝐷 𝑠𝑒𝑒𝑑 silica condensation must be known (wtc) to identify proportions of 𝐰𝐭 𝐒𝐢𝐎 𝟐 and 𝐰𝐭 𝐌𝐏𝐒 .

	𝜎 =	𝑛 𝑀𝑃𝑆 × 𝑁 𝑎 𝜋 × 𝐷 𝑠𝑒𝑒𝑑 2 × 𝑁 𝑝𝑎𝑟𝑡	𝑁 𝑝𝑎𝑟𝑡 =	𝑚 𝑆𝑖𝑂 2 × 6
	𝜎 =	𝑚 𝑀𝑃𝑆 𝑚 𝑆𝑖𝑂 2	×	𝜌 𝑆𝑖𝑂 2 × 𝑁 𝑎 × 𝐷 𝑠𝑒𝑒𝑑 𝑀 𝑀𝑃𝑆 × 6	𝑚 𝑀𝑃𝑆 = 𝑚 𝑡𝑜𝑡 × 𝑤𝑡 𝑀𝑃𝑆 𝑚 𝑆𝑖𝑂 2 = 𝑚 𝑡𝑜𝑡 × 𝑤𝑡 𝑆𝑖𝑂 2
					𝜎 =	𝒘𝒕 𝑴𝑷𝑺 𝒘𝒕 𝑺𝒊𝑶 𝟐	×	𝜌 𝑆𝑖𝑂 2 × 𝑁 𝑎 × 𝐷 𝑠𝑒𝑒𝑑 𝑀 𝑀𝑃𝑆 × 6	× 10 -14

  Where 𝜏 𝑖/𝑗 𝜀 , 𝜏 𝑖/𝑗 𝑙 and 𝜏 𝑖/𝑗 𝑐 are respectively constants related to

	𝑗 =	𝐴𝑏𝑠(𝑖) 𝐴𝑏𝑠(𝑗)	=	𝑚 𝑖 𝑚 𝑗	× 𝜏 𝑖/𝑗 𝜀 × 𝜏 𝑖/𝑗 𝑙 × 𝜏 𝑖/𝑗 𝑐 =	𝑚 𝑖 𝑚 𝑗	× 𝐾 𝑖/𝑗
							𝜀 𝑖 𝜀 𝑗	,	𝑙 𝑖 𝑙 𝑗	and	𝑐 𝑖 𝑐 𝑗

Remerciements

Emollient

The emollients are used as a key compound to insure the moisturizing functions of skincare products. The purpose is to cover the skin with a protective layer, preventing its dehydration. For instance, glycerol is commonly used as an emollient thanks to its high viscosity associated with its low-pressure vaporlow volatility, its biocompatibility and its olfactory neutrality.

That's why the consequence of an emollient on the optical properties was studied with the addition of vegetal glycerol. Several concentrations were tuned to control the amount of glycerol in the final solid content, varying from 5 wt% (concentration of 0.19 wt% in the dispersion), to 30 wt% (concentration of 1.53 wt% in the dispersion) (Figure 4). 

Calcination: Hollow Silica Spheres formation

The PS template aimed for the design of the targeted colloids is made through an emulsion polymerization. It is used without purification for the synthesis of PS@SiO2 particles., meaning surfactants are still present in the coreshell suspensions. The removal of the core through successive solvent wash thus isn't a realizable solution. The solvent carrying the template polymer would not be separable from the HSSs 3 . In this context, another solution consists in eliminating the organic template by calcination.

The calcination is usually developed in the literature at this end, taking advantage of the thermal stability of the shell formed by sol-gel precipitation against the organic template. One way to produce such hollow silica spheres from suspensions require firstly the solvent elimination by freeze-drying 4 . The purpose of freeze_drying is to inhibit the close interaction of suspended silica colloids that could otherwise continue to condense on each other, especially with centrifugation or classical solvent evaporation methods. This first freeze-drying step was performed with raw suspensions firstly degassed at 250 mBar for 48 hours at 40 °C to promote the NH3 evaporation. The degassed suspensions were controlled by DLS to insure the absence of aggregate formation during the degassing process, in the opposite of the centrifugation/redispersion method in the conditions explored (Figure 6) Due to the tip morphology, the images obtained by AFM trend to oversize the lateral dimensions of spherical objects (Figure 3). According to the work of Canet-Ferrer 2 , the experimental width measured, wexp, could be corrected to obtained a better evaluation of the size particle, weff.

AFM: tip deconvolution

𝑤 𝑒𝑓𝑓 = 𝑤 𝑒𝑥𝑝 -2(𝛿 + 𝑟 𝑡𝑖𝑝 )

Where 𝑟 𝑡𝑖𝑝 is the radius of the tip's extremity and 𝛿 is the lateral distance separating the spherical extremity of tip and the contact point between the sphere and the tip's edge. This last lateral distance 𝛿, can be evaluated considering the tip angle θ and an effective height ℎ 𝑒𝑓𝑓 .

𝛿 = (ℎ 𝑒𝑓𝑓 -𝑟 𝑡𝑖𝑝 ) × tan (𝜃)

Here we evaluate the spreading of the spherical object by evaluating the evolution of its width, compared to its height, thanks to section analysis. The particle section is thus modeled as an ellipse, characterized by a major radius, a and a minor radius, b.

Two main problem surround the application of the … method on spherical objects. Firstly, the heff must be evaluated the most accurately possible. It can be approximated according to the height experimentally measured, hexp such as: