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The fabrication of ordered morphologies by drying colloidal suspensions is a challenge for many emerging technologies. These structures can be achieved by directed convectiveassembly leading to controlled particle deposition at the drying front. In this work, we propose a user-friendly method based on convective assembly for generating periodic surface morphologies through time-modulating the evaporation rate. We show that the advancing and arrest of the drying front can be tuned through the variation of the evaporation rate in certain colloidal suspensions, and we demonstrate that this mechanism can be used to govern particle deposition on demand. Periodic surface structures are made in polystyrene, polybutylacrylates suspensions, and their blends using this method. A model was developed to predict these structures by taking into consideration the dynamic of the drying front as well as the mechanism of particle deposition. The roles of surfactant, ionic strength, and particle size on surface periodicity were also investigated. We show that adding aliquots of SDS surfactant drastically affects both the dynamic of the drying front and the resulting surface morphologies.

Periodic surface-morphologies through temporal mod-

ulating the drying rate during evaporation of colloidal suspensions

Résumé

La fabrication de morphologies ordonnées par évaporation de suspensions colloïdales est un défi pour de nombreuses technologies émergentes. Ces structures peuvent être obtenues via un assemblage convectif dirigé conduisant à un dépôt de particules contrôlé au front de séchage. Dans ce travail, nous proposons une méthode conviviale basée sur l'assemblage convectif pour générer des morphologies périodiques de surface en modulant dans le temps le taux d'évaporation. Nous montrons que l'avancée et l'arrêt du front de séchage peuvent être réglés par la variation du taux d'évaporation dans certaines suspensions colloïdales, et nous démontrons que ce mécanisme peut être utilisé pour régir le dépôt de particules à la demande. Des structures de surface périodiques sont réalisées par une vitesse de séchage modulée dans le temps dans des suspensions de polystyrène et de polybutylacrylates et leurs mélanges. Ces structures ont été prédites via un modèle prenant en compte la dynamique du dépôt de particules et du front de séchage. Les rôles du surfactant, de la force ionique et de la taille des particules sur la périodicité de surface ont également été étudiés. Nous montrons que l'ajout d'aliquotes de surfactant SDS affecte considérablement la dynamique du front de séchage sous une vitesse de séchage modulée ainsi que les morphologies de surface résultantes.

iii high application potential, it gathered attention from numerous research groups during the last few decades, leading to several derived methods: dip coating [22,23], or stick slip during dip coating [24,25], colloids self assembly [26][27][28][29][30], template-directed colloidal self-assembly [31][32][33], controlled doctor blade movement [34,35]. Yet, beyond its apparent simplicity, this process involves challenging tasks since it requires meticulous control of colloidal deposition at targeted locations via controls of all physical aspects involved throughout the drying mechanism. Indeed, drying colloidal suspensions involves several synergic effects such as colloidal interactions [36], colloidal dynamics, aggregation and flocculation [37,38], matter transfer [39], heat transfer [40], in-plane and out of plane concentration gradient [41], thermal and solutal Marangoni effects [42,43], surface effects [44], adhesion [45], slippage [46,47]. These nested aspects make drying colloidal suspension a complex process, which is still not fully understood. Therefore, comprehending all these aspects can provide a significant breakthrough for making periodic surface morphologies by design. Concentration heterogeneities during drying is one of the critical aspects of structure making by evaporation. Indeed, when solvent evaporates the colloidal concentration increases heterogeneously leading to both vertical and in-plane concentration profiles [41]. The vertical concentration gradient can generate solutal Marangoni effect which adds up to the thermal one resulting from temperature gradient due to surface cooling during water evaporation [40,42,43] yielding surface patterns [48]. Drying rate in sessile drops or small film is usually higher on the drop border. Witten et al. [39] have shown that because the drying rate is higher at the triple line, capillary flow induces particle displacement and accumulation at the triple line leading to coffee ring effect as well as a radial displacement of the triple line from the border to the center. The details of the triple line dynamic during drying can be described by the capillary flow and the horizontal gradient of evaporation rate [41]. The effects of different parameters on the triple line dynamics have been investigated including the surface roughness [49], chemical heterogeneities of the surface [50], capillary pressure, surface-tension gradients, wetting forces and thin-film viscous forces [51]. Yet, controlling and tuning on demand the dynamic of the triple line is not trivial, particularly the moving and arrest mechanisms. Therefore, the challenge in this field is to control the movement and the arrest of the drying front on-demand to generate well ordered structures. Thus few methods were suggested to achieve this like dip coating in the stick slip condition, Doctor blade, lithographic mask. All these convective methods exploit the convective flow imposed by evaporation to drive the particles towards the drying front where they accumulate. For example, dip coating with either liquid [52] or substrate withdrawal [24] or doctor blade [34,53], leads either to uniform or structured surfaces depending on the drying regime. In both Landau-Levich and capillary regimes [54], uniform films with modulated thickness can be achieved by controlling evaporation rate, triple line speed, the suspension and substrate properties.

The triple line can undergo a stick-slip mechanism at a certain conditions within the capillary regime of the dip coating leading to ordered structures [24,25]. This results from the balance between capillary flow which brings the fluid towards the triple line and the capillary forces which controls the line retraction [25]. Periodic surface structure can be also achieved by controlled triple line displacement via periodic movement of doctor blade [35] or by using a lithographic mask bearing an array of holes [55]. Though these processes can produce ordered structures at small scales, they require meticulous technical conditions, which could handers their potential to become viable large scale industrial processes. Therefore, it remains a need for a technique to produce ordered surface morphologies using less critical conditions. This work proposes a fast and simple method for producing ordered surface morphologies via evaporating polymeric colloidal suspensions by time modulating the drying rate. The moving and the arrest of the drying front can be tuned on demand using time modulated drying rate in controlled physical chemistry conditions. This was found to yield a fine control of the moving and arrest of the drying front and consequently the magnitude of particle deposition in each regime. This process can take place for different types of colloidal particles such as polystyrene, poly-butylacrylate and their blends. The dynamic of the drying front is monitored in the different drying regimes and correlated with surface morphologies. A simple drying model was developed to account for the observed surface morphology by taking into account the dynamic of the drying front under periodically modulated drying rate. The general tendency of the observed moving and arrest of the drying front and the resulting surface morphologies were predicted using such model. The roles of surfactant, ionic strength and particle size on surface periodicity were also investigated. We have studied how these parameters affect the drying front dynamic as well as the resulting surface morphologies under a modulated drying rate. This thesis is divided into four chapters: 1. In the first chapter, we give an overview of the literature on drying colloidal suspensions, triple line dynamics and we describe some techniques used to control particle deposition during drying. 2. In the second chapter, we describe:(i) The synthesis procedure of the polymer suspensions used in this thesis including polystyrene, polybutylacrylates. (ii) The cleaning methods of the suspension and the characterization procedures of the particles were described: the dynamic light scattering (DLS) to measure the particle size , (Differential Scanning Calorimetry -DSC) to measure the glass transition temperature and conductimetry titration to quantify the number of sulfate groups at the surface of the particles. The particle surface characterisation was also described including zeta potential.(iii) The drying system used to generate the periodic drying rate was described. (iv) Finally, the methods for the morphological characterization of the films were presented. 3. In the third chapter, we present a user-friendly method based on convective assembly for generating periodic surface morphologies through time-modulating the evaporation rate. We show that the advancing and the arrest of the drying front can be tuned by the variation of the evaporation rate in certain colloidal suspensions, and we demonstrate that this mechanism can be used to govern particle deposition on demand. Periodic surface structures are made by time-modulated drying rate in polystyrene and polybutylacrylates suspensions and their blends. These structures were predicted via a model that takes into consideration the dynamics of the particle deposition at the drying front. Furthermore, we investigate the effect of particle size, and concentration on the formation of the periodic patterns during drying. 4. In chapter Four, the roles of surfactant on the dynamic of the drying front and the resulting 3D surface morphology was investigated. We show that adding aliquots of sodium dodecyl sulfate (SDS) affects the drying front dynamic under a modulated drying rate as well as the resulting surface morphology. The patterns period was found to decrease with increasing [SDS] and exhibit the same tendency as the surface tension. Furthermore, the onset and the first line of drying front was found to advance with a velocity, which decrease with increasing [SDS]. On the other, the second line of the drying front was found to advance rapidly during airflow and recedes back to the onset line once the airflow stops. These dynamics were found to follow a similar tendency of the surface tension which suggests that the surface tension plays a significant role in this process. In this chapter also, we explore the role of salt (potassium chloride, KCl) on the formation of the periodic patterns. In particular, we want to understand how the screening of electrostatic repulsions between particles affects the particle deposition under the periodic airflow.

Literature review studies 1.2.1 Drying and thin film formation

Drying a film of colloidal suspensions or polymer solution yields solid film. This process is central for a wide spectrum of applications in everyday life and plays a crucial role in many industrial technologies such as buildings, automobiles, nanotechnology, electronic components, photovoltaic cells, wear and corrosion protection, optical components, selfcleaning surfaces etc. One of the major use of films formation through solvent drying is in coating technologies such as architectural or automotive. These films should have an ideal surface structure in order to enhance their durability and prevent dirt and biofilm accumulation. Therefore, these applications require meticulous manufacturing conditions in order to develop controlled surface quality with a specific visual aspect. Even if film formation by drying is an ancient process it remains a scientific challenge and involves numerous physical mechanisms and generates wide spectrum of film morphologies [56]. It is a complex process which depends on several interconnected parameters such as (i) drying kinetic, (ii) the rheology of the polymer or the colloidal particles (hard or soft), (iii) the conditions and the geometry of drying, (iv) the structure and the aggregation of the particles or polymer chains throughout the consolidation process etc [57,58]. The drying kinetic during film formation from concentrated suspension is composed of two regimes (Figure 1.1): (1) the evaporation rate is constant in first drying period because the particles does not strongly influence the solvent diffusion within the film and consequently the evaporation rate is mainly dominated by the solvent diffusion coefficient and the vapor pressure [59].

∼ (1.1)
Where is the saturated water vapor pressure, is water diffusion coefficient in air. (2) When the particle concentration becomes important, solvent diffusion is reduced due to tortuously and to the eventual formation of top skin, which leads to reduction of the evaporation rate [60]. The drying rate is decreasing. Figure taken from Ref. [START_REF] Ahmed | Structuration et défauts de surface et de volume lors du séchage de suspensions colloïdales[END_REF].

Depending on the material properties and the drying conditions, drying colloidal suspensions or polymer solution yields various surface morphologies such as wrinkling, buckling, corrugation, cracking or delamination. For example hard colloidal suspensions such as silica or glassy latex yields periodic cracks and delamination, while soft particles generates crack-free films [61,62]. This mechanism is important for water born coating technology where uniform and crack free polymer films are made by drying latex suspension. In this case when the suspension is dried below the particles glass transition temperature , cracks dominate the film because particles can not deform to close the menisci between them (Figure 1.2) which generates large capillary stresses on the film free surface which causes the film to crack and delaminates (Figure 1.3). This problem has been the subject of several publications by Allain et al [63], Routh et al [64], Pauchard et al [65]. On the other hand, when drying latex suspensions above , the particles deforms leading to stress relaxation which inhibits craks formation. Generally, film formation from colloidal particles is regarded as a mechanical problem with three stages: concentration, particle deformation, coalescence (Figure 1.4) [58,60]. Even if the film does not crack or delaminate in the case of soft particles or polymer solution, surface corrugation can appear in certain drying conditions. For example Guerrier et al [56] investigated the surface corrugations during drying the Polyisobutylene PIB / toluene solutions (Figure 1.5). Pauchard and Allain [START_REF] Pauchard | Buckling instability induced by polymer solution drying[END_REF] explained the corrugated surface by mechanical instabilities model. They proposed that the fast drying yields a dry skin on the film surface, which buckles once the solvent underneath evaporates. On the other hand, Bassou et al [48] studied the mechanisms leading to surface corrugation during the free surface evaporation of polystyrene in toluene solutions. They found that the drying of solvent from polystyrene/toluene solutions leads to well-ordered corrugated patterns with wavelength increasing linearly with increasing film thickness (Figure 1.6). They attributed this to the solutal Marangoni effect. 

Drying sessile drop of colloidal suspension

The last few decades have seen a recrudescence of studies dealing with drying small sessile drop thanks to the richness of the physical mechanisms occurring in this geometry, to the morphological diversity of dried film as well as their application potential. Indeed drying sessile drop involves additional physical aspects to the film formation due to the triple line singularity (suspension/air/solid) and therefore several aspects of film formation were revisited due to this singularity i) drying kinetic, ii) flux and matter transfer, iii) concentration gradient, iv) wetting, v) surface structuration [START_REF] Brutin | Recent advances in droplet wetting and evaporation[END_REF]. The triple line singularity affects primarily the drying kinetic. While the mass loss in large film is proportional to the surface area and dominated with diffusion coefficient and vapor pressure

∼ (1.2)
Where is the saturated water vapor pressure, is water diffusion coefficient in air and A is the surface area of the film. The presence of triple line singularity change drastically the drying kinetic and generate lateral gradient of drying rate. It was suggested that the mass loss is infinite at the triple line and decreases while approaching the drop center. This can be described by using [39] ∼ 1 ( -)

(1.3)
Where R is the drop radius and r is the radial position in the drop. Experimentally the drying rate measured gravemetrically can give some hints about the radial dependence of the drying rate [START_REF] Carrier | Evaporation of water: evaporation rate and collective effects[END_REF]. Averaging the drying rate over all the surface area, leads to an average value dependent on the drop radius instead of the drop surface area.

∼ (1.4)
Where R is the drop radius.

The drying mechanisms of sessile drops were investigated few decades ago in order to understand the physics of the triple line dynamic [START_REF] Rg Picknett And R Bexon | The evaporation of sessile or pendant drops in still air[END_REF]. One early study proposed several drying modes [START_REF] Rg Picknett And R Bexon | The evaporation of sessile or pendant drops in still air[END_REF]: (i) The constant contact radius (CCR) mode, where the triple line is immobilized and remains constant while the contact angle decreases.(ii) The constant contact angle (CCA) mode, where the contact angle remains constant and the triple line shrinks towards the center. In fact, drying sessile drop is more complex because the lateral drying rate gradient can lead to a concentration gradient and consequently to a lateral flux and matter transfer. The interest in such a physical process has drawn a wide interest since Deegan et al [39] published their famous work on the coffee ring. They have shown that because the drying rate is higher at the pinned triple line, the solvent moves from the centre of the drop towards the droplet edge (Figure 1.7). Eventually, the particles are driven towards the pinned triple line imposed by the capillary flow and causes the accumulation of particles there leading to coffee ring effect (Figure 1.8). The understanding of this process can provide physical insights about the underlying mechanism of droplet evaporation which is important for several applications. Therefore, numerous studies have been carried out in order to explain the dynamic of the pinning and depinning [START_REF] Robert D Deegan | Contact line deposits in an evaporating drop[END_REF][START_REF] Poulard | Freely receding evaporating droplets[END_REF][START_REF] Guéna | The dynamics of evaporating sessile droplets[END_REF][START_REF] Murisic | Modeling evaporation of sessile drops with moving contact lines[END_REF][START_REF] Murisic | On evaporation of sessile drops with moving contact lines[END_REF][START_REF] Bormashenko | Evaporation of droplets on strongly and weakly pinning surfaces and dynamics of the triple line[END_REF][START_REF] Mebrouk | Evaporation of a sessile drop with pinned or receding contact line on a substrate with different thermophysical properties[END_REF][START_REF] Huang | Spontaneous formation of nanoparticle stripe patterns through dewetting[END_REF].

The triple line dynamic was found to be enhanced by the surface wettability and contact angle hysteresis (CAH) [START_REF] Birdi | Wettability and the evaporation rates of fluids from solid surfaces[END_REF]. Orejon et al [START_REF] Daniel Orejon | Stick-slip of evaporating droplets: substrate hydrophobicity and nanoparticle concentration[END_REF] found that increasing the particles concentration prolonged the pinning duration. The balance between pinning and depinning forces has also been investigated [START_REF] Daniel Orejon | Stick-slip of evaporating droplets: substrate hydrophobicity and nanoparticle concentration[END_REF][START_REF] Wang | Molecular origin of contact line stick-slip motion during droplet evaporation[END_REF]. The nature of substrates was found to play an important role in the dynamic of the triple line [START_REF] Takhistov | Complex stain morphologies[END_REF][START_REF] Grandas | Etude expérimentale de l'évaporation d'une goutte posée sur une plaque chauffante. influence de la mouillabilité[END_REF][START_REF] Dong Hwan Shin | Evaporating characteristics of sessile droplet on hydrophobic and hydrophilic surfaces[END_REF][START_REF] Li | Evaporation stains: suppressing the coffee-ring effect by contact angle hysteresis[END_REF]. Indeed, drying of a droplet on the hydrophilic surface is attributed to the self-pinning phenomenon while drying on the hydrophobic surface exhibits three distinct stages: constant contact area, constant contact angle, and mixed stage [39,[START_REF] Fang | Factors controlling the drop evaporation constant[END_REF][89][START_REF] Jiang | A lotus-leaf-like superhydrophobic surface: a porous microsphere/nanofiber composite film prepared by electrohydrodynamics[END_REF]. Surface roughness can also influence the surface morphology of the dried film [START_REF] Li | Evaporation stains: suppressing the coffee-ring effect by contact angle hysteresis[END_REF]. The heating or cooling of the substrate was found to generate different surface morphologies. Drying at room temperature or heated surface leads to strong capillary flow resulting in coffee ring patterns. However, a cooled substrate generates Marangoni flow resulting in reverse particles deposition [START_REF] Kim | Polymer transports inside evaporating water droplets at various substrate temperatures[END_REF]. Hu and Larson [42,[START_REF] Hu | Analysis of the microfluid flow in an evaporating sessile droplet[END_REF] have shown that the flow inside the droplet can affect the drying process mechanism. They reported that Marangoni flow generated by the surface tension gradient during evaporation can reverse the flow towards the center resulting in particles deposition at the central region (Figure 1.9) [42]. Xu and Luo [40] have shown that rapid drying reduces the temperature at the triple line, which results in a temperature gradient, leading to Marangoni eddy flow. The particle interactions during the different consolidation stages, drastically affect the drying process of the sessile drop. Indeed, the combinations of both the attractive van der Waals and the repulsive electrostatic forces between particles can play a dominant role in inducing particles stability. This scenario becomes even more complex with the presence of solvents, salt, surfactant etc [START_REF] Jacob | Intermolecular and surface forces[END_REF][START_REF] Lyklema | Dlvo-theory, a dynamic reinterpretation[END_REF][START_REF] Usui | Dlvo theory of colloid stability[END_REF]. Bhardwaj et al [36] modified the particle-particle and particle-substrate interactions by varying the solution pH and investigated their effect on the dried surface morphology. They found a uniform deposition patterns at low pH and they attributed it to the attractive interaction between the particles and the substrate. At medium pH, they found random particle deposition and attributed it to the fragile interaction between the particles and substrate. At high pH, they observed ring-like-pattern and correlated it to the strong particle-substrate repulsive interaction. The effect of multiple particle sizes on the surface morphology of the dried film has also been investigated. Jung et al [START_REF] Jung | Behavior of particles in an evaporating didisperse colloid droplet on a hydrophilic surface[END_REF] found that during drying colloidal suspensions containing different particles sizes, the small particles move towards the triple line while the large particles move to the center. Wong et al [START_REF] Wong | Nanochromatography driven by the coffee ring effect[END_REF] investigated the drying mechanism of drops containing three different particles size. They observed three separate rings at the triple line where the smaller one deposit at the outer ring and the bigger one in the inner ring. Lee et al [START_REF] Hh Lee | Study of residue patterns of aqueous nanofluid droplets with different particle sizes and concentrations on different substrates[END_REF] have shown that increasing the particles concentration and particles size lead to uniform surface structure, while the low concentration with small particle size lead to coffee ring .

Drying front in sessile drop.

When drying concentrated solution of sessile drop, the triple line becomes the drying front, which is the interface between suspension/air/dried film. Routh and Russel [START_REF] Alexander | Horizontal drying fronts during solvent evaporation from latex films[END_REF] reported that the drying front is influenced by different parameters including dispersion viscosity, initial film thickness, and particle size as well as the surface tension. Another study has shown, that during the drying, two distinct fronts were observed [START_REF] Goehring | Solidification and ordering during directional drying of a colloidal dispersion[END_REF]: a first front near the edge followed by a second front close to fracture front (Figure 1.10 ). They showed that if central region is flooded with water, the zone between the two fronts redisperses, while, the material behind the second front remains solid. This explains that the first front corresponds to fluid zone and it is reversible, while the second front represents an aggregated irreversible zone. Kaplan and Mahadevan [START_REF] Kaplan | Evaporation-driven ring and film deposition from colloidal droplets[END_REF] proposed a model to understand the physical parameters that control the drying processes of sessile drop containing colloidal suspension. They investigated the dynamic of the drying front via a multiphase model to characterize the transition between rings and uniform deposition. 

Methods for making periodic surface structure during drying.

Making periodic surface morphologies on demand is crucial for many applications. For example, photonic band gaps which are regarded as one of the most interesting topics in various application such as a creation of high quality periodic dielectric structures in 2D or 3D, optical sensing, quantum optics, etc [START_REF] Costas | Photonic band gap materials[END_REF]. The self-cleaning surface that could be used in the diverse application including solar energy [START_REF] Strauss | Absorber and self-cleaning surfaces on modified polymer plates for solar harvesting in the humid (sub) tropics[END_REF], smart devices [START_REF] Goo | Switchable transparency and wetting of elastomeric smart windows[END_REF], anti-fogging [START_REF] Shang | Fabrication of transparent superhydrophobic porous silica coating for self-cleaning and anti-fogging[END_REF], etc. Controlling such structures require developing method to drive either the colloidal organisation on the substrate or to control particle deposition on demand. Integrating such process in large-scale fabrication requires meticulous technical conditions, which could hinder their potential scale up to become a valuable industrial process. Thus, numerous surface patterning methods were proposed for making periodic structure.

Two-dimensional crystallization

Denkov et al [START_REF] Nikolai D Denkov | Two-dimensional crystallization[END_REF] investigated the mechanism of particles deposition during drying large latex particles. They have shown that the particles are dragged to each other imposed by the capillary force, which acts between the particles as soon as the height of the liquid becomes lower than the diameter of the particles. This force drives the particles to assembly in the meniscus region leading to create the two-dimensional network (Figure 1.11). Spin coating strategy was also investigated as a tool for controlling crystallisation of colloidal particles on a substrate [29,[START_REF] David | Spin coating of thin and ultrathin polymer films[END_REF][START_REF] Xia | Directed selfassembly of silica nanoparticles into nanometer-scale patterned surfaces using spin-coating[END_REF]. This relies on controlling the spinning acceleration process during casting a thin film on a substrate. Chen et al [START_REF] Chen | Controllable fabrication of 2d colloidal-crystal films with polystyrene nanospheres of various diameters by spin-coating[END_REF] utilized this technique in order to generate ordered colloidal crystal film by using polystyrene PS particles with different size ranging from 200 nm to 1300 nm (Figure 1.12). Subsequently, as soon as the film thickness decreases below the particle size, capillary forces the particles together, yielding ordered structures. Many parameters can play a major role in this process, including viscosity, particle size, and the surface tension. 

Electrostatic and Electrophoretic directed assembly

Electrostatic directed assembly has been employed to organise charged particles on substrate using electrostatic forces [START_REF] Schmitt | Metal nanoparticle/polymer superlattice films: fabrication and control of layer structure[END_REF]. Chen et al [START_REF] Kevin M Chen | Selective self-organization of colloids on patterned polyelectrolyte templates[END_REF] investigated the deposition of charged particles by using patterned polyelectrolyte substrate. They managed to fabricate patterned arrays by applying the technique of self-assembly driven by electric-fields. Walker et al [START_REF] David A Walker | Electrostatics at the nanoscale[END_REF] reported that two coupled parameters namely, colloidal surface charge and ionic charge clouds can affect the nature of colloidal assembly in such a system. However, the complexity of this technique is caused by the high charges of particles which lead to a complicated process during deposit the particles on a substrate [29]. Teulon et al [16] used this approach to fabricate patterns of micrometer-sized particles via coupling electrostatic field and convective self-assembly (Figure 1.13). Their mechanism is based on moving a charged substrate at a constant speed and dragging a drop of a colloidal suspension within an immobilized blade. In such a process, the electrostatic repulsion and convective flow was found to play a significant role in the particles deposit. latex particles on charged patterns using convective nanoxerography. Image modified from Ref. [16].

The electrophoretic deposition (EPD) strategy relies on the deposition of colloidal particles that migrate in a liquid onto an electrode under an electric field [START_REF] Giang Th Tran | Fabrication of polystyrene colloidal crystal film by electrophoretic deposition[END_REF]. Tran et al [START_REF] Giang Th Tran | Fabrication of polystyrene colloidal crystal film by electrophoretic deposition[END_REF] have established a rapid EPD process to fabricate the colloidal crystal film with aqueous ethanol (EtOH) colloidal suspension. The colloidal crystal of PS particles was fabricated on either indium tin oxide (ITO) coated glass (ITO/glass) or an ITO coated PET (polyethylene terephthalate) sheet (ITO/PET) which was used as substrate/anode and stainless-steel plate as the electrode/cathode. The electrodes were immersed in the colloidal suspension and withdrawn while applying to them an alternate current inducing the negatively charged PS particles to move towards the anode (Figure 1.14). Measurement of film thickness showed that the lower withdrawing rates lead to uniform EPD colloidal crystal film, however, increasing this rate lead to an inhomogeneous film (Figure 1.15).

[h] Figure 1.15: Surface SEM images of films obtained using EPD suspensions with different solvent ratios of EtOH and H2O with an applied voltage of 5 V/cm for 5 min. Images taken from Ref [START_REF] Giang Th Tran | Fabrication of polystyrene colloidal crystal film by electrophoretic deposition[END_REF].

Langmuir-Blodgett assembly (ALB)

Designing well-ordered structure can be obtained by Langmuir-Blodgett Assembly. Li and Gilchrist [18] fabricated continuous multilayer structures of particles on substrate (Figure 1.16). The mechanism of the process is based on the balance between the viscous drag and capillary forces as well as control over the particles mass flow rate at slow speed and contact angle 20 0 . The particles are driven towards the interface of the meniscus imposed by surface tension and are brought together by capillary forces resulting in thin film formation. The particle deposition is affected by the suspension volume fraction and suspension flow rate. Indeed, at a high drying rate, discontinuous multilayer deposition is resulted because of the flow instability and Marangoni flows as they noted. 

Patterning of colloidal suspension via convective assembly.

The convective self-assembly has been applied as a facile and simple technique to create and control the particles deposition on a large scale. The strategy relies on driving the particles by the capillary flow towards the drying front where they accumulate.

Dip-coating

Dip coating is a feasible and scalable technique for generating large structured surface area [START_REF] Kim | Patterning and assembling nanomaterials by dip coating[END_REF]. One way to reach this is by immersing a substrate into suspension and withdraw it with a controlled velocity [22,[START_REF] Berteloot | Dip coating with colloids and evaporation[END_REF][START_REF] Palma | Dip-coating with a particulate suspension[END_REF]. In such a process, several structures can be formed depending on the velocity, drying rate and properties of the suspension (Figure 1.17, 1.18 and 1.19) [23,24,54]. In general the film thickness strongly depend on the the substrate velocity (Figure 1.18) [54]. This comes from two different mechanisms namely, Landau-Levich regime for high withdraw velocity and capillary regime resulting from low withdraw velocity. Gans et al [23] observed and measured the average film thickness in the different coating regimes via varying the velocity of the substrate withdrawal as well as the volume fraction of the suspension (Figure 1.19). They have shown three different regimes: (i) At low withdrawal speed, there is almost no particles deposition. (ii) Increasing withdrawal speed leads to a large number of particles deposit on the coating regime however, the structure is not homogeneous. (iii) A higher withdrawal speed leads to a large thickness with a uniform structure. Figure 1.17: Periodic deposition of colloidal particles fabricated by dip-coating system on the glass substrate. Image taken from Ref. [24]. 

Stick slip motion of the triple line

At low withdrawal velocity in the dip coating regime, stick-slip motion of the triple line could take place yielding a regular patterns on the substrate [START_REF] Daniel Orejon | Stick-slip of evaporating droplets: substrate hydrophobicity and nanoparticle concentration[END_REF]. Such phenomenon results from the synergy between capillary flow which brings the fluid towards the drying front and the capillary forces which govern the triple line retraction. Bodiguel et al [25] investigated the stick-slip between two glass plates with the purpose of creating regular strips by pumping the particles suspension out of the reservoir under controlled temperature and humidity (Figure 1.20). Wang and Wu [START_REF] Wang | Molecular origin of contact line stick-slip motion during droplet evaporation[END_REF] Presented molecular dynamics simulation in order to investigate the stick-slip motion during drying droplet using nano-Pillard surface (Figure 1.21). Their simulation is based on investigating the pinning force at the triple line and how it influences the drying mechanism of nano-fluid droplets. They suggested that two forces act at the triple line during drying: the first one is the liquid/liquid interaction forces which push the triple line towards the center; and the second is the solid-liquid interaction forces which attract the triple line to pin on the surface. They have shown that once the triple line arrests, the contact angle decreases dramatically leads to an increase in the depinning force acts on the triple line. 

Drag coating (Doctor blade)

A periodic structure surface of colloids suspension can be achieved by periodic movement of the triple line via drag coating. Sakamoto et al [35] used this technique in order to fabricate structured lines on the surface via moving substrate periodically at a constant speed (Figure 1.22). The process mechanism depends on the balance between the concentration of particles and the moving distance of the substrate. The stripes width was found to increase with increasing the concentration of particles. The wettability was found to play an important role, for example, when the contact angle increases, the major pinning forces in the meniscus are reduced leading to no deposit on the substrate. However, this group noted that the optimal deposition of particles occurs only with low contact angle. By using ethanol as solvent, they have shown that the defects in the final deposit were reduced due to the low surface tension and low contact angle. 

Lithographic mask

Lithographic method consists of drying a suspension through a mask containing a patterns of holes to produce structured surface patterns. This method has been used to create surfaces with well-defined structure via controlling a wide range of parameters including solvent evaporation flux, concentration, surface tension, capillary force, temperature, humidity, etc [START_REF] Hughes | When lithography meets self-assembly: a review of recent advances in the directed assembly of complex metal nanostructures on planar and textured surfaces[END_REF]. Regular pattern arrays were obtained by drying a suspension through a mask containing an hexagonal array of micro-sized holes (Figure 1.23) [55]. 

Particles structures using patterned substrate

The particles deposition into desired structures can also be achieved by using different patterned substrate like silicon, glass. Asbahi et al [START_REF] Asbahi | Directed self-assembly of sub-10 nm particle clusters using topographical templates[END_REF] applied this technique to produce 1D and 2D arrays where the shape of the nanoscale traps on the substrate was designed to be close to the particle diameter (Figure 1.24). In this process, as the evaporation is continuous, the liquid level decreases towards the substrate. Therefore, the particles are driven into the traps imposed by capillary forces that dominates once the height of the meniscus becomes closer to the substrate. The precise position of the particles deposition was obtained by dragging the particles at low velocity from 0.1 to 0.5 mm/min as well as by combining the mechanism of the direct self-assembly and the capillary force at the drying front. Figure 1.24: (Left) Schematic representation of processing steps of direct the selfassembly of nanoparticles during evaporation. (Right) SEM images exhibiting the obtained arrays of AuNP as self-assembled on HSQ coated Silicon substrates patterned with controllable gaps . Images adapted from Ref. [START_REF] Asbahi | Directed self-assembly of sub-10 nm particle clusters using topographical templates[END_REF]. Yet, the above processes require meticulous technical conditions, which could hinder their potential scale up to become a valuable industrial processes. Therefore, there is still a need for a fast, simple easy to implement method to produce ordered surface morphologies with mildly controlled conditions. This work proposes a fast and simple method for producing ordered surface structures via evaporation of polymer colloidal suspensions by time modulating the drying rate. The polymerization of the particles used and experimental setups are addressed in this chapter, including the quantitative and qualitative characterization of the obtained polymer particles, as well as the drying method chosen for this study.

Synthesis of polymer particles by polymerization emulsion

Latexes are colloidal dispersions of polymer particles in water, which is widely used in various industrial sectors such as coating, adhesives, paper, biomedical and varnishes field, etc. These particles are stabilized by a surfactant adsorbed to their surface. Emulsion polymerization (Figure 2.1) [1] is a radical polymerization process consisting of polymerizing monomers dispersed in an emulsion. The process is conducted in a closed batch reactor where the reactants are added to the reactor at the beginning of the reaction, which includes water, the surfactant, the monomers, and the initiator. In such a process, the dissolved oxygen triggers the formation of free radicals -in the aqueous phase. Hence, removing this inhibitor before reaching the reaction temperature is crucial to prevent side reaction. It is, therefore, necessary to purge the reactor and work under an inert atmosphere of nitrogen or argon. Stirring must be carried out in order to obtain a homogeneous temperature of the reaction. 

Materials and experimental synthesis apparatus 2.2.1 Materials used

In this study, the polystyrene particles and the polybutylacrylate particles are obtained from styrene and Butyl acrylate monomers by emulsion polymerization. The components used to undergo the radical polymerization are described herein.

Monomer

The main monomers used in emulsion polymerization are: styrene (St, 99%, Aldrich) and butyl acrylate (BA, 99 % Aldrich). The monomers have different chemical and physical properties and different structures. The characteristics of these monomers are shown in Table 1.

Name

Styrene Butyl acrylate Chemical formula 

Dispersion medium

Water is used as a dispersion medium in emulsion polymerizations. Water is used due to its low viscosity and can provide a perfect heat transfer.

Emulsifier

The most commonly used emulsifier in this process is sodium dodecyl sulfate (SDS, Aldrich, 99%), it is an anionic surfactant. SDS is preferred in many emulsion polymerization systems for controlling the particle size and to stabilize the latex particles in the dispersion. The characteristics of surfactant are illustrated in 

Initiator

The initiator used in this process is potassium persulfate (KPS, Aldrich, 98%). The characteristics of KPS are shown in Table 3.

Name

Potassium persulfate Chemical formula

2 2 8
Abbreviation KPS Molar mass (g/mol) 270.32 Formation at ambient temperature Solid Decomposition temperature ( 0 ) starts from 60 Table 3. Physico-chemical characteristics of the initiator.

Experimental setup

The synthesized latex is prepared in a closed batch reactor. Monomers, surfactant, and water are mixed at the reaction condition in a standard three-neck round flask (500 mL) equipped with a magnetic stirrer, a reflux condenser with nitrogen flow, and an oil bath under controlled temperature (Figure 2.2). The initiator is added when the mixture reached the desired temperature and the agitation is performed continuously with speed control for the whole period of the reaction. 

Experimental procedure for the synthesis of particles

All the particles are synthesized by conventional emulsion polymerization using a batch reactor at 80 0 C. Firstly, the dispersion of surfactants in water is degassed by a continuous flow of nitrogen for 20 ∼ 30 min in order to get rid of the oxygen present in the aqueous medium. After that, a sufficiently high shear is ensured by constant stirring. When the monomer and the initiator are fully dissolved in water, they are injected into the reactor. The nitrogen pressure should be kept at a low value to prevent inhibition of the polymerization reactions. Then, 10% of the initial amount of the initiator is injected at the end of the synthesis in order to complete the conversion of the residual monomer. The process of polymerization is carried out at 300 rpm while the period of synthesis is ranged from 4h to 12h. The latex particles of PS and PBA are synthesized at about 10% weight respect to the mass of water. The surfactants introduced in this process have a direct impact on the size of the resulting polymer particles: Figure 2.3 shows the relation between the quantity of surfactant and the size of particles resulting from the polymerization [2]. Indeed, the particles diameter decreases when the amount of SDS increases. 

The concentration of solid content

The solid fraction is measured by calculating the dry extract. A cup is filled with 5ml of colloidal suspension and then placed in an oven to evaporate. The mass concentration of the solution is evaluated by weighing the cup and its content before and after evaporation.

Characterization of the synthesized polymers 2.4.1 Particle characterization 2.4.1.1 Particle Size Characterization

The characterization of the particle size (D) was obtained by dynamic light scattering (DLS) (Figure 2.4). The apparatus is a Malvern Zétasizer 5000 consisting of a multiangle goniometer (8 -150 0 ) thermostatically controlled (15 0 -50 0 ), a 5 Mw He-Ne laser operating at 633nm, and a multi-bit correlator 7132 (allowing the analysis of intensity fluctuations whose characteristic time is between:0.2 and 3600 ). The overall scattered intensity is measured using a 400 90 0 pinhole. These light fluctuation times allow to calculate the scattering coefficients of the particles, from which an average value of the hydrodynamic radius can be extracted. The analysis of correlation functions is done by cumulating method which gives an average diameter and a size distribution, as well as by the CONTIN program. This method allows the estimation of particle size distribution in the range from nano-to micrometers. [3,4]. The DSC set-up consists of a measurement chamber which contains two crucibles where they are heated: a sample crucible and an empty crucible (Figure 2.5, left). The sample crucible containing the material being investigated while the empty crucible is used as a reference. A heat flow is induced by a thermocouple to heat both crucibles. The glass transition temperature is determined on a Mettler Toledo 823, coupled to an intercooler cooling system under an inert nitrogen atmosphere with a flow rate of 80 ml/min. The system is calibrated using Indium and Zinc. Samples of approximately 5 mg in powder form were weighed precisely and placed in drilled aluminum crucibles. The DSC measurement curve is a convenient technique for calculating the for polymer such as polystyrene according to the diagram below (Figure 2.5, right). Table 4 shows a summary of the particle diameters, and dry extracts for the suspensions used. 4. Particle diameters, and dry extracts of the suspensions used.

Molar mass distribution

Every polymer type has its own molar mass distribution. It is a fundamental parameter in the characterization of polymer particles. Therefore, achieving the desired polymer properties requires controlling the process conditions including molecular weight distribution and temperature [5]. The molar mass distribution of a polymer can be obtained by gel permeation chromatography (GPC) analytical method. This technique provides an excellent system to determine the molar mass distribution. The system consists of a Waters 590 (GPC) apparatus equipped with a Waters 410 differential refractometer and a Waters 745 data module. THF solvent after being filtered through 0.45 mm Millipore filters is used at a flow rate of 1 ml / min through ulrastyragel columns with a size exclusion of 500, 10 3 and 10 4 0 . The GPC device was calibrated by using polystyrene standards which have a well-defined molar mass distribution, supplied by the Waters Company. ∼ 3 of polymer powder is dissolved in 1 ml of THF. THF was used as a pure solvent, which already filtered through Millipore 0.45 filters. The numbered samples are placed in the machine's injection system, the injection volumes for the measurements are 5 , and the measurements are made at ambient temperature.

Surface charge characterization of colloidal particles 2.4.2.1 Ion exchange procedure

During the latex emulsion polymerization, adding SDS surfactant and the KPS initiator create [ 4 -] ions on the particles surface leading to the stabilization of the particles in the solution. The presence of these ions on the particles surface prevents the measurement of the charge density of the particles. Therefore, it is necessary to remove these ions from the particles surface by washing in order to make the pH of the latex solution neutral. Hence, the ion exchange resins composed of mixture of cationic and anionic resins ( Aldrich) is used for that purpose. The process relies on the capture of sodium and potassium cations [ + , + ] as well as the sulfonates anions [ 2 -] by the resin, eventually producing [ + , -] ions leading to water formation. This process was done by i) mixing the suspensions with about 5 to 10 wt % resin, ii) agitating for 20-30 minutes, iii) and then filtering to remove the resin by using small syringes with a hole diameter smaller than the resin beads diameter. The procedure of washing is repeated for several times in order to ensure that the surfactant, which was added during the preparation of the emulsion, is completely removed. After each step of washing, the conductivity was monitored until it reaches a constant value.

-[ + ] [ -] ∶ 1 ∶ 1 ( ‸ ℎ ‸ MR-3,

Conductometric titration

The cleaned latex is almost free of surfactant and likely to be stabilized with sulfate groups. Those are coming from the persulfate decomposition or some SDS remaining on the particles surface. Therefore, a titration with NaOH was carried out in order to quantify the sulfate groups on the particles surface. Before describing the experimental protocol, we briefly recall that conductivity provides an indication of the ion concentration on the particles surface as well as their mobility. The conductometric titration was carried out with a NaOH solution of concentration 2.10 -4 mol / L. The principle of this method is based on the gradual adding of a NaOH titrating solution, using a graduated burette to the cleaned latex diluted at some percent by weight. The + ions are gradually replaced by + ions until chemical equilibrium is reached. The minimum point on the curves corresponds to the neutralization of strong acids sulfate [6]. This equivalence point is governed by the equilibrium [7]: R -O -

- 3 H + + NaOH → - -SO - 3 + + 2 O Indeed, the equivalent conductivity at 25 0 C for + ions is 350 2 Ω -1 -1 and for + is 50.1 2 Ω -1 -1 while for -is 199.1 2 Ω -1 -1 .
For each particle size, the surface charge is calculated from the conductometric titration , using the equation below [8]:

ℎ ( ∕ ) = , 0 (2.1) 
Where 0 is the initial mass of the titrated latex (g),

,
is the volume of NaOH at the equivalence point (mL). is the Mass fraction (%).

is the concentration of NaOH = 10 -1 mol / L Figure 2.8 shows the surface charge as a function of the surface to volume ratio (3 / R) for all particles. It is clear that the surface charge increases when the particles size decreases. This shows that small particles have a higher surface charge than big particles.

Elemental analysis technique

The elemental analysis was used to quantify the overall amount of sulfate group on the washed particles . The process relies on heating the samples above 1000 0 and analyzing the resulting elements. Figure 2.8 highlights the amount of sulfur versus the surface to volume ratio (3 / R) in conductivity titration and in elemental analysis. The total amount of sulfur follows the same tendency as for conductivity titration. This result suggests that the sulfate groups are located only on the surface of the particles. Conductimetric titration can only determine the amount of sulfate present at the surface of the particles, however, the elemental analysis provides information on the total amount of sulfate groups that are present near and on the surface of the particles. This may explain the small difference between the two curves. This result indicates that the SDS surfactant and the KPS salt ions are indeed removed from the particle surface. 

Characterization of the electric potential of the particles

Zeta potential is a physical property exhibited by the net surface charge carried by the nanoparticles. The zeta potential of colloidal particles is measured by evaluating their movements in a known electric field. The colloids are placed in an electrophoresis chamber consisting of two compartments containing an electrode and a connection chamber. The applied voltage between the two electrodes produces a uniform electric field in the connection chamber and the charged particles move towards one of these electrodes [9]. However, during the formation of the film in presences of salt, the evaporation of the water leads to an increase in the concentration of electrolytes initially contained in the suspension. This enhances the electrostatic interaction between the particles. Therefore, the study of the effect of salt on the particles stabilities is necessary. From figure 2.10, it can be seen that the polystyrene particles exhibit the same tendency of decrease in Zeta potential as PBA particles with respect to the ionic strength. However, PS is much more sensitive to variations in NaCl concentration than PBA. In the case of polystyrene particles, the decrease is rapid even for low salt concentrations. It is obvious that the final value of reached in the presence of NaCl is lower in the case of polystyrene compared to PBA. 

The electric potential of particles in the absence and presence of salt

Surface tension measurement

Surface tension measurement is an important parameter in science, in particular, coatings, adhesive application, since it is directly related to the forces acting on the interface between air and liquid, and to the physical state behavior of liquids. The technique consist in taking the geometrical profile of a drop just before it collapses from a capillary tube. The Digidrop GBX apparatus is used to measure the surface tension of the droplet (Figure 2.11 left). This instrument can measure interfacial tension by the pendant drop method (Figure 2.11 right). The procedure is based on capturing the images of a liquid drop hanging from a dosing needle during its growth until its detachment. The software automatically calculates the surface tension in a spreadsheet. Several measurements were taken in each experiment. However, the calculation is only performed for the last ten images. This process was repeated several times at ambient conditions. Table 5 shows a comparison between the values of surface tension in water and for a suspension, with and without SDS. 

Surfactant

Surface tension (mN. 

Suspension and substrate surface

The contact angle plays a major effect on the behavior of the triple line and the deposit pattern during drying [10]. This part describes the technique used to measure this parameter

Contact angle measurement

The Digidrop GBX optics apparatus is used to measure the contact angle of the droplet between the liquid surface and the solid substrate. The principle of this method is based on the analysis of a video image coming from a CCD sensor. The apparatus consists of the following parts (Figure 2.12) . a solid substrate where the sample is placed . a micro drop regulator to deposit a precise volume of a suspension on the substrate . a light source . a mobile CCD camera and a macro lens on the horizontal axis to focus the images . The image analysis and processing system to determine the contour of the drop . A software system to measure the contact angle The taken images undergo a number of digital treatments in order to improve their quality. The software can then analyze the digitized image of the drop and determines its geometric characteristics. The baseline, that means the horizontal axis connecting the two points of the drop edge can be set automatically by the software or manually by the user. This is an important feature in the measurement of contact angles because it allows to determine the value of these angles more precisely. In most cases, the surface state of the sample causes a dissymmetry of the drop shape, therefore, the contact angles on the right and on the left will change. The software offers a measurement method that takes this asymmetry into account and automatically calculates the values of the left angle, the right angle, and their average value. The measurement of the contact angle on the solid substrate for cleaned PS, PBA, and their blends are given in Table 6. As for the contact angle of (PS / PBA) mixture with different concentration of SDS, they are shown in Table 7. 

Drying method 2.6.1 Samples preparation.

Samples used in this study contain nanoparticles with different sizes such polystyrene PS with hard particles (64 nm 10% w), poly butyl acrylate PBA with soft particles ( 97,5 nm 10% w), and PS with hard particles (280.1 nm 10% w). These suspensions were washed separately before mixing by using Dowex resins in order to remove the surfactant. Glass microscope slides were used in these experiments with (76 x 26 x 1 mm) dimension. The substrates were cleaned with water and ethanol. The purpose of cleaning is to ensure a certain homogeneity of the substrate, hence, to guarantee a perfect surface condition during evaporation. The same quantity of droplets were deposited on the glass substrate (microscope slide). All the experiments were done at room temperature (23 0 ). The temperature is kept constant by air conditioning.

Drying under normal condition

Mass loss during droplet drying was measured using a Mettler balance with a precision of 0.01 mg, connected to a computer with a home-built software (Figure 2.13 left). Droplet of the colloidal suspensions of PS, PBA, and their blends, were deposited on a glass substrate, with the same quantity, and left until the drying is completely finished. The drying kinetics of these suspensions in free air follows the same tendency and exhibits two stages of drying (Figure 2.13 right): (i) a constant drying rate in early times where the dispersed particles do not influence the drying rate velocity, (ii) and a decreasing rate as the concentration of particles in the film becomes higher and this is probably due to skin formation. This process leads to an irregular deposition pattern along the surface, during drying under normal condition. 

Drying under airflow

In this study we present a novel method for controlling the particle deposition in a periodic manner at the drying front via time modulated drying rate. The experimental setup consists of a small flat fan with a diameter of 3.2 cm and 0.7 cm wide, blowing air on the suspension (Figure 2.14a). A shutter, installed on the fan gate, was periodically closed and opened at different intervals. This was achieved by using a servo motor controlled by Arduino. A Tachometer device was used to measure the rotations of the fan and the distance between the sample and the fan was fixed at ∼ 6 cm. 

Drying under continuous airflow

During measuring the mass loss under airflow, we were able to get some information and it is clear that the dying is faster as expected (Figure 2.15), it is almost half comparing to drying in free air (Figure 2.13 right). Furthermore, with PS it is even third while with PBA, it is even more slower because probably of skin formation. Therefore, drying was undergone by periodic airflow in order to obtain a more accurate value of the mass loss. 

Drying under periodic airflow

The method relies on blown air periodically on a drop of colloidal suspension. When periodic drying, the mass loss was monitored only during gate closure periods (Figure 2.16). Blown air on the suspensions of PS, PBA, and their blends leads to a decrease in the mass loss with a similar tendency. Increasing with a constant was found to slightly increase the drying rate ( 

Observation and analysis method of patterns 2.6.4.1 Observation

The Stripe patterns were observed with an optical microscope (LEICA, DMLM) during drying using 5x, 10x objectives and a digital Motic camera (Figure 2.18). The light source intensity was reduced in order to minimize heating of the samples. The image analysis was performed using Image J software and a home developed program in Matlab. 

Introduction

This third chapter is presented in the form of a scientific publication. In this chapter we develop a new a fast and simple method for producing ordered surface morphologies via evaporation of polymer colloidal suspensions by time modulating the drying rate. The moving and the arrest of the drying front can be tuned on demand using modulated drying rate in controlled physical chemistry. This process can take place for different types of colloidal particles such as polystyrene, poly-butylacrylate and their blends. The role of the drying conditions, the blend composition and particles size on the periodic patterns was investigated. The dynamic of the drying front is monitored in the different drying regimes and correlated with surface morphologies. A simple drying model was developed to account for the observed surface morphology by simulating the dynamic of the drying front under periodically modulated drying rate.

Introduction

Controlling the organization of colloidal particles on a solid substrate remains a pivotal challenge for many advanced technologies like photonic band-gap, [1] microelectronics, [2] self-cleaning surface, [3] optical components [4] and lab-on-ship. [5] This has motivated an ongoing decades of research activities to provide the basis for controlling colloids deposition dynamics. [6,7] Local organization might be achieved to a certain extent via spin coating [8] electrostatic deposition, [9] Langmuir-Blodgett assembly, [10] sedimentation [11] and electro-phoretic deposition, [12] lithographic mask, [13] fingering instabilities, [14] spontaneous dewetting [15] and Self -Assembly, Transfer, and Integration. [16] Convective assembly has emerged as an easy to apply methods for assembling colloidal particles on the drying front during solvent removal by evaporation with a leaser technical complexity. [17][18][19] In this process the particles are driven towards the triple line where they are accumulated via convective flow induced by evaporation. These fabrication strategies relay on governing the deposition patterns based on the mechanism of coffee ring where preferential deposition of particles is dominated by the synergy between triple line pining and capillary flow. [20] The pinning and arresting of triple line during drying are fundamental in the dynamics of droplet evaporation process. [21,22] Therefore, the surface patterning can be achieved via fine control of such process when preferential drying takes place on the triple line or on the drying front. [23][24][25][26] For example, dip coating with either liquid [27] or substrate withdrawal [18] or doctor blade [28] leads either to uniform or structured surfaces depending on the drying regime. In both Landau-Levich and capillary regimes, uniform films with modulated thickness can be achieved by controlling evaporation rate, triple line speed, the suspension and substrate properties. [29,30] Here physicochemical of the suspension and the substrate plays a significant role in particles deposition and structuration. Template-directed assembly is an example where the capillary flows close to drying front is used to achieve ordered structures with a critical ordered size and morphology dependent on the template structure. [31] The contact line undergoes a stick-slip mechanism at a certain conditions within the capillary regime of the dip coating leading to ordered structures. [32] This results from the balance between capillary flow which brings the fluid towards the triple line and the capillary forces which controls the line retraction. This process is numerous parameter dependent: colloidal interactions, surface tension, viscosity, substrate polarity, surface roughness, volume fraction, temperature, humidity. [33][34][35][36][37][38] Periodic stripes of colloids suspension can be formed via periodic moving of the triple line by mechanically moving the substrate, doctor blade or the suspension. In such process the precise position of the triple line is controlled by the mechanism of the particle deposition at the drying front via convective flow. [19] However, integrating such process in large-scale fabrication is a challenging and requires meticulous technical conditions, which could hinders their potential scale up to become a valuable industrial process. Therefore, there is still a need for a fast, simple easy to implement method to produce ordered surface morphologies with a mildly controlled conditions. This work proposes a fast and simple method for producing ordered surface morphologies via evaporation of polymer colloidal suspensions by time modulating the drying rate. The moving and the arrest of the drying front can be tuned on demand using modulated drying rate in controlled physical chemistry. This process can take place for different types of colloidal particles such as polystyrene, poly-butylacrylate and their blends. The role of the drying conditions, the blend composition and particles size on the periodic patterns was investigated. The dynamic of the drying front is monitored in the different drying regimes and correlated with surface morphologies. A simple drying model was developed to account for the observed surface morphology by simulating the dynamic of the drying front under periodically modulated drying rate. The general tendency of the observed moving and arrest of the drying front and the resulting surface morphologies were predicted using such model.

Experimental Materials and particle preparation

Particles are prepared using styrene (Aldrich, 99%) and butyl acrylate (BA, 99% Aldrich) monomers and distilled water. Both of the surfactant sodium dodecyl sulfate (SDS, Aldrich, 99%) and the initiator potassium persulfate (KPS, Aldrich, 98%) were used as received. Polystyrene (PS) and butyl polyacrylate (PBA) suspensions were prepared in batch emulsion polymerization. Monomers, surfactant, and water were mixed in a standard three-neck round flask (500 mL) with a condenser under nitrogen flow and heated to 74 0 C and the initiator was added when the mixture reached the desired temperature. The particle size was controlled by varying the amount of SDS surfactant. The solid content of the particles was 10 wt.%. The synthesized latex were cleaned using a mixture of anionic and cationic exchange resins (DOWEX Marathon MR3, Aldrich). The suspensions were mixed with 5 wt. % resin, agitated gently for several minutes, and then filtered to remove the resin. During cleaning, the conductivity was monitored after each cleaning step and the procedure was repeated several times until a constant conductivity value was obtained.

Polymer and Particle Characterization

Particle diameter was measured by dynamic light scattering (DLS) using a Zetasizer (Malvern 5000) device with an angle of 90 0 . The particles size were for PS (64 and 280.1 nm) and for PBA 97.5 nm. The Differential Scanning calorimetry measurements (DSC) were carried out using a Mettler-Toledo DSC823 device with heating and cooling speeds 10 0 C / min, in a temperature range from -50 0 C up to 140 0 C. The glass transition temperature ( ) was evaluated to be 100 0 C for PS and -49 0 C for PBA.

Drying system

The drying system is a home built device equipped with a small flat fan (Figure 3.1a). The fan speed is controlled using PMW signal and monitored using tachometer leading to constant speed from 565 rpm to 4200 rpm. This yields an air flow of 2 10 -4 to 1.6 10 -3 3 ∕ . Taking into consideration the opening of the fan ( 0.7 x 3.2 cm) , the velocity of the air were set 7.86, 24.6, 35.5, 43.9 and 48.72 ∕ . In all the experiments the air flow was limited in order for the sessile drop to remain stable and this set an upper limit of air flow of 48.72 ∕ . The periodic air flow is tuned by periodically opening and closing a shutter on the fan gate using an arduino controlled servo for different time intervals and which varied between 10s and 60s. The period of airflow is calculated as = + leading to a period between 20 s and 120s. The fraction of opening time is estimated as = /( + ) leading to between 10% to 90%. The drying system was either placed on Mettler balance to measure the drying rate during periodic air flow or on a microscope to observe the evolution of the structure throughout the drying. In all cases the distance between the drop and the fan opening was set to ∼ 6 cm. The substrate, glass microscope slides (1x 76 x 26 mm), which were previously cleaned using alcohol and distilled water and left to dry. The glass slide is first placed on the drying system and then a ∼ 0.05 ml of the latex suspension were deposited using the glass slide leading to a circular drop of around ∼ 1 . The drying environment was kept at 23 0 and humidity ratio of 34%. The mass loss during drying was measured using a Mettler balance with precision 0.01 mg connected to a computed with home-built software. When periodic drying the mass loss was monitored during gate closure periods. Several suspensions were used for the drying process PBA (97.5 nm), PS (64 nm) and PS (280.1 nm) as well as their blends. The initial concentration of the suspensions is 10 wt.%. The blends were prepared by mixing the cleaned PBA and one of the two PS suspensions at different fractions between PS/PBA between 0% and 100%. All the following experiments are carried out with PS (64 nm) and its blends except when mentioned. 

Observation and analyses

The patterns formation were observed using an optical microscope (LEICA, DMLM) throughout the drying process using 5x or 10x objectives. The light source intensity was optimised to reduce light heating effect. The image analysis was performed using Image J software and home developed program in the Matlab. A home built Matlab program was used to automatically follow the drying front advance using the Canny method for edge detection. A modified contact profilemeter device SM7 was used to characterize the film thickness profiles. This device give a depth precision down to 100 nm. This was carried out on cracks-free films. The stress on the film was reduced in order to reduce the damage to the film. When films are cracked, a tiny portion of the film was adhered to the glass substrate and the measurement were carried with even slighter stress.

Results

Drying rate in periodic air flow

.1 (Supporting Information), shows the time resolved mass loss during drying a sessile drop of PS(64 nm), PBA (97.5 nm) as well as their 50/50% blends PS/PBA in the absence and presence of air flow. The drying kinetic, in the absence of air flow, follows the general tendency of evaporating colloidal suspension with two regimes: a linear dependence of the mass loss vs. time and a constant drying rate in the early time and a deviation from the linear behavior and decreasing drying rate at advanced time. The two distinct drying regimes become even more enhanced when the drying rate increases with increasing air flow. At least in the absence of air flow, drying colloidal suspension can be considered to be controlled by vapor transport across the air boundary layer adjacent to the surface as well as the concentration of water on the interface. At early drying time, the particle concentration is homogeneous across the film leading to a constant evaporation rate which is dominated by vapor transport. Because particle diffusion is slower than water evaporation a concentration gradient develop in the film starting from the film surface leading to crust on the film surface, which inhibits water evaporation and reduces the drying rate. A main observation is that the drying kinetics of PBA deviates from the linear behavior much faster than PS and their blends. One can explain this by the softness of PBA ( = -49) which form continuous film at room temperature which inhibits water evaporation. In contrast, the PS remains hard and spherical during drying allowing water to evaporate through the porous crust. Interestingly, the PS/PBA (50/50%) is found to follow the same tendency as the PS inferring that in the blends conditions, the drying mechanism is dominated by the hard particles. Increasing the drying rate using air flow enhances the deviation from the linear behavior particularly in the case of PBA and accentuates the difference between the soft PBA and the hard PS particles. The formation of crust is dominated by the ratio of the drying rate and the particle diffusion coefficient which explains the difference between PBA and PS. Figure 3.2 depicts the mass loss under periodic airflow for various periods as well as the opening and closing times. In all cases, the drying kinetic is found to lie between the no air flow regime for = 0% and the full air flow regime = 100% curves, which suggests that the drying rate oscillates between a low value for and a higher one for . Figure 3.2a and (S3.2a Supporting Information) suggest that Σ increases rapidly for low / 10/110s and then slower at higher / when is kept constant Figure 3.2b and (S3.2b Supporting Information). One would expect Σ to increase linearly with increasing if the evaporation regime relaxed back rapidly after closing or opening. This is not the case here which could suggest that the dynamic of transition between these two regimes of evaporation is slow compared to and investigated here. This could infers that the evaporation regime return back rapidly during as the vapor concentration in the boundary limit is washed out under air flow. On the other hand, the return to the regime of diffusion limited regime after ceasing air flow is slower and therefore remains always higher than that in the absence of air flow at least for and investigated here leading to the observed Σ . To understand the dynamic of transition between these two regimes of evaporation one needs to evaluate the characteristic time of the transient regime and particularly between air flow to non air flow. A rough estimation of this time was found to yields about 10% of the total drying time [39,40] which gives few tens of second, which is in the same order of magnitude of . During the transient state after ceasing air flow, decreases to approach the value of no air flow but most likely does not reach the steady state within the investigated (10s to 60s). This was also comforted by the fact that Σ was found almost independent on for constant / . If one assumes that in the absence of air flow the drying is diffusion controlled, the drying rate can be written as.

∼ (3.1)
Where is the saturated water vapor pressure, is water diffusion coefficient in air and A is the area in the case of large drop. In the case of small drop where the drying rate is the triple line dominate evaporation, the drying rate becomes

∼ (3.2)
Where R is the drop radius. Once air is blown on the film, the drying becomes forced convection leading to higher evaporation rate. Several empirical equation were proposed to describe the evolution of the drying rate vs air speed. [40] In conclusion the drying rate evolve periodically between two states high evaporation and lower evaporation regimes. However, the present results infers that transition between high to low is not sharp but evolves as transient state toward the steady state and this process is repeated periodically. (a) The was (120s) and the opening closing time steps were varied : (10s on /110s off) (Blue),(10s off /110s on) (Red) , ( 60s on/ 60s off) (Orange), (30s on/ 90s off) ( Green), (30s off/ 90s on) (Yellow), and in free air (Black). (b) The / was fixed at (50/50%) and time period was varied from 0 to 120s: 20s (Red), 40s (Blue), 60s (Green), 80s (Yellow), 100s (Gray), 120s (Orange), and in free air (Black).

Shape patterns of the dried film under periodic air flow

During drying concentrated latex suspension under normal condition or under continuous air flow, the drying front moves steadily starting from the edge and result in uniform film without any particular induced structure. In this conditions of high concentration and relatively higher drying rate, the movement of the drying front does not leads to any stick slip resulting morphologies likewise those observed in triple dynamic at certain drying conditions. [41] On the other hand, under periodic air flow, a periodic structure of parallel strips is formed, starting from the film border. This is well seen in the microscopy images and particularly in reflection mode for PS, PBA and their blends. From the first glance the morphology are most likely composed of hills and valley formed during displacement of the drying front. These structures form periodic patterns with a period which is uniform on the border and in most cases becomes disturbed while approaching the center. In the geometry investigated here, slightly decreases as one approaches the directions normal to the air flow and in the extreme case it decrease by about 30% (Figure S3.3 Supporting Information). This is expected since the air flow breaks the symmetry of the drop but does not affects the results particularly in the air flow direction. In the following all the analysis are carried out within ∼ 20 0 of the normal direction where the deviation of is less than 5%.

Effect of polymer nature

Figure 3.3 shows the periodic structure made under period air flow in different types of suspension hard PS, soft PBA and their blends. The periodic lines stripes superpose with the drying bands that usually forms on the top layer during drying hard colloidal suspension. [42] Yet the depth and the period of these stripes are much larger than that of the shear bends. [42] One should note that the two structures coexist but do not clearly influence each other inferring that they are caused by different mechanisms. Furthermore, as the periodic patterns appears and evolves during PS (Figure S3.4 Supporting Information), the solidified structure accumulates stress leading the film to crack into millimeter size fibers that delaminates from the substrates (Figure S3.5 Supporting Information). This is expected because consolidation of the hard PS particles ( = 100 0 ) generates capillary pressure on the top layer of the wet films causing it to crack and to delaminate. [43,44] The parallel stripes also form in the soft PBA particles ( = -49 0 ) for all investigated conditions (Figure S3.6 Supporting Information). However, these stripes appear shallow in both reflection or transmission mode which suggests that their depth is not as pronounced as in the case of PS. This can be explained by the role of the capillary forced in smoothing the surface of soft PBA film. On the other hand, when films were made by drying blends of PS and PBA at the composition in the range of 70/30% to 30/70%, the periodic parallel stripes forms and remains after complete drying with well pronounced depth and without crack, which allows further morphological analysis. For these compositions no crack and no delamination were observed. 

Effect of the drying condition on the periodic patterns

In figure 3.4 we show microscopy images of different films made by drying 50/50% blends of PS/PBA under periodic air flow for different air flow period and constant 50/50%. In all the studied cases, a periodic pattern of stripes is observed starting from the film border. The period clearly increases with increasing . This is well depicted in Figure 3.5 which shows increases almost in linear tendency with increasing . From the present experimental conditions one can obtain periodic patterns with period ranging from 25 up to 140 . The same behavior is observed for the all air flow speed investigated here from 7.86 ∕ to 43.85 ∕ which slight increase of with increasing air speed. This suggests that these structures are more sensitive to the periodicity of the two drying regimes: the high drying rate and slower one. The depth profile of these periodic patterns is obtained using 3D contact profilemeter particularly for slightly tough films which are less sensitive to abrasion. In Figure 3.6 we show typical depth profiles for the films shown in Figure 3.4. The main information taken from these plots is the depth of the structure which is found to be in scale and clearly increases with increasing from 0.2 to 1.1 (Figure 3.7a). This infers that decreasing the period by reducing makes these structures shallow and converge towards making uniform films at low . 

Effect of the blend composition and particle size on the periodic patterns

The effect of blends composition on the periodic patterns was investigated using 2 types of PS/PBA blends containing one soft PBA (97.5 nm) particles and two hard PS particles with different sizes 64 nm and 280.1 nm. In the case of PS(64 nm)/PBA (97.5 nm) the blends composition was found to have a slight effect on the pattern period at least in the range of blend composition where no cracking takes place and where the capillary forces can not smooth the patterns namely from 70/30% to 30/70% (Figure S3.7 Supporting Information). This can be seen in the limited dispersion of / vs. where the sample 50/50% is chosen as the reference sample (

). On the other hand, the presence of the large PS particles 280.1 nm affects drastically the periodic structure under periodic air flow. This is well depicted in Figure S3.8 (Supporting Information), which shows the microscopy images of films made from blends PS 280.1 nm and PBA 97.5 nm with different composition. In all cases, the structure remains slightly periodic for low PS fraction however the period is found to increases with increasing the PS composition far beyond the error bar of these measurement. Especially beyond 20% PS becomes highly dependent on PS concentration and eventually looses some aspects of its periodicity (Figure 3.8). It is clear that increasing the concentration of large polystyrene particles has a major effect on periodic structure. These behaviors could result from i) particle polarity, ii) particle softness, iii) particle size, iv) viscosity. Indeed, the PS and PBA have different T (100 0 ) for PS and (-49 0 ) for PBA, different polarity, and sizes. Therefore, the PBA fuses to form a hydrophobic film during drying, the PS particles remain hard and expose their surface electrostatic charges. This could attribute to the drying front a higher polarity and therefore leads to a reduced curvature, which can affect the capillary flow and the dynamic of the drying front. However, this mechanism occurs in both small and large particles and therefore can not explains the difference between these two types of blends. Furthermore, several studies have pointed out the effect of particle size on the particle deposition at the drying front. Indeed, the small and the large particles can be deposited at different locations on the drying front. [45] This can induce segregation at different length scale from the small particle size blend and different properties of the drying front. This could give some staring hints to explain this process. for the case PS (64 nm) and PBA (97.5 nm) with different composition of PS and PBA 30%/70%, 50%/50% and 70%/30%. (b) / for the case of PS (280.1 nm) and PBA (97.5 nm) with different compositions 10%/90%, 20%/80%, 30%/70% and 50%/50%.

Formation and evolution of the patterns

The formation of surface structure most likely results from the dynamic of pining and depinning of the drying front, which yields a preferential deposition of particles on the drying front. [46] Therefore, understanding these structures can be achieved if one comprehends the dynamic of the drying front during periodic airflow. In the absence of airflow the drying front advances steadily from the border of the drop towards the center. This process is assimilated to the "coffee ring" effect where drying rate is higher at the border than in the center and therefore the suspension becomes more concentrated and eventually goes through the liquid/gel/solid faster on the border. This transition can be visualized in microscopy via change in light absorption, birefringence, turbidity, light reflection.

Indeed, the drying front seen in our visualisation is a zone of a typical width between 65 to 117 (in the conditions of low airflow speed), depicting the transition between the liquid state and solid state. This area is composed of 2 domains with different aspects separated by 3 lines (Figure 3.9). The first one characterized by a change in the film coloration with a typical width of 26 -58.5 (in our experimental condition of low air flow speed), starting at an onset line (OL) and ending at a first line (FL). This zone corresponds to the transition between a colloidal gel to a solid film. The second zone is wider area characterized by shear bands lines particularly during air flow regime and extends to about starting at the FL and extending to a second line (SL). When particles are incorporated as tracer in the suspension to characterise the flows, no activity is seen in this zone. In the following we call the onset line the drying front. During drying this transition zone moves towards the center as the drying advances (Figure 3.10). It has been found that the width of drying front in normal drying condition is sensitive to the physical chemistry of the suspension specially the ionic strength and decreases with increasing the ionic strength. [47] when applying periodic air flow, the drying front moves in a periodic way; it advances during air flow and almost arrest when air flow stops (Figure 3.11a and Figure S3.9). The onset line (OL) clearly moves in a periodic way with a fast advances during air flow and slower advance or arrest during no air flow, depending on the experimental condition (Figure 3.11a and Figure S3.9). The first line (FL) also advances in a a periodic manner with a slight difference particularly at higher air speed (Figure S3.9). Although it is clear that the second line advances ahead of the OL, the contrast is not sufficient to resolve its position with the required precision to state on the periodicity of the movement (Figure S3.9). Figure S3.10 shows the time evolution of the width of first zone of the drying front between FL and OL (FL-OL) during periodic airflow as well as the total width of the drying front (SL-OL). Although the data are noisy they are clearly not constant during the periodic air flow, suggesting that these widths evolve during the change of the air flow regimes. This could suggest that there is an evolution of the ionic strength in the vicinity of the drying front during the transition between these two drying regimes. Indeed, the change in the drying regimes leads to evolution of the vertical and horizontal concentration gradients which could affects the aggregation state of the suspension and consequently the width of the drying front. The dynamic of the advance of this front depends on several parameters such as the ionic strength, the critical concentration for gelation or aggregation, etc. [22,47] The average speed of the drying front advance (OL) is also calculated for both the moving and stopping step and plotted vs. the opening/closing time period . Figure 3.11b shows that for all the time period investigated here, the speed of the fast advancing step ( ) is much higher than the slow step (

). Moreover, the speed of the advancing part increases with increasing in a non linear way; it increases faster for higher values (Figure 3.11b). It is interesting to notice that the drying front speed during free air drying (

) is located between ( ) and ( ) suggesting that after air flow stops, the drying front relaxes and moves back to compensate the rapid advances during air flow, which gives the impression of complete drying front stop. The drying front advances (

) for PS was found to behave almost the same as the mixture PS/PBA with increasing the and clearly higher than that of pure PBA (Figure 3.12a). This result suggests that the importance of properties of the polymer particles on the dynamic of drying front. The difference between the PBA suspension and PS and the PS/PBA mixture is polarity of the polymer that could lead to different shapes of the front as well as the gelation concentration and dynamic. These could intervene in the dynamic of the drying front under different drying conditions and therefore it might influence the periodic structure formation. Another explanation could be the softness of the PBA which has a of -49 ° and could form a film at room temperature and exposes the hydrophobic core of the PBA particles in the vicinity of the drying front. When air flow rate was varied between 7.86 ∕ and 43.85 ∕ , the dependence on was found similar as shown above however the magnitude of was found to be particularly dependent on the magnitude of air speed (Figure 3.12b). For example, ranged from 2.4 /s to 3.5 /s for = 7.86 ∕ , and from 7.3 /s 27.5 /s A = 43.85 ∕ (Figure 3.12b). This result suggests that the importance of the dynamic of the drying front when it exposed to two different drying regimes diffusion controlled and forced convective. The transition between these two regimes controls the way water is transferred and the dynamic of the drying front during this transition. the ionic entities. The gradient of Cw(r,z,t) during air flow becomes more pronounces due to the directional flow of dry air. In this case, the front dries rapidly enhancing the in-plane concentration gradient and yielding the drying front to move faster toward the center. When air flow stops, Cw(r,z,t) relaxes back to the original state and therefore the drying becomes progressively less heterogeneous in the plane, leading the drying front to stop or to slow down (Figure 3.11b). These results suggest that blowing air periodically enhances the horizontal drying heterogeneities and subsequently enhances the horizontal concentration gradient, which yield the drying front to move faster when air speed is higher. During air flow, the enhanced drying rate gradient creates a capillary flow that induces in-plane particles/solvent flux toward the front. Once air flow stops, the in-plane drying rate gradient is reduced leading to a slower advance of the drying. In the meantime, the liquid flux continues carrying particles to the drying front leading to accumulation of particles in this zone. When air flow starts again, the drying front moves faster toward the center due to the enhanced drying rate gradient while in-plane liquid flux is not enhanced in the same magnitude. This leads to a reduced particles accumulation in the drying front and therefore generates valleys and hills in the dry films. Quantitatively, the formation of hills and valleys in the film can be calculated by estimating the balance between the particles/solvent flux towards the drying front and the advance of this front. The fluid flux is driven by the gradient of capillary pressure that counterbalanced by the suspension viscosity ( ):

∼ 1 (3.5)
Where, ∼ ∕ . The capillary pressure (P), can be directly related to the inverse of the radius of curvature of the drop and the surface tension of air/liquid ( ). The advances of the drying front is related to the magnitude of the horizontal concentration gradient and reflects the movement of the zone where the fluid crosses the close packed structure (0.64). The radial concentration profile was estimated using several assumptions. 1) The vertical concentration gradient was neglected in the first attempt. 2) A calotte was assumed as initial shape of the drop with a contact angle of 19.5°.3) The solid concentration profile ( , ) and the height of the profile z(r,t) were estimated at different times (t) and radial position (r) using mass conservation laws. For solid

( ℎ) = ( ( ) ) -( ( ) ) = ( ) = ( ∕ ) (3.6)
For liquid

(1 -)ℎ = (1 -) -( ) = (1 -) ( ∕ ) -( ) (3.7)
Where is concentration profile and the evaporation rate. These equations can be resolved numerically if one knows how the local viscosity ( ( , )) dependence on the particle concentration and time as well as the details of liquid flux in the solid zone at the drying front. If one considers a no slip condition at the solid surface, the vertical profile of the flux can be estimated to vary as 2 and therefore the average vertical flux can be estimated. For the learning purposes, one can assume two extreme cases: 1) under air flow, the lateral capillary flux is neglected compared to the vertical evaporation and the advance of the drying front occurs when volume fraction crosses 0.64. 2) During no air flow, the lateral capillary flux is assumed to dominates. This is achieved by assuming a negligible viscosity in the liquid zone and infinite at the solid/gel transition. The drying front advance is reduced by the lateral capillary flow of the diluted suspension. Using these two simple assumptions one can predicts the periodic advance and stopping during periodic air flow (Figure 3.13). At the end of the drying the predicted height profile of the 3D perioding structure is also predicted with this simple model to a great extent and particularly reproduce the dependence of the height profile on . However, the details of this prediction in terms of the absolute values of the drying front speed and the height profile requires more details about the evolution of the drying rate gradient, the viscosity dependence on the concentration and time and role of the osmotic pressure.

Conclusion

The present work aims to understand the mechanism of making periodic surface arrays by design using a rapid and user-friendly mechanism which involves a simple time modulation of the drying rate. First the role of evaporation rate on the drying front was investigated in several colloidal suspensions, with finely controlled ionic strength such as polystyrene, polybutylacrylates and their blends. The possibility of tuning the moving and arrest of the drying front, on demand, was investigated using time modulated drying rate. This was found to yield a fine control of the moving and arrest of the drying front and consequently the magnitude of particle deposition in each regime. Through time modulation of the drying rate, 3D periodic surface arrays with controlled period and amplitude were constructed. Finally, the dynamic of the observed drying front and the resulting surface structures were predicted using a simple drying model.
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Essa shawail , ℎ ℎ , (a) Univ.Grenoble Alpes -LRP, F-38041 Grenoble, FRANCE (b) CNRS, LRP , F-38041 Grenoble, FRANCE Corresponding Author Email: yahya.rharbi@univ-grenoble-alpes.fr Figure S3.6: Optical microscopy images showing the stripes pattern of films made by drying sessile drops PBA (97.5nm) under periodic airflow. The periodic airflow is controlled by a fan with arduino controlled shutter. The / was fixed to 50/50% and the time period was set to 20 s, 40s, 60s, 80s, 100s and 120s. The drying was carried out on glass substrate at room temperature 23 0 and humidity ratio of 34% and airflow rate was 7.86 ∕ . The blend concentration was 10 wt%.

Figure S3.9: The drying front motion of (OL, FL and SL) during drying a mixture 50%/50% PS(64 nm)/PBA(97.5 nm) under periodic airflow at the flow rate 7.86 ∕ . The = 80 with a constant 0 of (50/50%) at room temperature 23 0 and humidity ratio of 34%. The 0 of (50/50%) at room temperature 23 0 and humidity ratio of 34%.

Introduction

This chapter is presented also in the form of a scientific publication. In this fourth chapter, the roles of surfactant on the dynamic of the drying front and the resulting 3D surface morphology was investigated. We show that adding aliquots of sodium dodecyl sulfate (SDS) affects the drying front dynamic under a modulated drying rate as well as the resulting surface morphology. The patterns period was found to decrease with increasing [SDS] and exhibit the same tendency as the surface tension. Furthermore, the onset and the first line of drying front was found to advance with a velocity, which decrease with increasing [SDS]. On the other, the second line of the drying front was found to advance rapidly during airflow and recedes back to the onset line once the airflow stops. These dynamics were found to follow a similar tendency of the surface tension which suggests that the surface tension plays a significant role in this process. In this chapter also, we explore the role of salt (potassium chloride, KCl) on the formation of the periodic patterns. In particular, we want to understand how the screening of electrostatic repulsions between particles affects the particle deposition under the periodic airflow.

Control of surface morphology during evaporation of colloidal suspension containing ionic surfactant under periodic airflow Introduction

Surface patterning during drying of droplet has become a pivotal part of modern science and technology. [1][2][3][4][5][6] Such process remains active areas of research in diverse industrial applications such as inkjet printing, [7][8][9] coating, [10] electronics application, [11] material science [12,13] and bio-medical application. [14]. One way to make such a structured surface of films by using colloidal particles. The colloidal particles can be functionalized at the nanometric level, this can be used as an individual brick to make the multistructured system. Various methods have been proposed in this field to organise the position of the colloidal particle on a substrate. For example, lithography, [15] electrostatic deposition, [16] spin-coating, [17] Langmuir-Blodgett, [18] fingering instabilities, [19] spontaneous dewetting [20]. Among these methods, the convective deposition technique appears as a simple method for assembling colloidal particles at the drying front. [21][22][23].

The nature of this process is basically based on the drying at the triple line. Indeed, such process has attracted intensive attention since Deegan and his group published their famous work on the coffee ring. [24,25] They have shown that the particles are driven towards the pinned triple line imposed by capillary flow and thus deposited at the droplet edge leading to coffee ring effect. The physical phenomena of the triple line dynamic is involved in this process. This phenomena plays a crucial role on the surface structure, therefore, for most patterns methods, the pattern deposition is controlled via the triple line movement as the drop evaporates . [25][26][27][28][29][30] However, such process remains difficult task as the system consists of three components (particle, substrate, and liquid) and still not understood adequately yet. Therefore, efforts have been ameliorated to control the dynamics of triple line during evaporation in order to achieve a unique pattern. [31][32][33] When drying concentrated solutions of sessile drops, the triple line becomes the drying front and it is the interface between suspension/air/dried film. Two drying fronts have been observed during drying colloidal suspension, a front near the edge followed by a second front. [34] The former is reversible, while the second front represents an irreversible change in the nature of the dispersion.

The surface pattern can be more ordered if the triple line dynamic is precisely controlled. One way to achieve that by using dip coating technique, for example, by immersing a substrate vertically into solvent and withdrawal it with a controlled velocity. In both Landau-Levich and capillary regimes, [35] uniform films with modulated thickness can be achieved by controlling evaporation rate, triple line speed, the suspension and substrate properties. The contact line undergoes a stick-slip mechanism at certain conditions within the capillary regime of the dip coating leading to ordered structure. [36] This results from the synergy between capillary flow which brings the fluid towards the triple line and the capillary forces which controls the line retraction. The periodic structure surface of colloids suspension can be achieved by periodic movement of the triple line via mechanically moving the substrate, doctor blade or the suspension. In such a pro-cess, the triple line is located at the desired position governed by particle deposition at the front imposed by convective flow. [21] Topographical templates have been introduced as a potential method to deposit the particles into the desired locations where the capillary flows close to drying front plays a crucial role in this process. [37] In our previous work we have shown that the surface patterning can be achieved via periodic moving of the drying front by time modulating the drying rate. We showed that the moving and the arrest of the drying front can be tuned via the control of the evaporation rate in certain colloidal suspensions with finely controlled ionic strength and we demonstrate that this can be used to govern particles deposition on demand. This was found to yield a fine control of the moving and arrest of the drying front and consequently the magnitude of particle deposition in each regime. Through time modulation of the drying rate, 3D periodic surface arrays with controlled period and amplitude were constructed. However, the physical chemistry of the suspension can control this structure because the dynamic of the triple line is highly sensitive to the property of the suspension. [34] Indeed, adding surfactant leads to change in various aspects during the evaporation process such as spreading of colloidal suspension on the substrate, the contact angle, pinning of the drying front, and modifies the drying process. [38][39][40][41][42][43] The presence of surfactant in the suspension was found to enhance the drying process yielding different scenarios. [44,45] Early study have shown that even a small amount of surfactant can influence the deposition phenomena during a drying drop of polymer and exhibiting uniform deposition. [46] The surfactant can generate a surface tension gradient along the droplet interface, consequently, affecting the deposition mechanism at the drying front. [47] Indeed, Marangoni flow imposed by surfactant concentration gradients alters the particles assembly resulting in different deposition patterns. [48][49][50][51] This eddy drives the particles either towards the drying front or the center. However, Marangoni flow can eliminate the outward flow and produce inward flow towards the center leading to reverse coffee-stain. [52,53] Furthermore, the high surfactant concentration in the dispersion can lead to adsorb surfactant in both substrate and particles, hence, affecting the final surface morphology. This effect becomes much greater in the presence of the Marangoni flow. [51] The effect of surfactant on the dynamics of the triple line has been investigated in order to understand the physics deposition phenomena. [54] The combination between particles and surfactant concentration was found to enhance the onset of the dynamic contact angle hysteresis on surfaces and yield a decrease in its value. [55,56] Lately, the effect of surfactant on the deposition pattern during evaporation has been extended in order to generate a new strategy for controlling the assembly deposition. [57] A recent study investigated the impact of sodium dodecyl sulfate or SDS on the deposition pattern during drying by using the convective assembly technique. The study showed that the presence of SDS in suspensions has a vital role on the resulted surface morphology. [58] This work investigates the roles of surfactant on the dynamic of drying front and the resulting 3D surface morphology during drying colloidal suspension under periodic air-flow. We show that adding aliquots of sodium dodecyl sulfate (SDS) affects the drying front dynamic under a modulated drying rate as well as the resulting surface morphology. The patterns period was found to decrease with increasing [SDS] and exhibit the same tendency as the surface tension. Furthermore, the onset of drying front was found to advance with a velocity, which decrease with increasing [SDS]. On the other hand, the endset of the drying front was found to advance rapidly during airflow and recedes back to the onset line once the airflow stops. These dynamics were found to follow a similar tendency of the surface tension which suggests that the surface tension plays a significant role in this process.

Experimental Materials

The material used during the preparation of the particles are the monomers (styrene, Aldrich, 99%), (BA, 99% Aldrich) and distilled water. Both of the surfactant sodium dodecyl sulfate (SDS, Aldrich, 99%) and the initiator potassium persulfate (KPS, Aldrich, 98%) were used as received.

Preparation of the polymer suspensions

Polystyrene and butyl polyacrylate suspensions were prepared in batch emulsion polymerization from styrene, butyl acrylate, SDS surfactant, and the potassium persulfate initiator. Monomers, surfactant, and water were mixed in a standard three-neck round flask (500 mL) with a condenser under nitrogen flow and heated to 74 0 C after that the initiator was added when the mixture reached the desired temperature. The particle size was controlled by varying the amount of SDS. To clean the synthesized latex, a mixture of anionic and cationic exchange resins (DOWEX Marathon MR3, Aldrich) was used.

The suspensions were mixed with 5 wt. % resin, agitated gently for several minutes, and then filtered to remove the resin. During cleaning, the conductivity decreased, and it was monitored after each step of cleaning. This procedure was repeated for several times until a constant conductivity value was obtained. In this part, the roles of surfactant on the dynamic of the drying front and the resulting 3D surface morphology was investigated. The concentration of [SDS] in the suspension is varied from 0 to 31 mmol/L.

Polymer and Particle Characterization

The measurement of particle diameters (D) has been carried out by dynamic light scattering (DLS). This measurement was conducted on a Zetasizer (Malvern 5000) device with an angle of 90 0 by using a HeNe laser. Differential Scanning Calorimetry (DSC) mesurements were carried out on a Mettler-Toledo DSC823 device with heating and cooling speeds 10 0 C / min, in a temperature range from -50 0 C up to 140 0 C. The of PS is 100 0 C while for PBA is -49 0 C.

Surface tension and contact angle measurements

The Digidrop GBX apparatus is used to measure the surface tension of the suspension by the pendant drop method. The procedure is based on capturing the images of liquid drop which hangs from dosing needle during its growth until its detachment. The software automatically calculates the surface tension. Several measurements were taken in each experiment, however, the performing calculation is made just for the last ten images.

This process was repeated several times at the ambient conditions. The surface tension was measured for both the mixture PS/PBA and water in the presence of different concentration of SDS ( Figure 4.5). The Digidrop GBX optics apparatus was also used to measure the contact angle of the drop between the liquid surface and the solid substrate. The principle of this method is based on the analysis of a video images coming from a CCD sensor. The software can then analyze the digitized image of the drop and determines its geometric characteristics. This software offers a measurement method that calculates the values of the left angle, the right angle and their average value. The measurement of the contact angle on the solid substrate for (PS / PBA) mixture with different [SDS] are shown in (Supporting Formation Figure S4.1). The contact angle decreases with increasing [SDS] from 23 0 in the absence of SDS to around 3.5 0 above CMC.

Drying system

The drying system is a home built device equipped with a small flat fan (Figure 4.1a). The fan speed is controlled using PMW signal and monitored using tachometer leading to constant speed from 565 rpm to 4200 rpm. This yields an air flow of 2 10 -4 to 1.6 10 -3 3 ∕ . Taking into consideration the opening of the fan ( 0.7 x 3.2 cm) , the velocity of the air were set 7.86, 24.6, 35.5, 43.9 and 48.72 ∕ . In all the experiments the air flow was limited in order for the sessile drop to remain stable and this set an upper limit of air flow of 43.85 ∕ . The periodic air flow is periodically tuned by opening and closing a shutter on the fan gate using an arduino controlled servo for different time intervals and which was varied between 10s and 60s. The period of airflow is calculated as = + leading to a period between 20 s and 120s. The fraction of opening time is estimated as = /( + ) leading to between 10% to 90%. The drying system was either placed on Mettler balance to measure the drying rate during periodic air flow or on a microscope to observe the evolution of the structure throughout the drying. In all cases, the distance between the drop and the fan opening was set to ∼ 6 cm. The substrate, glass microscope slides (1x 76 x 26 mm), which were previously cleaned using alcohol and distilled water and left to dry. The glass slide is first placed on the drying system and then a ∼ 0.05 ml of the latex suspension were deposited using the glass slide leading to a circular drop of around ∼ 1 . The drying environment was kept at 23 0 and humidity ratio of 34%. The mass loss during drying was measured using a Mettler balance with precision 0.01 mg connected to a computed with homebuilt software. When periodic drying the mass loss was monitored during gate closure periods. Several suspensions were used for the drying process PBA (97.5 nm) and PS (64 nm) as well as their blends. The initial concentration of the suspensions is 10 wt.%. The blends were prepared by mixing the cleaned PBA and one of the two PS suspensions at different fractions between PS/PBA between 50% and 50%. The following experiments are carried out with blends PS/PBA of 50%/50%. SDS solution of 50 g/l was prepared and aliquots of this solution is added to the cleaned PS/PBA suspension in order to obtain the desired SDS molar concentration in the blends between 0 to 31 mmol/l. KCl solution of 50 g/l was prepared and small amount of this solution is added under agitation to the cleaned blend suspension to reach the desired KCl concentration between 0 and 10 mmol/l. 

Observation and analyses

The stripe patterns were observed using optical microscope (LEICA, DMLM) during drying using 5x or10x objectives and Motic camera. The light source intensity was reduced in order to reduce the heat effect on the drying. The image analysis was performed using Image J software and home developed program in the Matlab. Glass microscope slides were used in these experiments. Substrates were cleaned with water and alcohol.

A modified contact profilemeter device SM7 was used to characterize the film thickness profiles. This device give a depth precision down to 100 nm. This was carried out on cracks free films. The stress on the film was reduced in order to reduce the damage to the film. When films are cracked, a tiny portion of the film was adhered to the glass substrate and the measurement were carried with even slighter stress.

Results

Periodic patterns during drying cleaned suspension under periodic airflow

Drying a cleaned PS/PBA suspension (50/50%) on a glass substrate in free air generates a film with high edges. This results from the capillary flow of particles toward the edge due to the high drying rate on the film border as it was explained by the coffee ring effect. [24,25] In these conditions, pinning of the drying front on the border leads to a flow and accumulation of particles on the border and when the particle concentration reaches the close-packed fraction 0.64, [59] the dry front advances toward the film center. It has also been shown that the drying front is composed of a reversible and irreversible zones which are distinguishable at low ionic strength and become closer with increasing the ionic strength. [34] When air is blown on the clean suspension, the drying front moves faster toward the film center. This is due to the high drying rate imposed by the airflow. One should bear in mind that the magnitude of airflow was kept low in order not to perturb the drop shape and only enhances the drying rate. On the other hand, when airflow is periodically modulated between on and off state with a time period and opening/closing time of (50/50%), periodic lines appear on the top of the drying film as observed by optical microscopy Figure 4.2 (above). The distance between these lines is almost the same for a large part of the film border and extends to a large section of the film leading to a determination of a reliable spatial period . The spatial period is directly related to the time period and increases almost linearly with increasing . As explained in our previous work, a periodic deposition patterns resulting from periodic drying of colloidal suspension with well resolved line spacing as those were observed in this work. The was found to increase with increasing . The formation of surface structure was attributed to the dynamic of pining and depinning of the drying front, which yields a preferential deposition of particles on the drying front. 

SDS effect on the periodic patterns during drying suspension under periodic airflow

Adding SDS slightly above the CMC (10 mmol/L) modifies drastically the periodic structure. Indeed, the spatial period is reduced and eventually, the periodic structure almost disappears for a SDS concentration a few times of the CMC at least in the limit of our experimental detection. This behavior is reproducible for all time period investigated here, which suggests that surfactant is crucial in the dynamic of the drying front and consequently on the periodic structure formation. When the same experiment was repeated with SDS concentration varying between 0 mmol/L and CMC, the structure remains periodic, however, the distance between lines progressively decrease with increasing SDS concentration (Figure 4.2). This suggests that SDS affects mainly the advanced mechanism of deposition line and consequently the distance between the de-position lines. The spatial period of estimated from microscopy images progressively decrease with increasing SDS concentration for all the time periods investigated here. At [SDS] few times CMC, the period does not evolve any more and the lines become too close to be detected leading to a low resolution of periodic structure (Figure 4.3c). Figure 4.4 shows the evolution of the spatial period vs. the time period for various SDS concentration from 0 up to 3 times the CMC. As shown before increases with increasing for all the cases investigated here. Generally the magnitude of growth of vs.

decreases with [SDS] (Figure 4.4b). However, one can notice two behaviors, below CMC and above. Below CMC, increases linearly with increasing , while above CMC, become less sensitive to at high . To quantify the effect of SDS on the spatial period one can consider the slope of vs.

or the value at certain values. Indeed, the vs. [SDS] and the slope vs. [SDS] show the same tendency; they decrease slightly with [SDS] below CMC and decreases rapidly at the CMC finally remains almost unchanged above CMC (Figure 4.5). This suggests that the CMC is a critical parameter in setting up the periodic pattern. This behavior is similar to the dependence of surface tension on [SDS]. Indeed the surface tension dependence on [SDS] exhibit the same behavior as . Which confirm that the periodic structure formation is most likely dominated by the surface tension. Furthermore above cmc, the periodic structure with narrow appears only in the first 100 µm and then becomes shallow with large period and eventually disappears. 

Effect of SDS concentration on the behavior of the drying front dynamics

The dynamic of the drying front under periodic airflow was investigated in order to understand the mechanism of patterns formation. The drying front seen in our visualisation is a zone of a typical width between 65 to 117 depending on the experimental conditions (in the conditions of low airflow speed), depicting the transition between the liquid state and solid state. [34] This area is composed of 2 domains with different aspects separated by 3 lines (Figure 4.7-4.10). The manifestation of these zones depends on the geometry if the drop as well as the physical chemistry of the suspension ([SDS], [KCl]. For example in the absence of SDS or at low [SDS], The first zone is characterized by a change in the film coloration in with a typical width of 26 -58.5 (in our experimental condition of low air flow speed), starting at an onset line (OL) and ending at a first line (FL) (Figure 4.7). This zone corresponds to the transition between a colloidal gel to a solid film. The second zone is a wider area characterized by shear bands lines particularly during air flow regime and extends to about starting at the FL and extending to a second line (SL) (Figure 4.7). When particles are incorporated as tracer in the suspension to characterise the flows, no activity is seen in this zone. For [SDS] above cmc the contrast of the first line becomes low leading to detection uncertainty with increasing [SDS]. On the other hand, the SL is seen throughout the drying process (Figure 4.8). In all cases, the drying front region advances, unidirectionally, from the border of the film towards the center with a velocity which dependent on the magnitude of airflow. Under periodic airflow, in the absence of SDS, the OL and FL lines moves periodically; it advances during airflow and almost arrest when airflow stops (Figure 4.7, Figure 4.11 and Figure S4.2a). Although it is clear that the second line SL advances ahead of the OL, the contrast is not sufficient to resolve its position with the required precision to state on the periodicity of the movement. On the other hand, adding SDS, modifies the drying front dynamic under modulated air flow for all the three lines of the drying front as well as for the two zones. At [SDS] above CMC, the SL line advances rapidly during airflow, while the OL one advances very slowly ( The effective OL advancing resulting from an advancing and receding mechanisms calculated as the difference between the ℎℎ is plotted in Figure 4.12b. This shows that the average OL advances is sensitive to [SDS] and follows the same tendency as the tension, which suggests that the surface tension plays an important role in controlling this process.

Furthermore, Figure 4.13 shows the velocity of the advancing and receding of the OL line during periodic air flow. Two information can be noted here: i) the velocity of the advancing part decreases with increasing [SDS] for all values investigated here.ii) As for the velocity of receding part, it was estimated for [SDS] above CMC and was found to give almost similar value. These evolution of the drying fronts dynamic with increasing [SDS] could either be the result of a change in the surface tension of the suspension which leads to a major modifications of the contact angle or to a modification of the ionic strength resulting from the counter ions of the SDS. To elucidate this question KCl salt is added to the suspension instead of SDS and the evolution of the drying front with increasing [KCl] is investigated. The 2 zones and the 3 lines appears through out the drying process (Figure 4.9). The SL advances steadily during the two drying regimes and throughout the drying process and does not show any sign of receding as in the case of the SDS. The OL and FL shows slight periodic movement with advancing and stopping steps (Figure S4.4). This suggests that the effect of the receding of the SL and slow advancing of the OL in the presence of SDS is unlikely to results from the variation of the ionic strength. 

Discussion

Mechanism of pattern formation in the absences of SDS

Drying a latex suspension under periodic airflow most likely modulates the drying rate between two states: a slow evaporation regime for under no airflow, and a fast evaporation regime for under airflow. On clean suspensions and in the absence of SDS, the periodic 3D structure results from the periodic repetition of two different regimes of particle deposition on the drying front. The magnitude of particle deposition is controlled by how the drying front advances from the film border to the center. In the absence of SDS, the OL and FL of drying front advances when air flows and arrests when air stops. During the arrests regime, capillary flux resulting from the coffee ring effect leads to particles deposition at the drying front. [24] Indeed, because the drying rate is enhanced at the drying front, capillary flux brings particles to the drying front leading to an enhanced accumulation and therefore to the formation of hills. During airflow, the drying front advances faster which limits particle deposition, lesser their accumulation, and therefore creates valleys.

Beyond the simple model described above, the hills amplitude likely to result from the competition between the magnitude of the capillary flux and the advancing velocity of the drying front. Therefore, one could account for this 3D structure by taking into account the horizontal drying gradient, the drying rate as well as the magnitude of the capillary flux, and how it is influenced by the suspension viscosity. This problem raises the question: what is the drying front and how to quantify it in optical microscopy visualization?. The drying front is usually considered to be a sharp transition line between a reversible and irreversible state of the colloidal suspension and in the case of stable particles to the close-packed concentration 0.64. [60] However, the drying front has also been found to correspond to a large transition zone between the reversible and the irreversible states. [34] In the absence of airflow, the horizontal concentration gradient within the drying front area improves due to the particles deposition by capillary flow, especially when the drying front is not advancing, leading to hills formation. The drying rate gradient also enhances the concentration gradient in the vicinity of the drying front in the absence of airflow. Furthermore, the airflow enhances the vertical drying rate, concentrates the suspension, and causes the concentrated but reversible areas near the drying front to go into an irreversible state, which generates rapid advance of the drying front. The conjunction of the rapid advance of the drying front with slower capillary flux yields a limited particle accumulation on the drying front and valleys formation. The reduction in hills amplitude with a decrease of can also be explained in terms of this model. Reducing with the constant (0.5), decreases , which gives a limited accumulation of particles at the drying front and reduces the hills amplitude. An alternative explanation is that the hills amplitude depends on and not on . This model can also predict the observed patterns period. Indeed, because the deposition and accumulation of the particles occur during the drying front arrest regime, the spatial period most likely corresponds to the distance between the successive stopping positions.

Pattern formation in the presence of SDS

The addition of SDS considerably affects the 3D patterns as well as the dynamics of the drying front (Figure 4.2) and (Figure 4.11). These results raise two issues: i) can we quantify patterns morphology using the drying front dynamic as in the case of [SDS] = 0 and ii) why the drying front recedes in the presence of SDS. Figure 4.12a shows that the amplitude of the drying front advancing decreases while that of receding increases with increasing SDS in the range of CMC. The difference between these distances almost gives a similar value to the spatial period (Figure 4.12b). This comforts the previous finding according to which the spatial period equals the distance between two successive arresting regimes. As for the hills and valleys amplitudes, they decrease with increasing [SDS] up to CMC and eventually vanish or become undetectable, at least for our detection limit for [SDS] above 2 CMC. The hills amplitude ℎ decreases with increasing SDS, following the same trend as the reduction of . It should be borne in mind that remains constant when varying [SDS], which suggests that the reduction of the hills amplitude is mainly due to the decrease of with increasing [SDS] rather than a change in . Therefore the hills amplitude ℎ is controlled by the distance between two successive stopping positions of the drying front.

Dynamic behavior of the drying front

It is most likely that the formation of the periodic patterns to be controlled by the dynamic of the drying front and how it advance and how it stops and recedes. The average advancing velocity of the onset line ( ) decreases with increasing [SDS] and undergoes an important change at the CMC, which similar to the behavior of the patterns period ( Figure 4.4), which infers that the patterns period is controlled by the advancing and stopping of the onset line of the drying front. The decrease of ( ) with increasing [SDS] can either be geometrical effect due to reduction of the film thickness with increasing [SDS] as the contact angle decreases (Figure S4.1 in Supporting Formation) or to the reduction of the surface tension. On the other hand, the second line advances during airflow and recedes back close to the position of the onset line once air flow stops. The amplitude of this forward and backward movement increase with increasing [SDS] and undergoes an important variation at the CMC (Figure 4.11b) which strongly suggests that the surface tension plays an important role in this process. Furthermore, the distance between the advancing and receding positions shows the same behavior as spatial period Figure 4.12b, which comfort the conclusion that the period of the patterns is mainly defined by the difference between the positions of the onset of drying front.

To acquire further information about the transition from reversible to irreversible in the drying front area, large particles were added to the suspension and their motion was observed throughout the drying process. No motion was detected ahead of the onset line, which suggests that this zone corresponds to an irreversible solid. On the other hand, a very limited motion was detected between the onset line (OL) and the SL lines which comfort the conclusion that this is a reversible-to-irreversible transitional zone. [34]. Yet no strong flux is observed within this zone contrary to the observed flux beyond SL.

At the first glance, the backward-forward movement could be attributed to the solutal or thermal Marangoni effect which is well known to induce a reverse flow close to the drying front. [52,61] The addition of SDS below CMC yields a change in surface tension between 72 mN/m and 32 mN/m ( Figure 4.5). [SDS] increases in the drying front area as a result of radial drying, which could yield a reduction of ( - ) in this zone and can create (Δ - ) gradient which in turns initiates Marangoni effect and a reverse flow. However, Marangoni flow is visualized in these experiments using the large probe particles and is found much slower than the receding process and therefore can not account for the observation. Furthermore, the Marangoni effect is expected to saturate above CMC where ( - ) is less sensitive to [SDS]. [53,62] This is contrary to the observed mechanism where the backward-forward amplitude reaches a maximum close to CMC. The receding could also be attributed to the transition between two regimes of the contact angles. The contact angle decreases with increasing [SDS] from 23 0 in the absence of SDS to around 3.5 0 above cmc, which could be an argument in favor of this explanation (See Figure S4.1 in Supporting Formation). Indeed, [SDS] increases within the drying front area due to the high drying rate in this zone during airflow, leading to a reduced ( - ) and smaller contact angle. When airflow stops, the Osmotic pressure redistributes SDS which could induce a return of the contact angle to its initial state and generates a receding of the drying front. Though such a mechanism can account for the observed results below CMC, it is expected to saturate and disappear above, which is contrary to the observed results. Therefore, this process cannot account for the backward-forward mechanism, particularly above CMC. The suspension viscosity is found to decreases with increasing [SDS] due to the ionic-strength of the SDS counter ions, which screens the electrostatic repulsion between the particles. The suspension viscosity is an inhibiting parameter for the capillary flux and therefore could affects the backward-forward movement. Controlled drying experiments were repeated in the suspension containing controlled ionic strength using KCl. No receding was observed in these experiments as in the case of SDS, which suggests that viscosity does not play a role in this process (See Figure S4.4 in Supporting Formation). The colloidal interactions and their stability diagram was found to play an important role in defining the shape and behavior of the drying front zone. [34] Adsorbing SDS on the particle modifies the interactions of the particles and consequently could also modify the drying font behavior. [63] In the absence of SDS, the particles of this study were analyzed in both conductivity and elemental analysis and were found to contain 300-700 sulfate groups on their surface. [64] Part of the added SDS, adsorbs on the particle surface, which could enhance the short-range repulsion between the particles by adding sulfate charges to their surface and therefore extend their stability domain. [65] During airflow the drying front region become more concentrated but could remain reversible due to the SDS stabilization. Once stopping airflow, the concentrated domain redisperses via osmotic pressure, which could induce the backward movement of the endset line. [63] .

Conclusion

Periodic surface patterns were made by drying colloidal suspensions under time modulated drying rate conditions with alternating on / off airflow. The effects of sodium dodecyl sulfate (SDS) surfactant on the dynamics of the drying front and on the resulting 3D surface morphology were investigated. Periodic surface patterns have been observed for low [SDS], with a period .

decreases with increasing [SDS], shows a sharp change at CMC, and follows the same trend as surface tension. This underlines the importance of surface tension in the mechanism of periodic pattern formation. Profilometer measurements show that these structures consist of hills and valleys whose amplitude decreases with increasing [SDS]. Above CMC, the period and the hills become too small to be discernible. The periodic structure was found to result from the alternation of two different regimes of particle deposition on the drying front. The particle deposition is controlled by the advance dynamics and stop of the drying front during its movement under periodic airflow. In the absence of SDS, the drying front area advances during the airflow and stops when airflow stops. In the presence of SDS, the onset of the drying front advances with a low velocity. On the other hand, the endset or SL of the drying front was found to advance rapidly during airflow and to recede back to the onset line once the airflow stops. These dynamics were found to follow a similar trend of the surface tension which suggests that the surface tension plays a significant role in this process. 

Chapter 5

General conclusion

In this work we have introduced a fast and simple method for producing ordered surface morphologies via evaporation of polymer colloidal suspensions by time modulating the drying rate. These processes were carried out by drying suspensions of PS, PBA formed by suspension of hard and soft particles of PS, PBA and their mixture. The ionic strength of these suspensions was highly controlled by first well cleaning these suspensions from all ionic strength, surfactant, and then control it by adding this ionic strength or surfactant if necessary. First of all, the drying rate, the dynamic of drying front, and structure of the surface morphology were investigated in free air and under extensive airflow. This processes were investigated under time modulating airflow. A system was built to control the air flow by stopping and blown air periodically. In the first part, the drying rate was investigated under free air, blown air, and periodically blown air. Blown air on these suspensions was found to enhance the drying rate in which the drying rate increases as the airflow rate increases. We showed that the magnitude of drying rate depends on the amount of fraction of opening and closing time. In very low ionic strength and in the absence of SDS the effect of periodic air flow on the 3D surface morphology and dynamic of drying front were investigated in PS, PBA, and their blends. We have shown that periodic surface structure are formed when we blow air periodically. These structures were found to be highly periodic and depend on the period of opening and closing time . The height of these profiles ranged between (0.1 and 1.1)

. We showed that the dynamic of the drying front was also found to be enhanced by drying rate during the periodic airflow. The drying front was found to move in a periodic way; it advances during airflow and almost arrest when airflow stops. This was found to yield a fine control of the moving and arrest of the drying front and consequently the magnitude of particle deposition in each regime. These structures were predicted via a model which takes into consideration the kinetic of the particle deposition and the dynamic of drying front. The solid concentration profile and the height of the profile were estimated at different times and radial position based on the mass conservation laws. The general tendency of the observed moving and arrest of the drying front and the resulting surface morphologies were predicted using such model. The 3D perioding structure is also predicted with this simple model to a great extent and particularly reproduce the dependence of the height profile on the period of . Second, we investigated the roles of surfactant on the dynamic of drying front and the resulting 3D surface morphology. We show that adding aliquots of sodium dodecyl sulfate (SDS) affects the drying front dynamic under a modulated drying rate as well as the resulting surface morphology. Furthermore, the onset and the first line of drying front was found to advance with a velocity, which decrease with increasing [SDS]. On the other, the endset (second line) of the drying front was found to advance rapidly during airflow and recedes back to the onset line once the airflow stops. These dynamics were found to follow a similar tendency of the surface tension which suggests that the surface tension plays a significant role in this process. We attributed this mechanism to several possible effect such as Marangoni effect, distinction between drying front and irreversible front, contact angle variation. The reduction of surface tension at the front create surface tension gradient which in turns initiates Marangoni effect and a reverse flow toward the center. Further, increasing [SDS] at the drying front during air flow reduces the contact angle. This could interpreted as fast movement of the drying front. When air stops, the SDS redistribut imposed by Osmotic pressure leading to a return of the contact angle to its initial state and generate a receding of the drying front. Further, presence of SDS in the suspension can lead to particles stabilization, in this case during high drying rate, the irreversible zone lags behind the drying front. Therefore, once air stops, the zone located between the drying front and the irreversible zone redisperese again which generate a receding in the drying front. Furthermore, we have investigated the effect of ionic strength on surface periodicity under time modulating the drying rate. Presence of salt such KCl in the colloidal suspension plays important role on the deposition patterns. The drying front was found to move in almost periodic way leading to generate 3D surface morphology similar to that observed during drying the cleaned suspension. Although we have investigated the effect of particles concentration and particles size on the particles deposition behavior under periodic airflow. In the case of particles concentration, we found that changing the concentration of the particles does not effect the periodicity and exhibit a periodic structure surface. While increasing the particles size in the suspension up to 4 times was found to enhance the particles deposition leading to generate a more uniform film. 136
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 11 Figure 1.1: Drying kinetics of colloidal suspension. (1) The drying rate is constant. (2) The drying rate is decreasing. Figure taken from Ref. [67].
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 12 Figure 1.2: The film formation phases: (a) Loss of water by evaporation. (b) Appearance of meniscus at the gel-air interface and particle concentration. (c) Beginning of gel consolidation. (d) Decrease in the amount of solvent penetration of the meniscus into the structure [66] .
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 1314 Figure 1.3: Images show cracks and delamination in polmer films.[START_REF] Ahmed | Structuration et défauts de surface et de volume lors du séchage de suspensions colloïdales[END_REF] 
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 1 Figure 1.5: a) Cell development convective during the drying of a PIB / toluene solution. b) Surface folds observed at the end of the drying PIB / toluene solution [69].
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 16 Figure 1.6: (Top) Three-dimensional morphology profiles of the surface corrugation of films prepared by the evaporation of polystyrene in toluene solutions at 5 and 15 vol %. (Bottom) Two-dimensional profiles of surface corrugation of films prepared by the evaporation of polystyrene in toluene solutions at 5 and 15 vol %. Images taken from Ref [48].
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 17 Figure 1.7: Mechanism of drying.(a) the border moves towards the center. (b) outward flow dominates as the triple line pinned. (c) defines the quantities responsible for flow. Images taken from Ref. [39].
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 18 Figure 1.8: Migration of particles towards the pinned triple line during coffee drop evaporation. Image modified from Ref. [39].
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 19 Figure 1.9: Marangoni flow during drying octane droplet, (a) experimental results and (b) bottom is the analytical solution. Images taken from Ref [42].
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 1 Figure 1.10: (Left) Evaporation profile of a colloidal suspension. (Right) appearance of the propagation of the drying fronts (○) = aggregation, ( ) = fracture. Images taken from Ref [100].
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 111 Figure 1.11: Diagram of particle assembly that driven towards the regions of faster evaporation by water flow. From Denkov [106].
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 1 Figure 1.12: Exhibits: (I) Schematic illustration of procedure of colloidal crystal films structure. (II) Self assembly of PS particles with different diameter (a, e: 223 nm; b, f: 347 nm; c, g: 509 nm d, h: 1300 nm) in low (a-d) and high (e-h) magnification. (III) Structure of bilayer films with different diameter . ((a, e): 223 nm; (b, f): 347 nm; (c, g): 509 nm; (d, h): 1300 nm) in low (a-d) and high (i-l) magnification. Image adapted from Ref. [109].
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 1 Figure 1.13: (Left) Schematic representation of electrostatic directed assembly process on charged patterns by convective flow. (Right) An optical image shows an example of directed assembly of 1latex particles on charged patterns using convective nanoxerography. Image modified from Ref.[16].
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 1 Figure 1.14: A: Schematic diagram of EPD process: Anode: ITO/glass or ITO/PET, and Cathode: Stainless steel sheet; B: Schematic of pulse voltage program. Images taken from Ref [113].

Figure 1 .

 1 Figure 1.16: (Left) Diagram of ALB. Images of (a) ALB device, (b) films on the web, (c) discontinuous, (d) monolayer, and (e) multilayer. (Right) Mechanism of particles deposition onto the substrate. Image taken from Ref. [18].
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 1 Figure 1.18: (v) shape curve -modulated film thickness as a function of substrate withdrawal in a dip-coating. Image taken from Ref. [54].
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 1 Figure 1.19: (Left) Schematic diagram of the formation procedure of dip coating. (Right) Images exhibit three different coating regimes depends on the withdrawal velocity U with = 18% and = 41% of PS particles of diameter 2a = 140 mm : liquid only (red), heterogeneous coating (blue) and multilayer of particles (green). Images adapted from Ref. [23].
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 1 Figure 1.20: (Left) Schematic illustration of the experimental setup. (Right) The periodic structure obtained after the completion of drying under conditions of imposed average speed = 1 ∕ , particle volume fraction = 1.41%, humidity 90%,T = 25 0 C, = 0.06 -1 . Images taken from Ref.[25].
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 1 Figure 1.21: (Left) Schematic representation of a sessile droplet on the pillared substrate. (Right) Microscopic perspective of the forces exerted on the triple line where the blue region illustrates the liquid zone in the proximity of the triple line. Images adapted from Ref. [83].
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 1 Figure 1.22: (Left) Diagram of the blade-coating process. (Right) Optical microscopic images of stripe structure and network pattern obtained by blade-coating. Images adapted from Ref. [35].
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 1 Figure 1.23: (Left) Schematic illustration showing the apparatus of the mask design, including the pitch P and hole diameter ℎ .(Right) The obtained patterned formation of the dried films under masks with (a)-(c) ℎ = 250 and (d)-(f) ℎ = 500 and varying P. Images modified from Ref. [55].
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 21 Figure 2.1: Schematic diagram of emulsion polymerization. Image taken from Ref [1]
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 22 Figure 2.2: Polymer emulsion polymerization set up.
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 23 Figure 2.3: Influence of [SDS] on the diameter of the synthesized particles. Curve taken from Ref [2]
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 24 Figure 2.4: Quasi-elastic light scattering spectrometer
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 25 Figure 2.5: (Left) (Diagram of Differential Scanning Calorimetry -DSC). (Right) Diagram of the glass transition of PS polymer

  Figure 2.6 illustrates the experimental setup.
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 2627 Figure 2.6: Experimental apparatus for conductimetric titration.
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 28 Figure 2.8: Comparison of the results of elemental analysis and titration conductivity of the amount of sulphate groups on the surface of the different particles synthesized. Curves modified from Ref [2].
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 2 Figure 2.9 illustrates the results of Zeta potential measurements for PBA and PS particles.The result shows that the absolute value of Zeta potential increases when the particle diameter decreases. The Zeta potential value of polystyrene particles is lower than the PBA.
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 29 Figure 2.9: Evolution of the Zeta potential as a function of the particles size PBA (□), PS(○). Curves modified from Ref [9]
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 2 Figure 2.10: Evolution of the Zeta potential of the PS latex and (PBA) vs. [NaCl].Curves modified from Ref[9] 
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 2 Figure 2.11: (Left) Digidrop GBX apparatus. (Right) Schematic setup for the pendant drop method

Figure 2 .

 2 Figure 2.12: ( (Left) Digidrop GBX apparatus. (Right) (1) Solid substrate (2) CCD camera (3) Light source (4) Micro drop regulator.
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 2 Figure 2.13: (Left) A Mettler balance. (Right) The loss of mass during drying three different colloidal suspensions in free air.

  Figure 2.14 (b) shows a total time period ( ) of 20s, and the fractions of opening and closing periods were 50/50 %. In our experiments the airflow speed is varied between 7.86 and 48.72 ∕ ( Figure 2.14c). The period of airflow is ( = + ) is varied between (0 and 120s). The fraction of opening time :

Figure 2 .

 2 Figure 2.14: (a) A photo of the drying system under a microscope. The system is composed of fan and an arduino controlled shutter. The bottom schema depict the process of drying the sessile drop (1 cm diameter) under a laminar air flow (3.5 cm wide). The long rectangle depicts the zone of interest for the morphology observations and analysis (b) A diagram depicting the periodic opening and closing of the shutter for a time and for a period of = + .
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 215 Figure 2.15: Mass loss during drying of PS, PBA, and their mixture under continuous airflow at 7.86 ∕ .

  Figure 2.17a), While, increasing with a constant (50%) was found to lead to an almost similar drying rate (Figure 2.17b).
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 216 Figure 2.16: Mass loss during drying different colloidal suspensions under periodic airflow. ( / : (50/50%)) and : 20s at 7.86 ∕ .
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 2 Figure 2.17: (a) Increasing with a constant leads to a slight increase in the drying rate. (b) While, increasing with constant (50%) leads to almost a similar drying rate.
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 218 Figure 2.18: Optical microscope (LEICA, DMLM) linked to a digital Motic camera. (Left) Position of substrate. (Right) Position of fan during drying.
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 257221 Figure 2.20: (Above) SM7 profilometer linked to a computer. (Below) (a) Substrate profile obtained by SM7 before modification, and (b) after modification of the detection prob.
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 31 Figure 3.1: (a) A photo of the drying system under a microscope. The system is composed of a fan and an arduino controlled shutter. The bottom schema depict the process of drying the sessile drop (1 cm diameter) under a laminar air flow (3.5 cm wide). The long rectangle depicts the zone of interest for the morphology observations and analysis. (b) A diagram depicting the periodic opening and closing of the shutter for a time and for a period of = + .

Figure 3 . 2 :

 32 Figure 3.2: Drop weight loss (w) as a function of the drying time in mixture 50% 50% PS(64 nm) /PBA(97.5 nm) in free air and under periodic airflow at flow rate 7.86 ∕ .(a) The was (120s) and the opening closing time steps were varied : (10s on /110s off) (Blue),(10s off /110s on) (Red) , ( 60s on/ 60s off) (Orange), (30s on/ 90s off) ( Green), (30s off/ 90s on) (Yellow), and in free air (Black). (b) The / was fixed at (50/50%) and time period was varied from 0 to 120s: 20s (Red), 40s (Blue), 60s (Green), 80s (Yellow), 100s (Gray), 120s (Orange), and in free air (Black).
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 33 Figure 3.3: Optical microscopy images of stripes pattern of films made by drying sessile drops of three types of suspension (PS, PBA and their blends), under periodic air flow. The periodic airflow is controlled by a fan with arduino controlled shutter. The time period = 40 s and / was 50/50%. The drying was carried out on glass substrate at room temperature 23 0 and humidity ratio of 34%. (a) Drying a suspension of PS with diameter 64 nm and 10 wt %, (b) a 10 wt % of PBA suspension with diameter 97.5 nm, (c) 50/50% blends of PS (64nm) and PBA (97.5nm) at 10 wt %.
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 34 Figure 3.4: Optical microscopy images of stripes pattern of films made by drying sessile drops of 50/50% blends of PS (64nm) and PBA (97.5 nm) under periodic airflow. The periodic airflow is controlled by a fan with arduino controlled shutter. The / was fixed to 50/50% and the time period was set to 20 s, 40s, 60s, 80s, 100s and 120s.The drying was carried out on glass substrate at room temperature 23 0 and humidity ratio of 34% and airflow rate was 7.86 ∕ . The blends concentration was 10 wt%.
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 35 Figure 3.5: Average line spacing ( ) of the periodic patterns measured from microscopy images(figure 3.4) of dries films of PS(64nm)/PBA(97.5 nm) blends under periodic airflow plotted vs. . The films were dried under periodic air flow with fixed / (50/50%) and variable between 20 s to 120 s. Three air speed values were investigated : 43.85 ∕ (△), 24.64 ∕ (□) and 7.86 ∕ (○).
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 36 Figure 3.6: Height profiles of films made of (50/50%) PS(64nm)/PBA(97.5 nm) blends under periodic airflow for different time period from 20s to 120s. The height profile was measured using contact a profilemeter. The / was set to 50/50%. The drying was carried out on glass substrate at room temperature 23 0 and humidity ratio of 34% and airflow rate was 7.86 ∕ . The blends concentration was 10 wt%. From bottom to top was 20 s, 40 s, 60s, 80 s, 100 s and 120 s. The profiles are estimated by taking the film surface as a baseline and shifted vertically for clarity.
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 37 Figure 3.7: (a) Average amplitude and ( b) width of the periodic patterns estimated from figure 3.6 and plotted vs. . The airflow rate was 7.86 ∕ , the / is (50/50%) and the blends dried at room temperature 23 0 and humidity ratio of 34%.
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 38 Figure 3.8: Evolution of the ratio of by vs. for two types of blends a) PS(64nm)/PBA(97.5nm) and b) PS(280.1nm nm)/PBA(97.5nm) and different PS/PBA fractions. is chosen as for the sample the PS/PBA 50/50% in the case of PS(64nm)/PBA(97.5nm) (a) and PS/PBA 20%/80% (b). The films are made by drying blends of PS and PBA with different composition under periodic air flow. The air flow rate was 48.72 ∕ . The / is (50/50%) at room temperature 23 0 and humidity ratio of 34%. (a) /for the case PS (64 nm) and PBA (97.5 nm) with different composition of PS and PBA 30%/70%, 50%/50% and 70%/30%. (b) / for the case of PS (280.1 nm) and PBA (97.5 nm) with different compositions 10%/90%, 20%/80%, 30%/70% and 50%/50%.

Figure 3 . 9 :

 39 Figure 3.9: Schema shows the zones of the drying front during drying the sessile drop (1 cm diameter) under a laminar air flow (3.5 cm wide). The onset line (OL) close to solid film while second line (SL) close to liquid film and the first line (FL) is located between OL and SL.

Figure 3 . 10 :

 310 Figure 3.10: The motion of the onset line (OL), first line (FL) and second line (SL) of the drying front during drying a mixture of clean suspension of (PS/PBA) under periodic airflow = 50∕50%. The drying was carried out on glass substrate at room temperature 23 0 and humidity ratio of 34% and airflow rate was 7.86 ∕ .

Figure 3 .

 3 Figure 3.11: (a) Position of the dying front from the border during drying a sessile drop of blend made of 50%/50% PS(64 nm) and PBA (97.5 nm) in free air and under periodic airflow, (black line) and (red line) under periodic air flow with =80s and / is (50/50%). Inset: Optical microscopy image depicting the drying front and the stripes patterns left after complete drying. (b) The average speed of the drying front of the advancing and the stopping parts ( ) estimated from figure 3.11a : open position (□), close position (■) and free air (☆). The blends are dried under periodic air flow at the air speed of 7.86 ∕ at 23 0 and humidity ratio of 34%.

Figure 3 .

 3 Figure 3.12: (a) The average speed of drying front in different suspensions at flow rate of air 43.85 ∕ . The / is (50/50%) at room temperature 23 0 and humidity ratio of 34%. In open position: Mixture (△), PS (□), and PBA (○). While in close position: Mixture (▴), PS (■), and PBA ( ). (b) The average drying front speed during drying (PS/PBA) mixture by varying airflow rate. In open position: 43.85 ∕ (△), 24.64 cm/s(□), 7.86 ∕ (○), and free air (★). While in close position: 43.85 ∕ (▴) , 24.64 ∕ (■), 7.86 cm/s( ).

Figure 3 .

 3 Figure 3.13: (a) black line: position of the dying front from the border during drying a sessile drop of blend made of 50%/50% PS(64 nm) and PBA (97.5 nm) under periodic airflow =80s and / is (50/50%) compared to the calculated one using the model (red line). (b) Average amplitude height ℎ divided by the average film height ℎ 0 and plotted vs for experimental data (▴) and theoretical results(■).

Figure S3. 3 :

 3 Figure S3.3: Period of the periodic patterns ( ) measured at different areas of the dried drop plotted vs. the orientation angle ( ). is calculated starting from the direction of the air flow. inset: microscopy images at two positions : (left) air flow direction and (right) perpendicular to the airflow direction.

Figure S3. 4 :

 4 Figure S3.4: Optical microscopy images of stripes pattern of films made by drying sessile drops PS (64nm) under periodic airflow. The periodic airflow is controlled by a fan with arduino controlled shutter. The / was fixed to 50/50% and the time period was set to 20 s, 40s, 60s, 80s, 100s and 120s. The drying was carried out on glass substrate at room temperature 23 0 and humidity ratio of 34% and airflow rate was 7.86 ∕ . The blend concentration was 10 wt%.

Figure S3. 5 :

 5 Figure S3.5: Optical microscopy images depicting the different stages of drying a sessile drop of PS (64 nm) under periodic airflow. a) beginning of the drying, b) periodic patterns formation and c) periodic pattern with cracks. The drying takes place at 23 0 and humidity ratio of 34% under air flow speed of 7.86 cm/s and 0 =50%).

Figure S3. 10 :

 10 Figure S3.10: The time evolution of the width of drying front during drying a mixture of PS(64 nm)/PBA(97.5 nm) 50%/50% under periodic airflow at the flow rate 7.86 ∕ . (a) The total width of first zone (FL-OL) and (b) the width for the second zone (SL-OL).The 0 of (50/50%) at room temperature 23 0 and humidity ratio of 34%.

Figure 4 . 1 :

 41 Figure 4.1: (a) A photo of the drying system under a microscope. The system is composed of fan and an arduino controlled shutter. The bottom schema depict the process of drying the sessile drop (1 cm diameter) under a laminar air flow (3.5 cm wide). The long rectangle depicts the zone of interest for the morphology observations and analysis (b) A diagram depicting the periodic opening and closing of the shutter for a time and for a period of = + .

Figure 4 . 2 :

 42 Figure 4.2: Optical microscopy images of stripes pattern of films made by drying sessile drops of (50/50%) blend of (PS/ PBA) under periodic air flow different time periods (Horizontal). The suspension contains different [SDS]: (Upper) 0 SDS, (middle) 8.7 mmol/l and (below) 9.5 mmol. The periodic airflow is controlled by a fan with arduino controlled shutter. The / was 50/50 and airflow rate 24.6 ∕ . The drying was carried out on glass substrate at room temperature 23 0 and humidity ratio of 34%.

Figure 4 . 3 :

 43 Figure 4.3: Optical microscopy images of stripes pattern of films made by drying 50/50% blends of PS (64nm) and PBA (97.5nm) at 10 wt % under periodic air flow at = 100 s.The suspension contain: a) 0 SDS, b) 8.7 mmol and c) 13.9 mmol/l. The / was 50/50 and the airflow rate 24.6 ∕ . The periodic airflow is controlled by a fan with arduino controlled shutter.The drying was carried out on glass substrate at room temperature 23 0 and humidity ratio of 34%.

Figure 4 . 4 :

 44 Figure 4.4: (a) Average line spacing of the periodic patterns of the dry films estimated from microscopy images and plotted as a function of [SDS], where is calculated at = 80s.(b) Average line spacing ( ) for various SDS concentration from 0 up to 3 times the CMC plotted vs. . The films are made by drying sessile drops of (50/50%) blend of (PS/ PBA) at different concentrations of SDS under periodic air flow with fixed / (50/50%) and variable between 20 s to 120 s.The drying was carried out on glass substrate at room temperature 23 0 and humidity ratio of 34% and airflow rate 24.6 ∕ .

Figure 4 . 5 :

 45 Figure 4.5: Slope of line spacing vs. (■) calculated from Figure 4.4b and plotted vs. [SDS]. The surface tension measurement ( ) obtained by the drop pendent method and plotted as a function of SDS concentration for: Particles suspension (△) and pure water (∇).

Figure 4 . 8 ,

 48 Figure 4.11 and Figure S4.3). When the airflow stops, the OL stops advancing while the SL line recedes back and approaches the onset line (Figure 4.11, Figure S4.3). The receding distance (ℎ ) is estimated from the descending part of Figure 4.11b, averaged and plotted in Figure 4.12a. ℎ was found to increase with increasing [SDS], slightly below CMC, then rapidly in the vicinity of CMC and levels off above CMC (Figure 4.12 a). On the other hand, the advancing distance (ℎ ) of the SL, taken from the ascending part of Figure 4.11b, decreases with increasing [SDS], slightly below CMC, then rapidly in the vicinity of CMC and levels off above CMC (Figure 4.12a).

Figure 4 . 7 :

 47 Figure 4.7: Onset line (OL), first line (FL) and second line (SL) of the drying front during 4 stages of drying a clean 50/50% (PS/PBA) blend in the absence of SDS and KCl. The drying was carried out under periodic airflow with = 80 s and / (50/50%) on glass substrate at room temperature 23 0 and humidity ratio of 34% and airflow rate 24.6 ∕ .

Figure 4 . 8 :

 48 Figure 4.8: Onset line (OL), first line (FL) and second line (SL) of the drying front during 4 stages of drying a clean 50/50% (PS/PBA) blend in the presence of SDS for [SDS] above cmc ( [SDS] = 13.9 mmol/L). The drying was carried out under periodic airflow with = 80t / (50/50%) on a glass substrate at room temperature 23 0 and humidity ratio of 34% and airflow rate 24.6 ∕ .

Figure 4 . 9 :

 49 Figure 4.9: Onset line (OL), first line (FL) and second line (SL) of the drying front during 4 stages of drying a clean 50/50% (PS/PBA) blend in the presence of [KCl] ( [KCl] = 5 mmol/L). The drying was carried out under periodic airflow with = 80t / (50/50%) on a glass substrate at room temperature 23 0 and humidity ratio of 34% and airflow rate 24.6 ∕

Figure 4 . 11 :

 411 Figure 4.11: Position of the drying front estimated from microscopy visualisation plotted vs. the drying time, during drying a (50/50%) blend of(PS/PBA) : (a) drying under no air flow in the absence of SDS, b) the suspension is dried under time modulated air flow for different SDS concentration [SDS] = 0, 8.7, and 13.9 mmol. The drying was carried out under periodic air flow with = 80 and / (50/50%) at room temperature 23 0 and humidity ratio of 34% and airflow rate 24.6 ∕ .

Figure 4 .

 4 Figure 4.12: (a) Average magnitude of the ascending and descending part of the second line (SL) of the drying front plotted as a function of [SDS]. This was estimated from Figure 4.11b during drying a blend of (PS/PBA) under periodic air flow with = 80 and / (50/50%) at room temperature 23 0 and humidity ratio of 34% and airflow rate 24.6 ∕ . (b) The difference between the ascending and the descending parts of the drying front taken from Figure 4.12a and plotted vs.[SDS].

Figure 4 . 13 :

 413 Figure 4.13: The averages drying front velocity in both the advancing and the receding state during drying a mixture of PS/PBS (50/50%) containing different amount of SDS at air flow rate 24.6 ∕ .In open position: 0 (△), 6.9 mmol/l (□), 8.7 mmol/l (○), 13.9 mmol/l (◊), 17.3 mmol/l (☆), 24 mmol/l (⬠), 31 mmol/l (⬡). While in close position: 13.9 mmol/l (⧫), 17.3 mmol/l (★), 24 mmol/l (⬟), 31 mmol/l (⬢).

contentFigures S4. 1 -S4. 4 Figure S4. 1 :

 141 Figures S4.1-S4.4

Figure

  Figure S4.2: a) Position of the three lines of the drying front (OL, FL, and SL) estimated from microscopy visualisation plotted vs. the drying time, during drying a clean (50/50%) blend of(PS/PBA) in the absence SDS under periodic air flow. The drying was carried out with = 80 and / (50/50%) at room temperature 23 0 and humidity ratio of 34% and airflow rate 24.6 ∕ . b) Time evolution of the distance between OL and Fl and OL and SL.

Figure S4. 3 :

 3 Figure S4.3: Position of the three lines of the drying front (OL, FL, and SL) estimated from microscopy visualisation plotted vs. the drying time, during drying a clean (50/50%) blend of(PS/PBA) in the presence of SDS ([SDS] = 13.9 mmol/L under periodic air flow. The drying was carried out with = 80 and / (50/50%) at room temperature 23 0 and humidity ratio of 34% and airflow rate 24.6 ∕ .inset: images of the drying front at different drying times.

Figure S4. 4 :

 4 Figure S4.4: Position of the three lines of the drying front (OL, FL, and SL) estimated from microscopy visualisation plotted vs. the drying time, during drying a clean (50/50%) blend of(PS/PBA) in the presence of KCl ([KCl] = 5 mmol/L) under periodic air flow. The drying was carried out with = 80 and / (50/50%) at room temperature 23 0 and humidity ratio of 34% and airflow rate 24.6 ∕ .
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Table 1 .

 1 Characteristics of styrene and Butyl acrylate monomer used.

	8 8	7	12	2

Table 2

 2 

	Name	Sodium Dodecyl Sulfate
	Chemical formula	12 25	4 S
	Abbreviation	SDS	
	Molar mass (g/mol)	288.38	
	Formation at ambient temperature	Solid	

Table 2 .

 2 Physico-chemical characteristics of surfactant.

Table 5 .

 5 Surface tension in water and suspension

	mixture

-1 ) [SDS] mmol/L Pure water (PS / PBA)

Table 6 .

 6 Contact angle for clean suspensions of PS, PBA, and their mixture.

	Surfactant concentration (mmol/L) Contact angle
	0	19.9
	3.5	17
	6.9	15.8
	13.8	11.9
	17.3	8.4
	24	4.8
	31	3.4

Table 7 .

 7 Contact angle measured for (PS / PBA) mixture with different concentration of SDS.
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Characterization of the 3D profiles by Profilometer

A contact profilometer device SM7 was used to characterize the film thickness (Figure 2.20). The measurement was carried out on intact films. The stress on the film was minimized in order to reduce the damage to the film. Due to the low resolution of the profilometer (10 ), we were unable to obtain accurate results for the purposes of our study. Figure 2. 20 (a) shows the surface profile of a glass substrate measured with the SM7. From this profile, the roughness of the plate is estimated around 10 , while its real value is around 200 nm. This difference is attributed to the lack of precision of the SM7, due to the mechanical part of the device which limits the resolution. Therefore, a modification was done in order to provide a nanometric resolution (200 nm). The inset image circled in red (Figure 2.20) shows the modification made to the SM7 detection probe: a micrometric screw was adapted to the head of the original probe. This new device, enabled to obtain profiles with a resolution of the order of 200 nm (Figure 2.20b), comparable to the real roughness of the glass plate. The obtained 3D profiles, shown in Figure 2.21, highlight periodic peaks resulting from the accumulation of particles at the pinned drying front, during periodic airflows. The height profiles of films depend on the period of opening and closing time as well as the migration of the particles towards the drop edge. These processes are enhanced by various parameters such as surfactant, ionic strength, and particle size and concentration. All of these processes will be explained in more detail in the following chapters. 

Chapter 3

Periodic surface-morphologies through temporal modulating the drying rate during evaporation of colloidal suspensions

Discussion

The average drying rate reflects the total mass loss of water during evaporation. In the case of no air flow one can assume that the drying to be diffusion limited and therefore the drying rate ( ) can be written as

Where ( , ) is the water vapor concentration and D is the water vapor diffusion coefficient in the proximity of the drop surface. This leads to define the drying rate in small drop

Where R is the drop radius and r is the radial position in the drop. On the other hand, when air is blown on the drop, evaporation becomes convective and the average water vapor concentration Cw(r,z, t) on the drop decreases and therefore the drying rate increases as seen in Figure (3.2) and when air is blown periodically on the drop, the average drying rate ( ) is almost independent of for similar opening time fraction ( 0 ) but it is only sensitive to 0 for constant . Keeping the same opening time fraction 0 while varying should lead to a similar average value of Cw(r,z, t) and therefore a similar value of . The drying front speed ( ) is found to follow different tendencies compared to drying rate as shown in (Figure 3.12b). While / 0 ( 0 is the value in no air flow) remains almost constant with increasing , the / 0 ( 0 is the value in no air flow case) increases between 7 and 30 times. This can be explained by the fact that the drying rate reflects the total mass loss while the advance of drying front reflects the gradient of concentration in the drop plane. Indeed, the drying front visualized in microscopy is a signature of the transition from a reversible colloidal suspension to a gel-like or irreversible solid. In these suspensions, at low ionic strength the gel/ solid structure occurs at the close packed structure fraction of 0.64. [41] Because the speed of the drying front increases much faster than the average drying rate, one can conclude that, in the presence of periodic air flow, the in-plane concentration gradient becomes more pronounced when air is periodically blown on the suspension. From the first glance, one can explain the periodic surface morphology by alternative deposition of particles at the immobile drying front followed by an advance of this front with a lesser particle deposition. Indeed, the radial drying rate generates a pronounced concentration gradient from the drop front to the center. Once the solid fraction in the proximity of the drying front reaches the close packed fraction 0.64, the suspension freezes at this position and the drying front moves forward to this new position. This is a simplified point of view of what happens in the proximity of the drying front which indeed is more complicated because the dynamic of the liquid/gel/ solid transition depends on the local ionic strength and on the osmotic pressure that tends to equilibrate the concentration of the particles and that of 

Abstract

Abstract

Surface patterning via convective-assembly takes advantage of targeted deposition of the particles at the drying front during drying colloidal suspensions. This can be achieved by precise control of the dynamic of the drying front and the mechanism of particle deposition in this region. In our previous work, we have shown that the surface patterning can be obtained via a periodic displacement of the drying front by modulating the drying speed over time. This has been found to allow precise control of the displacement and stopping of the drying front and hence the extent of particle deposition in each regime. Through the temporal modulation of the drying rate, periodic 3D surface patterns with controlled period and amplitude were constructed. This work investigates the roles of sodium dodecyl sulfate surfactant (SDS) on surface patterns. We show that adding aliquots of SDS affects both the dynamics of the drying front as well as the resulting surface morphology. It was found that the pattern period decreases with increasing [SDS] and exhibits the same tendency as the surface tension. Furthermore, the onset and the first line of the drying front was found to advance at a velocity that decreases with increasing [SDS]. As for the second line of the drying front, it was found to advance rapidly during airflow and recedes back towards the onset line once the airflow stops. These dynamics were found to follow a similar tendency of the surface tension which suggests that the surface tension plays a significant role in this process. Furthermore, we explore the role of salt (potassium chloride, KCl) on the formation of the periodic patterns. In particular, we want to understand how the screening of electrostatic repulsions between particles affects the particle deposition under the periodic airflow.

3D morphology of the periodic pattern in the presence of SDS.

The periodic patterns seen in optical microscopy correspond to a structure of hills and valley build up during the drying. The analysis of these structures using a profilometer gives a profile of oscillating hills and valleys for which we can extract three characteristic parameters; the average period ( ) the average height (ℎ ) and average width ( ). In the absences or very low [SDS], ℎ was found to increase from almost 0.2 to 1.1 with increasing between 20s to 120s with / (50/50%) (Figure 4.6). However, adding SDS below CMC lead to a reduction of both ℎ in a similar manner as and eventually becomes undetectable for our experimental conditions. When [SDS] is above CMC, both the and ℎ close to the border (less than 100 becomes too small to be reliably quantified. Furthermore far from the border the film is flat and the ℎ becomes to small to be measured.