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Chapter IV: Anodic Aluminum Oxide (AAO) Chapter III: Figure 4: Relaxation phenomena and polarization associated mechanisms. Figure 5: Polarization P(t) and voltage applied as function of time. Figure 6: The principle of a dielectric capacitor. Figure 7: a) Conventional measure cell to be connected to the alpha analyzer, b) Equivalent dielectric circuit. Figure 8: BDS sample prepared between external electrodes. Figure 9: Broadband dielectric spectrometer. Figure 14: Dielectric loss as a function of the frequency for cis-1,4-polyisoprene showing, normal mode (dashed-dotted lines), segmental mode (dashed line), and conductivity (dotted lines). Figure 3: Model shows the pattern of the AAO membrane, with an oxide layer. The morphology is perfectly defined by the inter-pore distance, Dint, the pore diameter, Dp , the depth of the pore, Lp , and the thickness of the barrier layer, Lb. IX the formation of the oxide and its dissolution. For a given electrolyte, the maximum anodization time decreases with increasing temperature. Figure 30: SEM micrographs of aluminum anodized membrane formed after 2 hours of first anodization process followed by a 10 minutes of second anodization. as dielectric nano-cells, to hold and measure extremely small amounts of matter. The nanoporous layer, made of Al2O3, is insulating, thus suitable for carrying-out electrical and dielectric measurements. Furthermore, due to the nanometric length of the nanopores, a small DC-bias applied between the electrodes leads to extremely high electric fields (i.e. 1e6 V/cm) that can be applied on attograms of matter. 
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Chapter VII:

Figure 1: (a) (a) highly ordered array of nano-containers prepared in a two-step anodization process of aluminium (image from Scanning Electron Microscopy). (b) nanocontainers used as dielectric nano-cells to contain and measure very small amounts of matter. The nanoporous layer, made of Al2O3, is an insulant structure, i.e. suitable for carrying-out electrical and dielectric measurements. Furthermore, due to the nanometric length of the nanopores, a small DC-bias applied between the electrodes leads to extremely high electric fields (i.e. 10 6 V.cm -1 ) applied on attograms of matter.

Figure 2:

Dielectric analyses at different frequencies as function of temperature upon cooling and heating (cooling rate: 2 K.min -1 ; heating rate: 2 K.min -1 ):ε' and its first derivative (b and c, respectively); conductivity, ' as function of temperature (c). Figure 6: : Dielectric analysis of 500 zeptograms before and after the application of electric field of 10 6 V.cm -1 under the application of the electric field, and during a temperature ramp from -100 to 100°C.

Figure7: Dielectric results of 500 zeptograms presented in terms of first derivative of the dielectric functionε' versus temperature, before and after the application of huge voltages, 40V (a-c), under the application of field presented (b). 

XIII

Tables List: Therefore, it becomes possible to generate through confinement new functionalities which differ from those in bulk. In the present work, we focused our efforts on the demonstration of the changes occurred by means of 2D and 3D nano-confinement in order to enhance the material properties. The first part of this PhD work was to develop and to optimize an experimental dielectric platform to investigate the structure of materials at the scale of the ''molecules''. In fact, the challenge was to develop an experimental protocol in order to design dielectric cells able to hold and isolate zeptograms of matter.

The chemical architecture of polymer materials controls the functionalities at the molecular level, such as the ability of permanent dipole moments to produce electrical polarization. Very often, at the macroscopic scale, this ability of producing electrical polarization is lost due to the interactions and to the disorder state of the material structure. As a consequence, that huge technological potential cannot be used for practical applications. In fact, most of the polymers have permanent dipole moments in their chemical structure but only a very limited number can fulfill this potential at the macroscopic scale and gives rise to ferroelectric or piezoelectric phases exhibiting permanent macroscopic polarization. The basic idea of this PhD study is to enhance the 3 properties by means of confinement and to create new functionalities by using small quantities of matter.

Different fundamental scientific points will be addressed in order to open new routes for physics of molecules and macromolecules:

i/ From nanofluidics experiments, i.e. via the use of anodized aluminum oxide (AAO) membranes, the possibility to tailor the crystallization of polymers during the flow process in a confinement state was investigated.

ii/ The ability of measuring small quantities of matter down to the level of attograms and zeptograms is presented (1 attogram= 10 -18 grams; 1 zeptogram= 10 -21 grams). This part was done considering polymeric materials such as poly[(vinylidenefluoride-cotrifluoroethylene] [PVDF-TrFE] and polyethylene glycol [PEG], as well as an ionic liquid, i.e.

1-ethyl-4-methylpyridinium-bis-trifluoromethylsulfonyl imide.

iii/ The possibility to transpose functionalities from the microscopic level to the macroscopic level for very small amount of matter was considered in order to create new configuration from the application of external perturbation.

The Broadband Dielectric Spectrometry was considered as the principal measurement method in this present research work.

The nanofluidics measurements were carried out using the dielectric AAO cells which allow to understand how complex fluids flow through nanometric channels and to

show how the flow process can be influenced by orientation effects imposed by the presence of interfaces. In addition to static factors related to the dimensionality, the morphology of the geometrical nano-confinement and to the influence of the interfacial interactions, kinetic aspects might come into play when nano-confined polymers are investigated under flow.

Moreover, the optimized AAO cells were used as measurement platforms to investigate dynamics and phase transitions of polymers in 3D nano-confinement. Thus, to carry out measurements on attograms and zeptograms of matter, a specific dielectric cell 4 "nanocontainers" was optimized. The dielectric cell is presented as numerous nanochannels which are used to divide a macroscopic system into a parallel arrangement of identical, independent, and additive entities carrying attograms and zeptograms of material. The use of the optimized dielectric cells opens the unexplored possibility of inducing coherent behavior in the material performance when all elements of the sample are showing an identical behavior. In addition, attograms and zeptograms partitions break down the natural tendency of compensation characteristic for large amounts of matter.

Crystallizing attograms partitions under the effect of high electric fields can lead to a collective system of single nano-crystals with new structural symmetries and unique unidirectional orientation.

The thesis manuscript is divided as following: ii/ The second part (chapters V, VI, VII) reports the experimental results and related discussions. This part will be presented as scientific projects which were published or submitted, during the PhD period, or studies under investigations. The first project (Nano Letters) presents a nanofluidics approach which allows one to discriminate, for the first time, between static and kinetic effects on the crystallization of polymers in 2-dimensional nanoconfinement. In the second paper we will show an experimental approach which allows one to crystallize extremely small amounts of matter (i.e. attograms, zeptograms) 5 under the influence of high electric fields, reporting the formation of a more ordered state of matter.

The third part presents a new and potentially precise way to measure for the first time zeptograms of ionic liquids under high electric fields.

A general conclusion summarizes the main results and proposes new routes to continue this research work with a deeper and long-term vision.

Chapter II

Dynamics and phase transitions of polymers:

from bulk to confined systems in nanometric scale: 

State of art

I. Introduction, definitions:

he second chapter provides some definitions and the state of the art concerning the crystallization process of semicrystalline polymers. At the microscopic level, the detailed description of the relation between chemical structure and organization of the chains in polymers is required for understanding many physical properties of polymeric materials. The properties of polymers depend on the way how the units (repeating monomers) are assembled as these units can reflect the polymer structure on the molecular level [1][2][3][4][5].

Polymers could be divided in two different types: natural polymers, such as proteins cellulose or DNA, and synthetic polymers which have a wide range of properties and applications. Very often, the classification of polymers is done according to their physical properties and they are divided into 2 different classes, i.e. thermosets and thermoplastics.

Thermosets above their glass transition temperature are denoted frequently as elastomers or rubbers having a low rigidity which allows them to withstand very large deformations before fracture. Elastomers are generally insoluble in solvents. They may be used for manufacturing products, such as textiles and medical applications [5].
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Thermosets are synthesized from monomers forming a three dimensional network. As a consequence, they don't display melting. They have generally highly flexible design, excellent levels of dimensional stability, high resistance to high temperatures compared to thermoplastics. The weak point of thermosets is that they cannot be recycled or shaped [3][4][5].

Thermoplastics consist of entangled and crystallized chains; they can flow when they are subjected to high temperatures. This characteristic allows thermoplastics to be shaped and recycled without affecting the physical properties of the material.

As examples of thermoplastics, we can mention polyethylene, polypropylene, polystyrene, polyamide or polycarbonate. Thermoplastics could be divided into two categories:  Amorphous polymers.



Semi-crystalline polymers.

An Amorphous polymer is characterized by the absence of ordering in the chain structure.

The crystalline polymer shows an ordered structure. Nevertheless, due to the presence of defects in tacticity and to the length of chains, polymers do not present a complete crystalline state (Fig1) [3][4][5]. 12

The semi-crystalline morphology is characterized by the coexistence of the two phases, which are the amorphous and the crystalline phase. The size of crystalline regions is estimated to be 5-50 nm; a macromolecule can be a part of several crystallites which are randomly oriented [1][2]. Amorphous state is generally described by the configuration of molecular chains which are entangled between each other. The amorphous state is characterized by the existence of a glass transition temperature which is a second order thermal transition, involving change in the heat capacity of the polymer, Cp.

Semi-crystalline thermoplastic polymers show two types of transitions with increasing temperature: a glass transition temperature, Tg, and a melting temperature, Tm , or a crystallization temperature, Tc. When decreasing temperature, crystallization process covers the domain between the melting and the glass transition. Both melting and crystallization temperatures are first order thermal transitions, as they involve a change in the specific heat. Changes in the specific heat capacity are also involved by the glass transition temperature, Tg [1][2][3][4].

Crystallinity of a polymer refers to the amount of crystalline region with the respect to amorphous region; this characteristic influences hardness and stiffness etc. When the temperature is lower than the melting point of the polymer and considering the thermodynamics laws, crystal is in a lower free energy state compared to the liquid. Below a constant value which is the equilibrium melting point, the process of crystal formation is spontaneous, while above this characteristic temperature, the inverse process is presented (crystal melting). An equilibrium condition exists between the crystalline and the liquid phases. Both phases have the same value of free energy G [3][4].

The ability of a polymer to be crystallized depends on the tacticity (Fig2). The precise description of tacticity of a polymer helps to understand the melting temperature, how soluble it is in a solvent, and its resulting mechanical properties.
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Figure 2: Stereoisomers of polymers. [3-4] The polymer can be isotactic as all the substituents are situated on the same side of the plane. Isotactic polymers are usually semi-crystalline and often form a helix configuration. The polymer can be syndiotactic as the substituents have alternate positions along the chain. It can be also atactic as the substituents are randomly arranged [3][4][5]. In semi-crystalline polymers, the amounts of ordered crystalline and disordered (amorphous) regions are dependent upon molecular weight, crystallization conditions and chain defects.

The degree of crystallinity is estimated by different analytical methods. The properties of semicrystalline polymers are determined not only by the degree of crystallinity, but also according to their chains structure [1][2][3][4][5].

Figure 3:

Model of crystalline lamellae. [63] Polymers can crystallize upon cooling from the melt; the process of crystallization is related to the alignment ability of the molecular chains. The molecular chains hold together and form tidy regions named lamellae (Fig3) which form larger spherical structures, named spherulites [2-3-4-63].

According to Ivanov et al, complex structures are present for crystallization process done from the melt or from concentrated solutions, such as dendrites or spherulites and which are formed by radially propagating crystalline lamellar stacks [START_REF] Ivanov | 09 -Semicrystalline Polymers[END_REF].

The semi crystalline structure is composed by four different organized levels which are the spherulites, the lamellar stacking, the crystalline lamella, and the crystal lattice (Fig4). The spherulites represent a symmetrical spherical shape having birefringence properties. The lamellar stacking is presented by two extremes models ''adjacent reentry'' and ''random switchboard''. The first model, proposed by Keller [START_REF] Keller | A note on single crystals in polymers: Evidence for a folded chain configuration[END_REF], is explained by the fact that the chain folds on the surface of the lamella to form a loop occupying the neighboring site. The second model, proposed by Flory [START_REF] Flory | On the morphology of the crystalline state in polymers[END_REF], is presented by the fact that the chains randomly fold back onto the same lamellar crystal or even participate in neighboring lamellae [START_REF] Ivanov | 09 -Semicrystalline Polymers[END_REF]. It supposes that a chain can be folded on the surface of the lamellar forming a less compact loop and return to the furthest point. The crystalline 15 lamellae having typically a thickness of about 10 nanometers usually tend to pile up during the crystallization to form lamellar packets [26-63-64].

FIGURE 4:

Different scales of organization of semi crystalline structure with their characteristic length scales (different experimental methods are used for characterization) [26] .

Single crystals are observed near the melting temperature where growth rates are very slow. Growth at higher velocities results to a higher density of defects, thus leads to the formation of multiple crystalline layers through ramification. This ramification gives a stacked lamellar structure [26].
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The Ehrenfest's classification for the material's phase transitions can be summarized into two types of transitions: i/ the first order and ii/ second order phase transitions.

i/ In the first order transition, the first derivatives of free energy are discontinuous. The discontinuity of entropy ΔS leads to an associated exchange of heat denoted as the enthalpy of transition. The enthalpy, ΔH, is defined as the system energy change:

∆𝐻 = 𝑈 + 𝑃𝑉 (II.1)
where U is the internal energy of the system (J), P is the pressure (Pa), and V is the volume of the system.

The enthalpy of the transition is defined as:

∆𝐻 𝑡𝑟 = 𝑇∆𝑆 𝑡𝑟 (II.2)
where T is the phase transition temperature, ΔS is the entropy, and ΔH is the enthalpy.

The second order transition can be characterized by a continuous first derivative of chemical potential, and a discontinuous second derivative. Therefore, in the second phase transition, the discontinuity appears in the second derivatives of the free energy. There is no enthalpy of transition associated with the second order phase transitions [3][4][5].

Crystallization and melting processes of polymer are considered as first order phase transitions. The free energy of the system for such transitions is defined as following:

𝐺 = 𝐻 -𝑇𝑆 (II.3)
where: S is the entropy (J.K -1 ), H is the enthalpy (J).

From thermodynamic considerations, spontaneous evolution of a constant system leads to a reduction of its free energy G. The melting temperature, Tm , is determined by the intersection of the free energy curves of solid and liquid. For a semi-crystalline polymer, the melting temperature, Tm, as showed in Figure 5, is the intersection of the free energy curves of perfect crystal and amorphous material.

The crystallization process consists of two steps:

1/ The first step of the crystallization process is the nucleation. The nucleation process starts with small nanometer-sized areas. It is influenced by many factors such as temperature, presence of impurities, as well as the application of an external perturbation like a shear stress. For molecular crystals, the nucleation process starts when the dispersed 'molecules' start to gather into clusters forming the nuclei. During this step, atoms are arranged in a defined manner and define the crystal structure [3][4].

The crystal is in a lower energy state than liquid phase when the temperature is below the melting point for a large crystal constructed from high mass polymer chains. The nucleation process is the result of two opposite mechanisms of free energy: i/ the free enthalpy change, ∆𝑔1 , associated with the transformation of a crystal in a molten phase, and ii/ the free enthalpy change, ∆𝑔2 , associated with the formation of the interface between the crystal and the molten phase. (equ II.4)

The total free energy of the system during the nucleation process is written as:

∆𝑔 = ∆𝑔1 + ∆𝑔2 (II.4)
Figure 6: Crystallization process of a polymer. [5] 2/ The second step is the crystal growth which could only occur for temperatures below the melting temperature, Tm , and above the glass transition temperature, Tg. Below the glass transition temperature, the motion of chain segments is frozen. The polymer chains interact via various intermolecular interactions, such as Van der Waals forces, and the interaction energies define the internal cohesion energy. The growth is done in three steps: regime I (homogenous or heterogeneous germination), regime II (heterogeneous germination) and regime III (heterogeneous germination). Once the primary germ is formed, the growth is performed by successive deposition of chains (segments) on the lateral surfaces, which constitute the crystal growth surfaces [3-5-64].

The rate of the growth of the crystalline lamellae, D, which presents the crystallization rate, is written as the combination of the lamellae growth and chain diffusion.

𝐷 = 𝐷 0 exp ( -∆𝑔 𝑡 𝑅.𝑇 ) exp( -∆𝑔 * 𝐾 𝐵 𝑇 ) (II.5)
The first exponential factor is the diffusion transport term of macromolecular chains in the molten state. R refers to the perfect gas constant, gt to the activation energy governing the diffusion and 𝐷 0 is a constant.

where:

∆𝑔 𝑡 = 𝑈 * 𝑇 𝑇-𝑇 ∞ (II.6) 19 
U * is the activation energy of displacements of the macromolecules in the molten state.

𝑇 ∞ is the temperature at which the molecular motion appears to be frozen ( 𝑇 ∞ = 𝑇 𝑔 -30°𝑐 ). When the temperature is below 𝑇 ∞ , the transport term is zero and there is no growth of crystalline lamellae.

The second exponential factor corresponds to the deposition of the segment on the surface of the crystal growth. k B is the Boltzmann constant. ∆𝑔 * is the free enthalpy change and it is written as function of the free energy of the interface (crystal/molten state), 𝜎 , the free energy of the crystal, 𝜎 𝑒 , the surface nucleus thickness, 𝑏 0 and the free transition energy, where ∆ℎ 𝑓 is the heat of fusion per unit volume of crystal, (j = 4 for regime I and III, j = 2 for regime II).

∆𝑔
The crystallization process can be divided to two different types: heterogeneous vs homogenous. The heterogeneous crystallization is much more common than a homogeneous nucleation as this process involves a nucleus at the surface of the crystal.

The heterogeneous nucleation is much faster than homogenous nucleation according to 20 the nucleation theory. This is explained by the fact that the nucleation process slows down exponentially with the free energy barrier, Δg* [1-5-20].

II.

Crystallization process in confined spaces:

The material properties are mainly determined by the structure. At a nanoscale during confinement of a polymer melt followed by cooling, the specific morphologies of crystalline lamellae are changed. Thus, the polymer properties could be changed by means of confinement. Especially, the crystallization of polymers under confinement can be substantially different from that in the bulk.

Confined crystallization is a phenomenon which could occur in bulk (0D) in thin films (1D), and in cylinders (AAO templates, 2D and 3D). Recent studies concerning the confinement process of polymers have attended a big interest and showed that the properties at the nanometer length scale exhibit significant deviations from those in the bulk [9-11-12-13].

Obviously, it becomes necessary to gain a full understanding of how confinement can modify the properties of such systems at these scales.

II.1. Crystallization in thin films (1D nano-confinement):

This part summarizes recent studies concerning the influence of confinement on the crystallization process in thin films of polymers. Many factors contribute to the confinement process of polymers in thin films, such as mechanical and electrical fields. The nature of external fields (or forces) can be divided in stabilizing or destabilizing forces. The forces which can affect the nucleation and the crystal growth during the crystallization process are internal forces such as Van-der-Waals and internal stresses, or external forces such as mechanical stress [5,18].

In thin films, during the crystallization of a polymer, two mechanisms are involved simultaneously: Diffusion of amorphous chains toward the growth and folding into regular structures (crystalline). For a polymer crystallizing in the bulk, the crystalline lamellae are commonly organized into a spherulitic morphology [8]. However for thin films of polymers, 21 the chains will be confined and crowded. The nucleation and the crystal growth will be strongly affected by the confinement and the thin film of polymer will show unique lamellar crystal orientations when it crystallizes. The crystal growth rate in the thin film geometry is often lower than that of the bulk state [2-3-4-5].

Y. Wang et al [2] have studied the crystallization of poly (ethylene-vinyl acetate) and linear low-density polyethylene (LLDPE) films spun-cast from the polymer/toluene solutions with as-cast thickness going from 460 to 10 nm. X-ray and TEM techniques were used to measure the lamellar thickness from bulk to thin films. They found that the lamellar thickness was increased from 14 to 21 nm for films thinner than 100 nm, while for films as thin as 10 nm, a large degree of crystallinity is observed, which was attributed to a surface induced crystallization. It was observed that films thicker than 200 nm exhibit spherulitic crystal morphologies with densely packed lamellae. The following figure shows the difference in the thickness of lamellae showed by two films with different thicknesses. [2] .

Transmission Electron Microscopy (TEM) shows that the thickness of the lamellae is much smaller in the thicker films (152 nm) than in the thinner film (35 nm), and when the film thickness decreases below 70 nm the packing becomes less dense and large open structures are present.
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In the same concept, H.G. Haubruge et al [19] were interested to study the growth of spherulites of poly (ethylene terephthalate) and the degree of crystallinity as function of film thickness. They found that from a constant film thickness, the crystallization process involves the migration of the polymer to the growing spherulites, which results in the formation of polymer-depleted interspherulitic gap. The central area of the spherulites is thus considerably higher than the initial thickness of the starting film, in the end of the crystallization process. It was also demonstrated that the crystallization process of thin films is widely affected by changing temperature and sample geometry [19].

Despotopoulou et al [6] have studied the confinement effect on poly (di-n hexylsilane), and they proved that the growth rate slowed when the film thickness was of the same order as the crystallite size. In the same concept, similar results on thin films of poly(-caprolatone) (PCL) (200nm-1nm) were reported by Mareau et al [8]. Additionally, the crystal growth of isotactic polystyrene (it-PS) in ultra thin films was studied by Ken taguchi et al [7]. The authors demonstrate that the growth rates and the lamellar thickness show that the surface kinetics keeps working on the crystallization in ultrathin films (it-PS) while the morphology is controlled by diffusion process. The growth rate as well as the lamellar thickness depends on crystallization temperature.

It is known that the nucleation step can affect both the total crystalline content in the semi-crystalline material and the size of the spherulites . Furthermore, to follow the phase transitions of thin films as function of the thickness, Y. Wang et al plotted the melting temperature as function of thickness. Figure 10 presents the results for EVA polymer [2].

Figure 8:

Melting temperature as function of film thickness for EVA films. [2] The curve shows that the melting point decreased with decreasing thickness, for films thinner than 100 nm. For films thicker than 200 nm, the melting temperature is exactly the same as the bulk one (95°C). This observation was explained by the fact that a very slow rate of decrease in melting temperature becomes measurable as the film thickness decreases beyond 150 nm. They found, also, that a large rate of decrease occurs when the thickness falls below 70 nm. In the thinnest films (20 nm) they found that Tm is reduced by 35 K. The transition temperature (crystallization/melting) reduction with decreasing the film thickness is widely reported in literature [1-7-11].

Figure 9: NEXAFS traces for bulk LLDPE material and 10 nm-thick film. [2] The same group studied the progress of crystallinity by means of (NEXAFS) measurements, also known as near edge X-ray absorption fine structure. The NEXAFS spectroscopy shows the features in the X-ray absorption spectra of condensed material.

Figure 9 presents the NEXAFS spectra for a bulk LLDPE and as a thin film (10 nm) at an incidence angle of 55°. This work showed that a decrease of crystallinity from 45 to 35% is evidenced from the decrease of the intensity of the second peak of the C-H doublet, which means that the decrease on the thickness leads to a decrease of the crystallinity rate [2].

Si-Woo Hahm et al [20] studied the crystallization and chain conformation in thin P(VDF-TrFE) films. The authors proved that at high temperatures confined crystallization of thin films has led to superior ferroelectric properties. They proposed that P(VDF-TrFE) films which are crystallized under confinement at such high temperatures display a three-layer structure: edge-on at/near interfaces with confined wall and typical flat-on structure inbetween. The crystallization of thin polymer film depends on surface/interface properties.

They showed that the surface morphology of crystallized P(VDF-TrFE) thin films depends strongly on the annealing temperature.

The reported studies in the literature on the crystallization process in thin and ultra thin films have shown that new morphologies could be generated, including dense-branched morphology [8-9-10-11] dendrites and fractals [11]. The morphologies relate strongly on film thickness, crystallization temperature, and a variety of other parameters (internal and external fields).

II.2. Crystallization within AAO membranes (2D-3D nano-confinement):

In the present work we focused our attention on the nano-confinement effect on crystallization process of poly[(vinylidenefluoride-co-trifluoroethylene] [PVDF-TrFE] and polyethylene glycol [PEG], as well as an ionic liquid, i.e. 1-ethyl-4-methylpyridinium-bistrifluoromethylsulfonyl imide into Aluminum Anodized membranes (AAO). In fact, it is widely known that ferroelectric polymers contribute in the fabrication of electronic devices because of their low dielectric loss, low density, high flexibility, and high electric breakdown field (parameters will be defined in the chapter III). PVDF-TrFE is widely used in investigating the 1D, 2D, and more recently the 3D nanometric dimensional confinement effect.

First we are going to review some results from the literature concerning the study of the crystallization process of polymers into AAO membranes, and the effect of confinement .

H. Duran et al [22] have studied the crystallization process of highly isotactic polypropylene confined in self-ordered nanoporous alumina (AAO membranes). They were more interested to study the homogeneous and heterogeneous crystallization and its time scale depending on the pore diameters of the used membranes. They found that for a pore diameter smaller than 65 nm, the transformation from the heterogeneous to homogenous nucleation is taking place. Moreover, with decreasing pore diameter, the crystallization process is totally suppressed, due to the absence of the nucleation process for the pore diameter below 20 nm. They provide that this size is the critical nucleus size because the nucleation cannot take place any more.

They have used the X-ray scattering, the differential scanning calorimetry (DSC), polarizing optical microscopy (POM), and atomic force microscopy (AFM) to study the polymer crystallization, into the confinement state. The DSC results are presented by the following thermograms (Figure 10).

Differential scanning calorimtery (DSC) results show for bulk a strong crystallization peak which is broadened and shifted to lower temperatures for the materials confined into AAO membranes with pores diameter close to 380nm. In addition, a second exothermic peak is evidenced at 73.1°C as a consequence of the confinement effect. The same observations are reported for the polymer confined into AAO membranes with pores diameter smaller than 180 nm. For the confinement into AAO membranes with pore diameters of 65, 35 and 25 nm, the DSC traces show two exotherms; at high temperature as a very weak peak, while the low-temperature exotherm shifts to lower temperatures, broadens, and loses intensity upon confinement. and crystallization initiated by homogeneous nucleation, respectively) [22] .

According to H. Duran et al [22], the confinement effects of polymers into highly ordered nano-porous membranes can be summarized as following. The crystallization 27 process of polymers into AAO membranes is initiated by heterogeneous nucleation if the pore diameters are larger than 65nm and below this pore size, the homogeneous nucleation initiates the crystallization process. Finally, below 20nm as pore diameter, the nucleation is completely suppressed.

It was interested to investigate the change of the crystallization temperature for confined systems. According to literature, the crystallization temperature, TC , decreases when pore size decreases. Woo et al [27] studied the confinement effect on crystallization of polyethylene in AAO templates using different pore sizes going from 15 to 110 nm. The following figure shows the change of the crystallization temperature as function of pore diameter.

Figure 11:

Crystallization temperatures as function of pore diameter for PE confined into AAO membranes. [25] The crystallization of PEO nanotubes studied by DSC is strongly influenced by the confinement showing a strong reduction in the crystallization temperature of the polymer, as a consequence of the transition from a heterogeneous nucleation process in bulk to a surface nucleation process of polymer in nanotubes [29].

In the same concept, Serghei et al [23] analyzed the confinement effects on phase transitions of the ferroelectric copolymer, PVDF-TrFE, into AAO membranes by dielectric measurements. The study consists in investigating the confinement effects into 200 nm, 40nm and 15 nm as pore diameters of AAO membranes.

They have shown that the measurement of the dielectric permittivity in the high frequency limit offers an effective and very sensitive means to assess density fluctuations, and hence phase transitions, in nanoscopic systems. They obtained standing nanorods by partially filling the AAO membranes with the polymer to be investigated P(VDF-TrFE), then followed by a controlled etching process.

With decreasing pore diameter, pronounced changes in the first derivative of ε' and in the first derivative of density, are observed. Intermediary peaks are observed for smaller pore sizes, in addition to the crystallization and ferroelectric transitions. The geometrical confinement imposes a topological constraint, in particular a forced curvature on the crystallization process. This effect coupled with well-known finite size effects, can lead to a retardation of both primary and secondary crystallization processes which are signed by changes in density [23]. Results have been also proved by the group of M. Steinhart .

29 ). [23] No changes were observed in the temperature position of the Curie transition, whereas, they attributed the changes observed in the intensities of the melting peaks with decreasing pore diameters to the changes in the volume fractions of the two paraelectric phases of the polymer under investigation. On cooling, for nanowires with 200 nm as pore diameters there are no changes of phase transitions, while the changes are detected for pore diameters lower than 40 nm.

Polymers confined within AAO membranes with small diameters, crystallize much slower than those confined into AAO membranes with much larger pore diameters. This leads to a higher thermodynamic stability of the crystals formed under the confinement into small diameters compared to those in bulk or large diameters. 

III. Conclusion:

To conclude, we have seen that crystallization process of polymers is strongly affected by confinement effects. The crystallization of polymers in thin films allows the appearance of new morphologies (dendrites, fractals, and dense-branched). The crystallization process is affected by changing physical parameters during the process such as temperature and/or applied external stress, etc.

It has been widely reported in the literature that thick films exhibit spherulite morphology with densely packed lamellae and a reduction of growth rate with reduction of the thickness of films. The confinement of polymers within AAO membranes shows variations, explained by the fact that the crystallization process is changed from a heterogeneous nucleation in bulk, to a surface nucleation. Literature studies have shown a strong reduction in the crystallization temperature with the decrease of pore diameters. he third chapter provides a summary concerning the electric and dielectric properties, and the phenomena occurring in dielectric materials. In the beginning, we are going to present the parameters used to describe the electrical behavior of materials and the second part of this chapter will be focused on describing the principles of the Broadband Dielectric Spectrometer.

The interaction of an electromagnetic wave with the matter in the frequency regime between 10 -6 and 10 +12 Hz can be assessed by Broadband Dielectric Spectroscopy. This extraordinary dynamic range covers the dispersion and absorption phenomena of molecular and dipolar relaxations, the charge transport, and the polarization effects which describe the dielectric properties of a material.

At the end of the 19 th century, Maxwell proposed four equations characterizing the interaction between a medium and the electromagnetic field. The four Maxwell' equations are related to the electric field, the magnetic field, the electric charge density, the electric current density, the dielectric permittivity, and the magnetic permeability of the medium

[1-2]. Gauss's law ∇. E ⃗ ⃗ = ρ ε (III.1)
Gauss's law for magnetism

∇. B ⃗ ⃗ = 0 (III.2) Faraday's law ∇. E ⃗ ⃗ = - dB ⃗⃗ dt (III.3) Ampère-Maxwell law ∇. B ⃗ ⃗ = μ 0 J + μ 0 ε 0 dE ⃗ ⃗ dt (III.4)
T

where E ⃗ ⃗ is the electric field, B ⃗ ⃗ the magnetic field, 𝜌 is the charge density, J is the current density, 𝜇 0 is the permeability of the medium, ε is the dielectric permittivity, and 𝜀 0 the permittivity of air. Maxwell' equations can be summarized by the following equation:

∇ × B ⃗ ⃗ = J f ⃗⃗⃗ + ∂D ⃗⃗ ∂t = σE ⃗ ⃗ + ∂D ⃗⃗ ∂t (III.5)
where 𝐷 ⃗⃗⃗ = 𝜀 0 𝐸 ⃗ + 𝑃 ⃗ , is the dielectric displacement and 𝑃 ⃗ is the dielectric polarization.

The dielectric polarization 𝑃 ⃗ describes the ability of the material to be polarized under the application of an electric field. It is defined as the density of permanent and induced dipole moments. The polarization is given as the following:

P ⃗ ⃗ = ε 0 χ e E ⃗ ⃗ (III.6)
where 𝜒 𝑒 is the electric susceptibility.

The dielectric displacement, 𝐷 ⃗⃗⃗ , which is defined in terms of the rate of change of electric field can be expressed as:

D ⃗ ⃗ = ε 0 E ⃗ ⃗ + P ⃗ ⃗ = ε 0 E ⃗ ⃗ + ε 0 χ e E ⃗ ⃗ = ε 0 (1 + χ e ) E ⃗ ⃗ = ε 0 ε r E ⃗ ⃗ = εE ⃗ ⃗ (III.7)
Molecules or atoms have permanent dipole moments when their centers of gravity of positive and negative charges do not match. A dipole moment is defined from two charges (+Q) and (-Q) and a vector quantity, 𝜇 . The direction of the vector is from the negative charge to positive charge, and it is equal to the charge multiplied by the distance between the charges. The dipole moments can show a permanent or induced character.

μ ⃗ = Q × d (III.8)
where d is the distance between the 2 charges.
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In a molecule, the permanent dipole moment is resulting from an asymmetry in the distribution of charges. In the matter, molecules and mobiles charge carriers (electrons, ions, and holes) are moving and showing a contribution on the dielectric response of the material.

The response of a dielectric material is presented by the dielectric function and for a periodic electrical field, E(t) = E 0 exp(-iωt), where ω is the frequency, the complex dielectric function of the material is defined as following:

ε * (ω) = ε ′ (ω) -iε ′′ (ω) (III.9)
where: ε ′ (ω) is the real part of the complex dielectric function, and ε ′′ (ω) is the imaginary part of the complex dielectric function. According to the Maxwell' equations the complex dielectric function of the material is related to the complex refraction index, by the following relation:

ε * = (n * ) 2 (III.10)
The refraction index is described as following:

n * (ω) = n ′ (ω) -i n ′′ (ω) (III.11)
where: n ′ (ω) and n ′ ′(ω) are the real and imaginary parts of the complex refraction index [1].

The application of an electric field induces the movements of the electric charges in the material, which will give rise to an electric current. Inside the material, there are two types of electric charges (free charges and bound charges) which may be displaced. The first type (free charges) is the result of the movements of electrons, ions, and holes; 45 however the second one (bound charges) corresponds to the permanent and induced dipole moments. So the application of an electric field to a material provides the creation of such dipoles, or the reorientation of dipoles which already exist in the material architecture [1][2][3][4][5].

The induced polarization is presented by a local electric field which distorts the distribution of charges. The following figure presents an example of a permanent dipole moment in the molecule of water [5]. There are four modes of polarizations: the electronic polarization, the atomic polarization, the orientation polarization and the interfacial polarization which are presented in Figure 2.

46 . Thus, a dipole moment appears. The Electronic Polarization is described as following:

P ⃗ ⃗ = nα e E ⃗ ⃗ (III.12)
where n is the number of density, 𝛼 𝑒 is the electronic polarizability.
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The Atomic polarization takes place at a slightly longer time scale (10 -12 s) comparing to the electronic polarization. It results of atoms displacement in the molecules, forming a dipole moment. The atomic polarization depends on the nature of the atoms and it is described as following:

P ⃗ ⃗ = nα a E ⃗ ⃗ (III.13)
where n is the number of density, 𝛼 𝑎 is the atomic polarizability.

The orientation polarization (Fig 3 ) does not have the same origin created by the movement of electrons or atoms, as described for the electronic and atomic polarization.

The molecules mostly exhibit permanent dipole moments. After the application of an electric field, dipole moments will show alignment, thus the sum of the permanent dipole moments will differ to zero. If there is no electric field the molecules have random orientation, so the material does not display a macroscopic polarization (no polarization at the macroscopic scale). The interfacial polarization is defined by the fact that due to the application of an electric field, the charges migrate and become limited in their movements (trapped) by discontinuous surfaces which separate the homogeneous regions in the dielectric medium.

The limit in movement creates a local accumulation of charges on these surfaces and 48 induces a macroscopic distortion of the total field. The Interfacial polarization or space charge polarization is explained by the Maxwell-Wagner effects [1][2][3][4][5][6][7][8].

For example, the interfacial polarization is evidenced in the case of conductive polymers introduced into an insulating polymer matrix. Under the application of an external electric field the charge carriers move in the same direction as the electric field and accumulate at the conductor/insulator interface where they remain trapped.

The different mechanisms of polarization are summarized and presented by the following figure. The real part and the imaginary part of the complex permittivity are plotted as function of frequency, (Figure 4).

The whole polarization is presented as following:

𝑃 ⃗ 𝑡𝑜𝑡𝑎𝑙 = 𝑃 ⃗ 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 + 𝑃 ⃗ 𝐴𝑡𝑜𝑚𝑖𝑐 + 𝑃 ⃗ 𝑂𝑟𝑖𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 + 𝑃 ⃗ 𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 Figure 4:
Relaxation phenomena and polarization associated mechanisms. [1] At low frequencies, all the polarization processes are present, since all charges, even the heaviest, can follow the changes of the electric field. A reduction in the real part of the permittivity is observed, because the processes contributing to the overall polarization disappear one after the other when charges are no longer able to follow the alternating field. There dielectric loss of the material is minimal when the relaxation time is smaller or 49 comparable to the oscillating rate of the electric field. Thus, when the relaxation time is much larger than the oscillating rate, in this case the polarization cannot follow the oscillation of the electric field.

In the frequency range characteristic for electric measurements (f < 1THz), the electronic and the atomic polarization are built up instantly when an electric field is applied on a polymer sample. On contrary, due to thermal fluctuations, the orientation polarization cannot immediately follow the applied electric field, so that the electric response is gradually developed in time [1][2][3][4]. 
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The faster is the molecular dynamics, the faster the orientation polarization P(t) is building up. The gradual increase of P(t) in time is characterized by the characteristic time 𝜏 which is related to the fluctuation rate of the permanent dipole moments.

The polarization increases following an exponential law and is described as following:

𝑃 ⃗ (𝑡) = 𝑃 ⃗ ∞ + 𝜀 0 ∫ 𝜀(𝑡 -𝑡 ′ ) 𝑡 -∞ 𝑑𝐸 ⃗ (𝑡 ′ ) 𝑑𝑡′ (III.14)
where 𝑃 ⃗ ∞ is the total polarization, 𝐸 ⃗ (𝑡) is the electric field applied, 𝜀(𝑡) is the dielectric function, and 𝜀 0 is the vacuum permittivity.

The previous relation (III.14) can be transformed to a frequency dependence using a full imaginary Laplace' transformation.

𝜀 * (𝜔) = 𝜀 ′ (𝜔) -𝑖𝜀 ′′ (𝜔) = 𝜀 ∞ -∫ 𝑑𝜀(𝑡) 𝑑𝑡 ∞ 0 exp(-𝑖𝜔𝑡) 𝑑𝑡 (III.15)
So, the complex permittivity, 𝜀 * (𝜔) , is deduced from measurement of the time dependent dielectric function, 𝜀(𝑡), via a Fourier transformation (III.15).

The real and the imaginary part of the dielectric function are related to each other by the Kramers-Kronig' relations and described as following:

𝜀 ′ (𝜔) -𝜀 ∞ = 𝐻 [𝜀 ′′ (𝜔)] = 1 𝜋 ∮ 𝜀 ′′ (𝜉) 𝜉-𝜔 𝑑𝜉 (III.16) 𝜀 ′′ (𝜔) -𝜀 ∞ = -𝐻 [𝜀 ′ (𝜔) -𝜀 ∞ ]
where: H is the Hilbert transformation.

The complex dielectric function can be measured in the broad frequency regime from 10 -6 to 10 12 Hz. It can be measured in the frequency domain going from 10 -6 to 10 7 Hz, where lumped circuit methods are used, in which the sample is treated as a parallel circuit of an 51 ideal capacitor and an ohmic resistor [1][2][3]. And it is deduced, using distributed circuit methods in the domain frequency going from 10 7 to 10 11 Hz, by measuring the complex propagation factor [1].

The complex impedance of the sample is calculated as function of the permittivity and is

given by the following equation:

𝑍 * = 𝑈 * 𝐼 * = 1 𝑖𝜔𝐶 *
, 𝑍 * = 𝑍 ′ -𝑖 𝑍 ′′ (III.17)

𝐶 * = 𝜀 * 𝐴 𝑑 , 𝜀 * = 𝜀 ′ -𝑖𝜀 ′′
and

𝑍 ′ = 𝜀′′ 𝜀 0 𝜔 ((𝜀 ′ ) 2 +(𝜀 ′′ ) 2 ) 𝑑 𝐴 , 𝑍′ ′ = 𝜀′ 𝜀 0 𝜔 ((𝜀 ′ ) 2 +(𝜀 ′′ ) 2 ) 𝑑 𝐴 (III.18) 𝐶 ′ = 𝜀 0 𝜀 ′ 𝐴 𝑑 , 𝐶 ′′ = 𝜀 0 𝜀 ′ ′ 𝐴 𝑑 (III.19)
A charge quantity, Q, appears when an alternating voltage V is applied to a capacitor in a circuit (Fig 6). The current in the circuit is equal to the derivative of this charge. The electrical response can be described by two equivalent expressions: the complex permittivity and complex conductivity. The sample is considered as a capacitor in an electrical circuit and the charge, Q, describes the response of the material ( 𝐶 = 𝑄 𝑉

) [1].

Figure 6:

The principle of a dielectric capacitor.
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The parameters of dielectric spectrum (the permittivity and the conductivity) and the molecular dynamics are strongly changed as function of temperature and frequency.

A proportional relation exists between the dielectric displacement, 𝐷 ⃗ ⃗ , and the electric field, 𝐸 ⃗ . It is expressed using the dielectric function. In a free space (vacuum), the dielectric function is a constant equal to 8.85 x 10 -12 farad per meter (F/m), and it is denoted as ε 0 .

For any other materials, this permittivity value is greater than the free-space value.

Depending on temperature and frequency, most of the polymers display both a resistive and a capacitive behavior. Thus, after the application of an electric field in a polymer, both a direct and a displacement current can be measured.

Generally, as a conductive material is considered, the complex conductivity describes the electrical properties of the sample. For an insulator material, the complex dielectric permittivity describes the electrical properties of the material. Consequently, for a complete characterization of the electrical response of materials, both parameters must be used. For this reason, the electrical properties of materials are characterized by complex numbers [1][2][3]. Two equivalent representations are used: the complex permittivity (III.6)

and the complex conductivity (III. and for 𝜎 * = 𝑖𝜔 𝜀 0 𝜀 * :

σ ′ = 𝜀 0 𝜔𝜀 ′′ , σ ′′ = 𝜀 0 𝜔𝜀 ′ (III.23) 53
The complex impedance is written as following: The conductivity of a material refers to its ability to transmit current. It depends on the density of charge carriers (electrons, ions, holes). Thus, conductivity depends on how fast the charge carriers can move in the material. As a consequence, the conductivity increases with decreasing temperature for metallic materials and decreases with decreasing temperature for semiconductors and insulators [1][2][3][4][5][6][7][8][9][10][11][12].

𝑍 ′ = 𝜎′ (𝜎 ′ ) 2 +(𝜎 ′′ ) 2 ) 𝑑 𝐴 , 𝑍′ ′ = 𝜎′′ (𝜎 ′ ) 2 +(𝜎 ′′
II. Broadband Dielectric Spectroscopy:

II. 1. Basics of dielectric spectroscopy:

The dielectric characterization of materials requires the use of a method to extract the parameters like permittivity and conductivity. There are different methods that differ in a set of parameters and Broadband Dielectric Spectroscopy is one of the most powerful and sensitive method that can be used.

Broadband Dielectric Spectroscopy (BDS) also named Impedance Spectroscopy (Fig9) is a powerful technique for investigating different dielectric processes in materials.

Measurements done using the Dielectric Spectrometer give an outlook about the phenomena taking place in materials like charge transport, phase transitions, molecular orientation in polymer systems, molecular rotation in polar liquid, etc.

This advantage gives the possibility to carry out measurements on nanostructured capacitors (going to zeptograms of matter). The use of the Broadband Dielectric Spectroscopy gives the possibility of investigating different systems such as polymer composites, gels, partially crystalline bulk materials, oriented films, thermosets, and elastomers [5-8-9-10]. Moreover, the use of BDS system offers the possibility of measuring 54 the response of nanoconfined systems and ultra thin films of polymers and to investigate the effect of nano-confinement on the molecular mobility [9][10].

The application of an electric field on the material gives a response characterizing its electrical properties, through the measured values of sample capacity. Both impedance, Z * , and admittance, 𝑌 * , of the material can be calculated from the following equation:

𝑍 𝑆 * = 1 𝑌 * = - 𝑖 𝜔𝐶 * (III.26)
The complex dielectric permittivity of the sample is calculated using the following formula, expressed as function of the complex capacitance.

ε * = ε ′ -iε ′′ = C * C 0 (III.27)
where C0 is the empty cell capacitor.

The conductivity is deduced from the dielectric permittivity of the material through the f relation (III.21):

σ * = i ε 0 ω ε *
The complex modulus can be calculated using the expression of the complex permittivity as following:

M * = M ′ + iM ′′ = 1 ε * (III.28)
The specific resistance is calculated as following: In case of solid samples, the thickness of the sample determines the electrode spacing, while for liquids additional spacers may be used [29][30].

𝜌 = 1 𝜎 ′ (III.
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The most important parameters of using the BDS systems (Fig9) is that one can measure over 15 of magnitude in frequency. The electrical properties of the sample can be described in term of resistance, 𝑅(𝜔), and capacitance, 𝐶(𝜔), which are frequency dependent.

Figure 9: The Broadband dielectric spectrometer

All the parameters describing polymer properties from 10 -3 to 10 +7 Hz are easily measured using a Novocontrol system.

Figure 10:

Frequency range considered for BDS spectrometry. [1] 57

The BDS spectrometry enables to investigate different systems and to determine the electrical properties under controlled temperature, from -160 to 400°C. Measurements can be done in dependence of five independent measurement parameters which are frequency, temperature, time, AC/DC voltage. During measurements, it is possible to define a list of temperature ramps and time intervals for a continuous measurement of a sample such as: [28-29-30]  Temperature which is controlled by the temperature controller of the system and the sample cell.

 The dependence in time means that the measurement will be repeated according to the time values defined.

 Frequency of the AC electric field being applied to the sample, to measure its response.

 DC Voltage is a supplementary voltage which can be applied to the sample during the measurement.

III. DIELECTRIC Spectrum:

III.1. Molecular Dynamics:

An electric field applied to a dielectric material for a time <t>, will be turned off after a certain period; the polarization of the sample will not turn off immediately. The permanent dipole moments will take time to return on their initial positions. The present phenomenon is described by ''the dielectric relaxation''.

Obviously, the relaxation process is one of the most important phenomena of materials has to be understood. This process is related to the fluctuations of molecular dipoles (some parts of the structure or all the molecule). When ω increases the real part of the dielectric function decreases, while the imaginary part exhibits a maximum presented in (Fig 11). The frequency of maximal loss is related to a characteristic rate, 𝜔 𝐶 , or to a characteristic relaxation time [11-12-13-14-15].
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III.1.1. Debye' Model:

The Debye' model developed by P. Debye in 1912, describes the dielectric relaxation process of dipoles under the application of an electric field.

ε * (ω) = ε ∞ + ε S -ε ∞ 1+iωτ (III.30)
where, ε ∞ is the permittivity at high frequency, ε S is the static permittivity at low frequency, and τ is the relaxation rate of the material. 

ε HN * = ε ∞ + ∆ε (1+(iωτ HN ) α ) γ (III.33)
where the real and the imaginary part of the dielectric function are described as following:

ε ′ = ε ∞ + ∆ε cos(γφ) (1+(ωτ HN ) 2α +2(ωτ HN ) α cos( πα 2 
))

γ 2

(III.34)

ε ′′ = ∆ε sin(γφ) (1+(ωτ HN ) 2α +2(ωτ HN ) α cos( πα 2 
)) The latter is presented by the α relaxation associated to the dynamic glass transition and it is a segmental mode.

For polymeric materials, the chain length and chain entanglement play an important role in the internal dynamics of the system as well as the temperature [36][37][38][39].

62 Figure 14: Dielectric loss as a function of the frequency for cis-1,4-polyisoprene: normal mode (dashed-dotted lines), segmental mode (dashed line), and conductivity (dotted lines). [2] A. Schönhals showed for cis-1,4-polyisoprene, that using the Havriliak-Negami' equation (III.32) it is possible to separate all the three contributions (conductivity, segmental mode, and normal mode) on the dielectric loss spectra (Fig 14). The relaxations are strongly affected by the temperature and they are shifted to higher frequencies. This is explained by the fact that at high temperature, the molecular mobility is enhanced (Fig15).

For the segmental mode (α relaxation, dynamic glass transition), the dependence of the relaxation rate to the temperature can be described by the Vogel-Flucher-Tamman' relation (VFT).

ln(τ(T)) = ln(τ 0 ) + D T-T o (III.37)
where D is a constant and 𝑇 𝑜 the Vogel temperature.

The other types of fluctuations in the spectra of the dielectric loss are showing an Arrhenius' dependence of the fluctuation time and the relaxation process is described as following:
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τ = τ ∞ exp ( -E a KT ) (III.38)
where 𝐸 ⃗ 𝑎 is the activation energy and K the Boltzmann constant.

The relaxation process is presented as α, β, γ or 𝛿 relaxation processes in the order of decreasing frequencies. In the dielectric spectra displayed (see Fig 15), the imaginary part of the dielectric function was plotted as a function of frequency describing the molecular dynamics of poly methyl methacrylate (PMMA). One can evidence the difference between dependencies of α and β relaxation processes as a function of temperature and frequency.

III.2. Phase transitions:

The phase transitions are related to the change in the state of the system, this change involves absorption or emission of energy. The phase transitions are commonly 64 used to describe the transition between solid/liquid, liquid/gaseous or solid/gaseous states of matter.

In fact, the phase transitions in polymers are related to changes of permittivity as function of temperature and frequency. For polymeric materials, phase transitions are associated with changes in the density, ρ, and the thermal expansion coefficient, α. These changes are quantified using the first derivative of the density, ρ.

α = ∂V ∂T ~∂ρ ∂T (III.39)
The changes of density and thermal expansion coefficient are reflected by the permittivity of the material as they are related to the fact that both electronic and atomic polarizations of the material are proportional to the density.

The density of material varies with numerous parameters such as temperature and pressure. Increasing temperature of materials leads to a decrease of its density which is explained by the increase of its volume. This dependence is different from solids, to liquids, and to gases. The Clausius-Mossotti' relation is written as following: 
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III.3. Charge transport:

The charge transport phenomena of polymeric materials are characterized by a complex conductivity, σ * . At low frequencies, the spectra of the conductivity show a plateau which corresponds to a diffusion process of charge carriers giving rise to the DC -conductivity (Fig19). At high frequencies, an increase in the conductivity values is detected. This increase is explained by a local fluctuations of ''bound'' charge carriers. The transition region between this increase and the plateau of the DC-conductivity defines a characteristic frequency related to the hoping time of the charges. Thus at high frequency, the experimental time is much shorter than the time necessary for the hoping process, so that the charges can only undergo local fluctuations [40-41-42].

The complex conductivity and permittivity are proportional (equa.III.21).

σ * = i ε 0 ω ε *
with ω = 2 π f where f is the frequency of the electric applied field.

Figure 19:

Frequency and temperature dependence of the electronic conductivity of poly(methyl-thiophene). [1] The dielectric spectra of conductive materials are presented as function of temperature and frequency. ). [16] The plateau observed in σ′ corresponds to the linear dependence with a slope of -1 in the spectra of 𝜀′′ which represents the contribution of the DC conductivity. The characteristic hopping rate of the charge carrier is given by fE, which is linked to the deviation from the linear dependence of 𝜀′′. The relation between the hoping rate and the conductivity is presented by the Barton-Nakajima-Namikawa' relation.

The conductivity can be strongly affected by the temperature, the density, the charge carriers and their mobility, and the presence of doping materials (additive to polymer matrix). The delocalization leads to an increase in the electronic mobility in the material. In polymeric materials, three different mechanisms of conductivity depending on the charges associated are evidenced: i/ the electronic conductivity, ii/ ionic conductivity, and iii/ conductivity in complex matrix. As result of the application of an electric field, E, the electrons will move in a direction opposite to the electric field with a velocity, called 70 mobility, μ. The electronic conductivity is made from the movement of ions and holes. [40][41] The electronic conductivity is a charge transport in polymers due to special electronic structure explained by delocalized 𝜋 orbital in the polymer chain.

The electronic conductivity is given by:

𝜎 = 𝜎 𝑁 + 𝜎 𝑝 = 𝑞 𝑛 𝜇 𝑛 + 𝑞 𝑝 𝜇 𝑝 (III.45)
where 𝜎 𝑁 : conductivity due to electrons.

𝜎 𝑝 : conductivity due to holes.

n and p: concentration of electrons and holes, respectively.

𝜇 𝑛 and 𝜇 𝑝 : electric mobilities of the carriers.

q : elementary charge.

For ionic conductivity, ions are responsible of the conductivity mechanism. 𝜎 is represented as following:

𝜎 = ∑ 𝑁 𝑎 𝑛 𝑎 𝜇 𝑎 𝑞 (III.46)
where 𝑁 𝑎 : the number of charges of the ion a.

𝑛 𝑎 : the concentration of ion a.

𝜇 𝑎 : the mobility of the ion a.

q : the elementary charge.

III.4. Charge transport at interfaces:

The electrode polarization is generally present during measurements and affects the dielectric response of the material.

In dielectric spectra, the real part of the complex dielectric function, 𝜀′, increases strongly with decreasing frequency. This effect is not related to molecular relaxation process, but it can be explained by the fact that the charges are trapped at the electrode/sample interface [16].

71

The figure 21 presents the real part 𝜀′ and imaginary 𝜀′′ as function of frequency in logarithmic scale of a poly propylene glycol (1,000g/mol). The curves show the difference between the conductivity, the relaxation process and the effect of the electrode polarization (occurring at low frequencies) (1].

Figure 21:

Real and imaginary components of the complex dielectric function for poly propylene glycol (1,000g/mol). [1] Kremer [1] explained the electrode polarization added to the dielectric spectra by the formation of an electrical double layer with an effective spacing characterized by its length, LD. This author considered that this double layer causes a large capacitance giving a response added to the material under investigation.

III.5. Glass transition:

In amorphous materials, the glass transition is the reversible transition from a hard and relatively brittle state into a molten or rubber-like state. Upon cooling and heating, the material exhibits a smooth step in the specific heat capacity and in the thermal expansion coefficient. The glass state is an amorphous solid which is formed from the melt to rigidity without crystallization [38][39].

The glass transition temperature can be detected by the measurements of the dielectric function; it is presented by a slope between two linear dependencies in the 72 sample capacity. It also can be measured with the use of differential scanning calorimetry.

The glass transition is explained by a change in the thermal expansion coefficient upon cooling, when the sample passes from the liquid to the solid state. 
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V.

Conclusions:

In this chapter, we have seen that polymers are good candidates for being used as dielectric materials due to their good mechanical and chemical properties. "AAO membrAnes" Thus, the fourth chapter provides a comprehensive review about the nature of Anodized Aluminum Oxide membranes (AAO) and their contribution for investigating the behavior of confined materials. The chapter is divided in two parts: i/ an overview of the current state of research, as well as the approaches for processing and manufacturing of the AAO membranes; ii/ a summary of the parameters characterizing AAO membranes and the ways in which they were used as dielectric cells in the present work.

AAO membranes presented in Figure 1 are inorganic membranes, fabricated from aluminum oxide with a highly controlled uniform pore structure.

Figure 1: Anodic Aluminum Oxide (AAO membrane). (This work)

E 82 Over the past decade, well organized, self ordered anodic aluminum oxide (AAO) membranes has been emerged as one of the most important nano-structured devices used in nanotechnology. AAO membranes are strongly used porous cells due to their long term stability at high temperature, their chemical resistance, i.e. to exposure to organic solvents and in a wide pH range. In addition, they provide a rigid uniform surface for cell attachment and growth, stability to microbial degradation, mechanical stability up to high pressures, long lifetime, easy clean-ability, and catalytic activity. The processing procedure is robust, i.e. the pore size is similar from one batch to another one [1][2][3][4][5][6][7][8][9].

Aluminum is a metal having a high affinity for oxygen. On the top surface of the aluminum substrate, a very thin layer of alumina Al2O3 is generated. ''This layer has a high aspect ratio and consists of a porous structure. In engineering applications, the top thin layer must be sealed to avoid corrosion'' [5].

In 1857, the formation of an oxide layer on the top surface of aluminum was observed for the first time. This discovery opened the way to develop many anodizing processes [1]. The formation of this layer was explained by the fact that Al is reacting with the oxygen present in the atmosphere at ambient temperature. The thickness of the oxide layer formed depends on the temperature. It plays the role of protective barrier and it can prevent further corrosion of the metal. This chemical process gets very specific properties to aluminum metal surfaces, such as corrosion resistance, improved hardness, good thermal and electrical insulation as well as the ability to be colored. The range of applications extends from transport to construction, entertainment, decoration... This layer can be produced from a chemical reaction which is the anodization process.

The anodization process generates an oxide layer which can be obtained not only with aluminum but also with other materials such as: magnesium (Mg), niobium (Nb), silicon (Si), tantalum (Ta), tin (Sn), titanium (Ti), tungsten (W), zinc (Zn) and zirconium (Zr). Due to numerous applications, Al is the most important non-ferrous metal and exhibits spontaneously resistant oxide layer (few nanometers). Alumina Al2O3 is the most stable oxide layer and contains 52.8% of the element by weight [1][2][3][4][5][6][7][8][9][10][11][12][13][14][15].
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The history of the aluminum oxidation began in the last century, when the anodization process of metals has been known in the Industry. Since Masuda et al [1] reported the twostep anodization process to obtain self-ordered alumina structures in 1995, AAO membranes or Anodized Aluminum Oxide became one of the most important cells to investigate and to design nano-objects. This discovery was a progress in the preparation of 2D-polydomain porous alumina membranes with a very narrow size distribution and exceptionally high aspect ratios [START_REF] Su | Porous anodic metal oxides[END_REF]. Two years later, a combination of aluminum anodization method with nano-imprint technologies open the door for many research topics, allowing the preparation of a mono-domain porous alumina structure [1][2][3][4][5].

AAO is a platform used for many applications of nanotechnologies, such as the manufacture of nano-materials, biological and technological domains, chemical sensors, the incorporation of those membranes into specific applications, nano-electronic devices, and filter membranes. For example, Graham et al [START_REF] Graham | Modification of standard CMOS technology for cell-based biosensors[END_REF] obtained biocompatible electrodes for CMOS (complement metal oxide semiconductor) integrated circuit by using anodic porous alumina.

In addition, the use of AAO membranes offers the possibility of characterizing the molecular structure of materials at nano-meter scale. Many new features were evidenced for confined systems such as change of density, molecular dynamics, and charge transport.

As phase transitions are basic phenomena related to the structure of materials, our goal will be to investigate phase transitions of highly reduced quantities (attogram and zeptogram-scale) to characterize the state of matter at the level of polymer chains. We have developed and optimized, in the present study, the way of fabrication of the porous media, to be used as dielectric cells.

The anodization of aluminum is an electro-chemical reaction, in which a DC voltage is applied, with a specified temperature range (Fig2). The oxidation of aluminum produces highly ordered and self organized arrays of nanoporous cylinders. The dimensions of the pores are highly controllable and these pores exhibit an hexagonal arrangement which make the membranes strongly used in nano-technologies. Two types of oxide layers are formed during the anodization process: barrier and porous ones [5-6-7-8].

84 1: Pore size obtained as function of the voltage applied and the concentration of the electrolyte for aluminum surfaces. [5] 85 Those characteristic are dependent on the processing parameters applied during the anodization, such as: voltage, temperature of the electrolyte solution, type of the electrolyte used and concentration .

Porous membranes are created in slightly soluble electrolytes such as sulfuric, phosphoric, chromic, and oxalic acids, as reported in table 1. Sulfuric, oxalic, or phosphoric acids can be used to oxidize the aluminum metal with the electrolyte concentrations from 0.2 to 0.5M. The applied voltages vary from 18 to 80 V for a duration of more than 12 hours in order to produce membranes with pore diameters ranging from 20 to 80 nm [10-11-12].

The AAO membranes are composed of parallel cylindrical channels oriented perpendicularly to the surface, as shown in Figure 3. Their morphologies are fully described by the previous parameters. Generally, self-organized two-step anodization process is carried out at low temperature (below 25°C). Structural properties of porous membranes can be completely controlled by the operating conditions of anodization. In this part, the influence of temperature in the pore formation will be described [5].

During the anodization process, temperature should be kept lower than 30 °C in order to avoid: i/ a local heating at the depth of the pores during the anodization process (notably for the anodization with a high potential) as the heat induces an inhomogeneous electric field diffusion, leading to local electrical breakdown of the oxide layer, at the bottom of the sample and ii/ the dissolution of the generated oxide layer structure [START_REF]Aluminum Anodization[END_REF]. Appropriate and suitable anodizing conditions are essential for the fabrication of an ordered structure. The porosity increases with temperature as a consequence of the increase of the electrolyte activity on the pore walls. (Fig4)

Figure 4: Evolution of the porosity as function of the electrolyte temperature of an aluminum sample anodized in sulfuric acid. [2] Increasing anodizing temperature leads to an increase in the porosity and this effect is more pronounced for the higher electrolyte temperatures (for example from 4% at 5°C to 32% at 55°C).

Numerous studies have shown that the increase in temperature causes some reactions between the pore walls and the electrolyte, which will accelerate the pore formation as the growing alumina reacts much faster with the electrolyte solution. As a consequence, the pore diameter increases. Therefore, the speed of the growth of porous alumina is widely affected by temperature. [2][3][4] Figure 5: Pore diameters of self organized aluminum membranes carried out at different temperatures for 30 minutes (A), 60 minutes (B), and 120 min (C). [4] Stępniowski et al have studied the effect of the temperature on the pores growth.

Figure 5 shows the evolution of the pore diameter as function of temperature and applied potential. This combination gives very useful results concerning the control of the pore diameter as function of temperature during the anodization process. For example, as shows the figure 5-A (30 minutes), at 50 V as applied voltage, the pore diameters increased from 40 nm (red color) to over 80nm (yellow color), for temperature going from 35 up to 50°C, respectively. It also increased from 20-25 nm to 50-60 nm for 120 minutes of anodization (Fig 5 -C) for an applied voltage going from 20 to 50 V, respectively [4].

Anodization at 40 V in oxalic acid is performed at temperatures from 5 to 18° C, and from 0 to 2°C in the case of anodization at 195V in phosphoric acid, and from 10 to 12°C for 88 sulfuric acid at 20 V. Generally the porosity decreases with the applied potential and increases with temperature, whereas the pore diameter increases with anodizing potential and temperature. [1][2][3][4][5][6][7][8][9][10] By further lowering the temperature, it is possible to extend the anodization time up to 20 hours to achieve larger membrane thicknesses while retaining the same porous structure [3].

II.2. Type and concentration of the electrolyte:

A selection of the nature of the electrolyte used during the anodization process is required, to obtain a self-ordered pore growth.

Three common types of electrolytes are used according to the applied voltage. Usually, the anodization of aluminium is carried out in sulfuric acid with low potential values (5 ∼ 30 V), whereas oxalic acid is used for medium potential values (30 ∼ 120 V) and phosphoric acid is used for high potential values (100 ∼ 200 V). This restriction is due to the conductivity and pH value of the electrolyte. Therefore, large pore diameters are formed by using the phosphoric acid and small pore diameters are obtained by using sulfuric acid [5][6][7][8][9][10][11][12][13][14].

Literature reports a large variety of electrolytes which has been used for anodization process. In this study, the most common ones were used: oxalic and sulfuric acids. The pore size of the resulting membranes is strongly dependent on the nature and the concentration of the electrolyte used, the voltage applied, and the time of the reaction. The first type of electrolyte (lower concentrated electrolyte) tends to generate oxide coatings which are harder, less porous, and wear resistant compared to those generated from higher concentrated acid solutions. [ at 0°C. [6] Table (2) summarizes the effect of the electrolyte concentrations during the anodization process on the inter-pore distance. It has been shown for samples anodized under low voltages with a concentrated electrolyte that the resulting membranes display a lower inter-pore distance compared to those anodized at high voltages. As a concentrated electrolyte was used, the processed membranes present a large porosity percentage [6].

II.3. Potential:

The applied potential, V, is one of the most important parameters to adjust selfassembly porous alumina. To get highly ordered nano-porous membranes, a high voltage is applied between the aluminum sample as cathode and the platinum as anode. The effects of changing the anodizing potential can directly affect the characteristics of the pores.

90

The voltages used are also dependent to the nature of the acid and molarity. The interpore distance and the porosity of the membranes are proportional to the applied potential.

(Figure 6)

Dint= KU

(IV.1)
where D is the interpore distance, K is a constant, and U is the voltage applied during the anodization reaction.

Figure 6: Interpore distance as a function of the applied potential of AAO membranes formed using oxalic sulfuric and phosphoric acids. [48] As reported, the nano-porous AAO membranes are made using a controlled voltage and two-step anodization in different acid solutions. During the anodization process the voltage should be kept constant. The thickness of the barrier layer formed can be approximately estimated as half of the interpore distance [START_REF]Aluminum Anodization[END_REF].

The self-organized AAO membranes for a given applied voltage display a narrow pore distribution. This voltage is different from one electrolyte to another [6-7-8].

Figure 6 shows that using sulfuric acid, the application of low voltages (20~25 V) is required, to produce membranes with small interpore distance (50 nm) (in red). Whereas, 91 anodization done using oxalic acid at 40V, (in pink), leads to AAO membranes having 100 nm as interpore distance. The membranes produced by using phosphoric acid and the application of voltage higher than 150 V (in green) display interpore distance values close to 400 nm.

Figure 7 gives the pore diameter as a function of the applied voltage for AAO membranes, after 30 minutes and 60 minutes of anodization process. One can observe that the pore diameter as well as the porosity increases as the applied voltage increases. [4] The pore diameter increases linearly with the anodizing potential and for a given potential, the pore diameter increases with increasing temperature. Studies reported in the literature have shown that the potential plays an important role in adjusting the characteristics of the membranes formed [4].
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Figure 8: Influence of anodizing voltage on pore density of AAO membranes formed by two-step anodization of high purity aluminum plate. [24] Figure 8 taken from literature shows the pore density as function of the voltage applied during the reaction (increasing from 0 up to 200 V), with using sulfuric acid (in blue)

for voltages lower than 50V, oxalic acid (in green) for voltages between 40 and 60V, and phosphoric acid (in red) for voltages higher than 150V. These results demonstrate that the pore density decreases as function of the applied voltage.

II.4. Anodization time:

Nevertheless, it was reported that the intensity of the current produced during the anodization process increases to a limit value. Over that time limit, the thickness of the barrier layer will not increase even with extending the anodization time. The electrical resistance of the film increases with its thickness and slows down its growth under the action of the current. Thus, a balance between the growth of the layer and its chemical dissolution by the electrolyte exists [3].

It is important to mention that after a long time of anodization, the experimental conditions are changed at least locally because of limitations related to the distribution of species. The acid concentration within the pore is different from the rest of the solution altering the growth conditions [5][6][7][8][9].
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It was reported in literature (Fig 9) that for obtaining thick layers and to extend the duration of anodization, the use of "hard anodization" in sulfuric acid is preferred. In such a case, maximum thickness of 500 microns could be obtained whereas 35 µm thick layers are obtained for anodization done with oxalic acid, i.e. in "soft anodization conditions". 3M of oxalic acid. [9] Figure 10 shows the influence of the anodization time on the alumina pore ordering.

The regularity ratio estimated from the FFT intensity profiles (Fast Fourier Transform), changes with anodization time. The average regularity ratio gives details about the regularity of pores, and it is influenced by the number of pores and the analyzed surface area. A slight increase of the averaged regularity ratio was shown and the pore ordering increases with the time. In addition, a slight increase of the pore widening with the duration of the anodization was observed [9].

The regularity was close to 2% for 40V (in red) at 35°C (a) after one hour of anodization process and it was close to 4% after 2 hours keeping constant the applied voltage and the temperature, which confirms a higher ordering for 2 hours than for 60 minutes. (Fig 10)

95 3M of oxalic acid. [9] A quantitative analysis of the defect maps (Figure 11) demonstrates that for long anodization durations, only few defects are present on the sample surface, and a better arrangement of pores is obtained. For 40V (in red), the percentage of defects is close to 15% for 30 minutes of anodization at 35°C (Fig 11-a) and is equal to 10% after 2 hours. At 40°C (Fig 11-b) the percentage is close to 32% at 30V after 30 minutes of anodization (in blue) and is equal to 20% after 2 hours of anodization at the same voltage [9].

As reported in Figure 12 the average area of pores is plotted as function of anodization time. The results show a linear dependence on the anodization time. Feiyue Li et al [10] proved that the anodization process is similar to grain growth in metals for which the driving force is the grain boundary energy per unit area. For grain growth at a given temperature, the average radius, R, is a function of the time t:

𝑅 = 𝐵𝑡 𝑛 (IV.2)
where: B is a temperature-dependent parameter.

n is a constant close to 0.5-0.4

t is the time.

The domain size increases with the increase of the first anodizing time.
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Figure 12: Domain growth as function of anodizing time for AAO membrane anodized under 40V in 3% C2H2O4. [10] The anodization process was done at two temperatures, 0 and 15°C. The anodized area displays not only a linear dependence as a function of the duration (described by relation IV.

2) but also a dependence with the temperature.

The time of the anodization process is playing an important role to obtain highly ordered nanoporous membranes as reported from the literature studies. In this study we focused our effort in studying the effects of the anodization parameters in order to produce perfect nanoporous membranes. We have changed several parameters during the reaction (time, temperature, potential, concentration, polishing steps…). In the next part, we are going to show the results that we got in order to fix the perfect way of processing to produce nanometric cells [10].

Figure 13 shows SEM images for different samples anodized under the same conditions (voltage, nature, and concentration of the electrolyte) for different anodization durations.

From those SEM images, one can observe that there is a limit on the anodization process which should be reached to ensure the ordering of the generated pores. Scanning electron microscopy was used to scan the structure of the AAO membranes formed after 4 different durations of anodization using oxalic acid (0.3M). The process was done at 17°C and at 40V 97 as applied voltage under continuous stirring. The SEM images correspond to 4 samples anodized for 2h, 4h, 6h and 8 h, respectively (as first step anodization process). The samples are treated by using chromic acid in the same way, in order to dissolve the first porous structure and to look at the structure at the bottom of the surface. For 2h and 4 h as first step anodization process, a random distribution of the pores, is obtained. After 6 hours of anodization, the pores started to be ordered in some regions, whereas after 8 h of reaction (d), the pores are highly ordered and display a narrow distribution. SEM micrographs prove the existence of an anodization duration limit of the first step anodiation process, i.e. 8 hours.
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II.5. Surface state: defects

Aluminum with a high purity (≥ 99.99 %) is strongly used to obtain self-ordered porous alumina. The anodization of aluminum sample without eliminating impurities from the top surface could give rise to defects [23].

It is reasonable to expect that anodization of aluminum having impurities leads to defects since impurities have a different volume expansion coefficient than aluminum [START_REF]Aluminum Anodization[END_REF]. was perfectly polished and the defects are eliminated, the structure of the pores is perfectly ordered. Thus, the mechanical polishing process is required to remove impurities from the aluminum surface, i.e. to reduce defects.

Studying the structure of AAO membranes generated considering different routes for polishing process shows how impurities on the surface of the sample can influence the pores formation and their size distribution.

II.6. Summary:

We can conclude from studying the influence of the parameters of the anodization process on the formation of the AAO membranes, that:

-The morphology of porous alumina can be perfectly controlled from the proper selection of the electrolyte.

-The inter-pore distance is determined by the applied potential while the diameter of the pores is initially determined by the nature of the electrolyte and potential but may slightly fluctuate for extended anodization times.

-The thickness of the membrane is controlled from the nature of electrolyte and the temperature. In order, to obtain thick layers, it is recommended to use a sulfuric acid-based electrolyte "hard anodization".

III. AAO membranes:

In the subsequent part, we are going to present the protocol that has been considered in this work to produce the porous membranes as well as the characteristics of the fabricated membranes.

By adjusting the anodization parameters, a highly ordered nanoporous layer will be formed on the top surface of the aluminum sample with controlled characteristics as seen in the previous part. The first anodization of aluminum takes place, usually, in an acidic solution (sulfuric, oxalic or phosphoric acids), under a fixed voltage and at a given temperature.
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The anodization process at low temperatures (0°C<T<25°C) leads to a thick, compacted, and hard porous films, whereas, at high temperatures (60°C<T<75°C) thin, soft, and non-protective films are formed. The anodization process produces an oxide structure made of two different layers: a porous film growing on top of an inert compact film, denoted as "barrier film". The type of the layer or film formed depends directly on the nature of the used electrolyte and the anodization time. Applying a DC voltage between the aluminum sample and the cathode, an oxide layer will be formed. The Al 3 + ions that have vacated the metal substrate were retained in the oxide layer formed. The layer starts to grow and the voltage increases until the formation voltage value is obtained. The layer formed has a stable thickness ("Barrier type" alumina).

As reported in the literature, the thickness of barrier-type alumina is mainly determined by the applied voltage. The anodizing ratio, which is presented as oxide thickness formed per volt, proves that the barrier type films are also highly influenced by the type of metal which undergoes anodization [1][2][3][4][5].

The pore formation in aluminum oxide films takes place with random locations and non defined directions. When the anodization process progresses, a regular formation of pores having a well defined direction, takes place with time. Table 3: conditions for the anodization process have been processed in the present work.

Table (3) summarizes the parameters which we have been considered in this PhD study to achieve the anodization process of aluminum and to produce highly ordered arrays of pores. This combination between these conditions and the nature of the electrolyte defined the optimized route for producing nano-containers dedicated to dielectric measurements, in the present work.

The "hard" anodization is done with 0.3 M of oxalic acid at 17°C under 40V as applied While the porous layer is formed in electrolyte with pH lower than 5, it is produced after the barrier layer. The instability caused by the important flow of the Al 3+ ions leads to the appearance of hemispherical shapes (III.3.1) .

III. 1. Mechanical polishing:

Generally, mechanical polishing is a process used to improve the top surface of metals in order to prevent contamination, to remove oxidation, to prevent corrosion and create a reflective surface. In this work, abrasive papers and diamond solution with different grain sizes were used to polish the aluminum sample.

For producing nano-containers, the mechanical polishing is an important step as it is necessary to reduce the roughness of the pristine aluminum surface. We started from the most abrasive paper and we finished with a silicon paper, (The polishing rate is 300 rotations per minute for 240 seconds). Then, the polishing process was followed by treatment using diamond solutions (silica nanoparticules), with different grain sizes to finally get the mirror surface. 

III.2. Electro-polishing process:

Electro-polishing is a chemical process for surface processing. It has the same principle as the mechanical polishing. This process reduces micro-roughness from the top surface of the sample. Electrolytically removing ion by ion is applied to the sample surface under the application of high voltage. In the Industry, this process is used to improve corrosion resistance and it became a conventional surface treatment [11][12][13][14][15].

Generally, this reaction is done by passing an electric current as the sample is immersed in an electrolyte solution (perchloric acid) with a specific composition (Figure 19). The electro-polishing process is the opposite of electroplating process. A series of stainless steel or copper plates can be installed to the negative side of the power source making them cathodic (platinum was used in our case) playing the role of the negative electrode during the reaction [11].

Figure19: The electro-polishing process.

A voltage is applied and the electrolyte acts as a conductor to allow metal ions to be extracted from the aluminum surface. While the ions are carried towards the cathode, the majority of the dissolved metals remain in acidic solution. The quantity of metal removed 106 from the aluminum sample is proportional to the applied current, the nature of the electrolyte and the time [11][12][13][14][15][16][17][18][19].

Before applying the electro-polishing process on the aluminum sample, the substrate can be annealed at 500°C (which is equal to two-third of the melting point of the Aluminum) in inert atmosphere for 2 to 5 hours and cooled down (room temperature) to prevent oxidation. During this annealing process the Al grain size increases and larger grain boundaries are evidenced [11][12][13][14][15][16][17][18][19][20].

For our case, the aluminum foil was degreased with acetone first and then electropolished for 10 min in a solution of perchloric acid (60%) and ethanol (1:4 vol) mixture at 5°C as temperature, with a continuous magnetic stirring. According to Di Ma [8], for fixed values of potential and using an electro-polishing solution with a higher concentration of ethanol in the electrolyte, the spacing of the pattern lines formed after the anodization process is small. Thus, they supposed that the spacing of the pattern lines depends on the concentration of ethanol in the electrolyte, and especially on the stirring. Literature shows that the stirring has large influence on the structure of the resulting surface. In order to study the effects of the stirring upon the aluminum electro-polishing efficiency, the following AFM images show the difference on the resulting surface structure with and without stirring [8-11-12-15].

108 b) with stirring during the electrochemical polishing. [8] For the first sample, the structure shows closer stripes, while the second sample displays stripes with closer spacing as pattern lines. The magnetic or ultrasonic stirring is an important factor to perform the electro-polishing process. The AFM images show that the nano-stripes were smaller on the electro-polished surface produced with stirring than on the sample electro-polished without stirring. According to Di Ma et al, the electro-polishing process combined with stirring could increase the electrochemical reaction efficiency and tailor the spacing of the pattern lines [8].

III.3. Anodization process:

III. 3.1. First anodization process:

As an electrochemical process, the anodization of aluminum changes the surface chemistry of the sample via oxidation. During this reaction, the aluminum undergoes dissolution. It was mentioned in literature that the pore formation mechanism is a combination of both random nucleation and nucleation produced by the influence of the surface defects. It is necessary to note that the surface defects are favored sites for pore 109 nucleation. In addition, reported studies have shown that the growth rate of the formed oxide layer is reduced by the presence of other elements in the Al substrate, as well as, the structure of the oxide layer [4][5].

The first step anodization process was carried out for at least 12 hours, to ensure the formation of the ordered porous layer on the bottom surface of the sample.

The pores formation depends strongly to the ability of the electrolyte solution to make an important flow of Al 3+ ions from the aluminum substrate into the electrolyte. The flow of Al 3+ ions into the electrolyte takes place. As a consequence, there are regions where the formation of new oxide at the oxide/electrolyte interface is inconstant which leads to variations in the applied electrical field and to a decrease in the dissolution rate (pH<5).

This mechanism produces metal/oxide and oxide/electrolyte interfaces with a large number of hemispherical shapes corresponding to the pore density, i.e. to the pore formation [30-31-33].

Consequently, the electric field tends to be more concentrated at the oxide/metal interface because of the focusing effects of the hemispherical shapes which will increase the dissolution. The generated hemispherical shapes are the foundations on the pore nanostructures which are influenced by the presence of impurities, scratches, grain boundaries, and surface treatments done prior to anodization. During the anodization, the barrier layer regenerated with a continuous oxide growth and transformed into a semi-spherical structures-based layer of constant thickness leading to pores [3-4-5-6].

The dissolution reaction is presented as following:

2 Al 2 Al 3+ +6e - (IV.5)
The resulting reaction at the cathode produced hydrogen gas:

6H + + 6e - 3H2 (IV.6) 110 
The reaction taking place into the metal/oxide is the following:

2Al + 3O 2- Al2O3 + 6e - (IV.7)
At the oxide/electrolyte, Al cations react with the water molecules and give rise to the following reaction:

2Al 3+ + 3H2O Al2O3 + 6H + (IV.8)
As the consequence, the general equation of the anodization process will be written as following:

2Al + 3H2O Al2O3 + 3H2 (IV.9)
The motion of the ions during the anodization reaction could be presented in the following scheme: The ions movements produce different current densities according to four domains which are presented by the following figure.

Figure 24: Current density as function of anodization time during nanopores formation. [48] Jbarrier and Jporous refer to the current density for the barrier film and the porous film formation, respectively. Jhp represents a hypothetic current density. This density is the difference between Jp and Jb. The first regime shows the current density for the barrier film, which it decreases rapidly. For the second regime, the current density passes through a minimum and increases again to reach a maximum which corresponds to the third regime.

Then, a slight decrease occurs before reaching the fourth regime for which it remains constant [START_REF]Aluminum Anodization[END_REF].

Jp is the real or pure current density for creating pores [20]. Jhp depends on temperature, nature of the electrolyte, and applied potential. In the first regime (1), the barrier layer which is non conductive oxide covers the surface of the aluminum sample. In the second regime (2), the electric field focused on fluctuations of the surface leading to an enhanced dissolution in the generated oxide (regime 3), i.e. to the growth of pores. Then, the current density decreases (regime 4) and the Jp maintains an equilibrated state. In this stage, the pores start to grow in stable manner. During this regime the stable pore growth 112 and the current density continues to decrease slightly due to diffusion limits in the long pore channels [START_REF]Aluminum Anodization[END_REF]. The formation of the hexagonal-ordered pore arrays can be explained by the mechanical stress model proposed by Jessensky et al [20]. They have shown that the pore formation is produced by the migration of the oxygen (O2 -or OH -) from the electrolyte. In addition to the mechanical stress model which causes the pore formation, there is also the dissolution and thinning of the oxide layer due to the hydration reaction of the formed oxide layer, and the stress caused by the volume expansion during the anodization process [START_REF]Aluminum Anodization[END_REF].

The columnar structure with a high aspect ratio is established from the vertical growth of the pores. The central channels extend from the base of the pore to the surface of the oxide layer [5][6][7][8][9][10][11][12][13][14][15][16][17][18][19][20].

S.J. Garcia-Vergara et al [21] found that the motions of ions (pore growth) advance from the metal/oxide interface of the barrier layer towards the growing wall structure. This flowing motion is associated to the mechanical stresses being generated by the formation 113 of the new oxide within the pore base and by the repulsive forces occurring between neighboring pores during the growth of oxide layer.

The difference of the volume expansion of aluminum Al and alumina, Al2O3, gives rise to these repulsive forces. The volumetric expansion factor is due to the difference in the density of aluminum in the substrate (2.7 g cm -2 ) and in the alumina (3.2 g cm -2 ). However, the value of the expansion factor under conventional experimental conditions is less than 2. At the metal/oxide interface, the large oxide expansion contributes also to the hemispherical shape of the pore base.

According to Jessensky et al [20], if the mechanical stress is maximum (ξ=2), no pores can be formed. If the stress is too small (ξ <1.2), a disordered porous alumina array is generated.

Ordered pore growth is obtained when the reaction is in the case of intermediate stresses

(ξ =1.2).
When the stress state is between 1.3 and 2 due to the strong repulsive interactions, the size of the domains of self-ordered porous alumina will decrease [5].

Using oxalic acid at 17°C with the application of 40V, the anodization process was The first step of the process should reach the time limit (8 hours) to ensure ordering (see IV.4). Regularity ratio increases with oxide layer thickness formed during the first anodization . To get a high regularity of pores and low defects on the surface, the sample should be anodized at least 8 hours, leading to highly uniform arrays. Therefore, the percentage of defects is decreasing with the increase of oxide layer thickness formed during the first step of anodization.

III.3.2. Chromic acid treatment:

The porous layer formed after the first anodization displays top surface with non ordered pores while at the bottom of the surface, the pores are already starting to be highly The micrograph (b) shows the structure at the bottom surface where one can see the ordering of the pores. From this structure, a second anodization process will be done to form highly ordered nano-porous membranes.

III.3.3. Second anodization process:

The second anodization is done using the structure of the concaves obtained after a first The spontaneous self-ordering of the pores also limits the size of pore. 117

The sample structure appears to be divided in two regions: zones with ordered pores and some zones with randomly distributed pores. The first step anodization was carried out for 2 hours (which means that the pores did not have the time to reach the self ordering during the reaction). The chemical etching gave rise to un-parallel concaves. The second anodization was done based on the structure obtained after the treatment with the chromic acid. The effects of the second anodization process depend strongly on the porous structure formed during the first step.

The steps of the anodization process, starting from the mechanical polishing, electrochemical polishing, first anodization, chromic acid treatment, the second anodization process, and finishing by the detachment treatment are presented in the following figure .  118 The relationship between processing parameters and membrane morphology has been studied and it was found that the pore diameter, Dp , the inter-pore distance, Dint , as well as the depth of the channels (pore length), Lp , and the thickness of the barrier layer, Lb , can be varied by tuning the anodization parameters (IV.I Fig3). The use of Scanning electron microscopy (SEM) allows to a deeper understanding of the porous alumina structures. (see first part)

IV.1. Interpore distance:

The interpore distance increases linearly with the anodic potential and the relationship obtained from disordered porous anodic alumina also fits for periodic pore arrangements.

The proportional relation is described in (IV.1) DInt = λc U, where λc is a constant and U is the applied voltage.

The increase of the anodized voltage leads to an increase in the inter pore distance and Dint is assumed to be related to the anodizing potential by the following relation:

𝐷 𝑖𝑛𝑡 = 𝜀𝑈 𝑎 = ( 𝐶 𝑝𝑜𝑟𝑒 + 𝐶 𝑤𝑎𝑙𝑙 )𝑈 𝑎 (IV.9)
where Ua is the anodizing potential, Cwall is the coefficient determining the wall thickness and depends on the barrier thickness τ barrier, the following relation:

C wall = τ wall τ barrier (IV.10)
CporeUa and CwallUa are the pore diameter and the wall thickness, respectively.

Additionally, according to Cabrera and Mott's theory [31], the barrier thickness, the anodizing potential, and the current density (j) are linked in the following relation:

121 j = j 0 exp ( βU a τ barrier ) (IV.11)
where, j0 and β are both, material and temperature dependent parameters [31].

Concentration of sulfuric acid (wt %)

Interpore distance (nm) Voltage (V)

12.5 15 20

3 32±3 36±1 45±8 5 31±3 38 
7 31±3
10 32±5

30±3

Table 4: Interpore distance of AAO tubular membranes produced by 3 wt %, 5 wt %, 7 wt %, 10 wt % and 20 wt % sulfuric acid at 12.5, 15 and 20 V at 0°C. [6] The table presents the values of interpore distance as a function of the acid concentration used during the anodization process. The interpore distance increases when the applied voltage increase and it remains constant at an average value depending to the concentration of the electrolyte [6].

IV. 2. Pore diameter:

It was shown in the first part of this chapter, as well as in the literature, that a linear relation exists between pore diameter, cell diameter, and voltages for oxalic, phosphoric, sulfuric, citric, malonic, and tartaric acids. The pore diameter is predicted according to the following equation:

D p = λ p U (IV.12) 122
where 𝜆 𝑝 is the pore proportionality constant = 0.9 nm/ V, and U is the applied voltage. The average pore size of the AAO membranes was close to 15 and 40 nm in 0.3 M of sulfuric acid at 20 V and 0.3M of oxalic acid at 40 V, respectively. Table 5 summarizes results from the literature about pore size of AAO membranes for different concentrations of sulfuric acid.

TABLE 5:

Different pore sizes of AAO membranes produced by 3 wt %, 5 wt %, 7 wt %, 10 wt %, and 20 wt % sulfuric acid at 12.5, 15, and 20 V at 0°C. [6] From these values, one can see that high voltages are only applied with the use of low concentrated sulfuric electrolytes. In these conditions, AAO membranes with 24 nm in diameter are produced. For producing small pores diameter, it is recommended to use high concentrated solutions associated with the low voltages.

IV.3. Pore length:

With varying the anodization conditions, the longitudinal growth of the pores increases with the increase of the migration velocity of the reactive cation and anion ions.

This effect is confirmed by the growth of the AAO thickness with the anodization time. The increase of the acid concentration leads to an increase in the membrane thickness due to its high oxide growth. Furthermore, the increase in current gives larger impetus for larger volume expansion which pushes more oxide up the walls, i.e. leads to a thicker membrane.

Concentration of sulfuric acid (wt%)

Pore size (nm)

Voltage (V) [6] V. AAO membranes: Nanoporous_Nanocontainers as dielectric cells.

Nowadays, porous alumina is one of the most important template materials for the production of nano-wires or nano-tubes with mono-disperse and controllable diameter and high aspect ratios.

The AAO membranes were used in the present work for different purposes depending on the characteristics of the oxide layer formed. The AAO cells with long pores were used as effective tools to fabricate polymeric nano-tubes and nano-wires and to investigate the influence of the flow process on the behavior of confined systems.

In this thesis, AAO cells were used also as measurement platforms (nanocontainers) to investigate the phase transitions of attograms and zeptograms of polymeric materials and ionic liquids into 3D nano-confinement.

124

The transition between confinement into 2D and 3D nanometric structures was evidenced with the use of AAO membranes with both long and short pores.

To carry out dielectric measurements with the use of AAO membranes, we need to depose a conductor layer on the top surface of the membrane to serve as an electrode. For the membranes used for nanofluidics measurements, the metallization was done on both sides. While for the AAO cells used as nano-containers, a thin electrode of metal (gold or platinum) was sputtered on one side of the membrane, as first electrode, and the part of aluminum which was not anodized was serving as second electrode. Figure 34 shows a model presenting both types of membranes (nanofluidics cells, and nanocontainers). To ensure good electrical measurements and to eliminate the impurities and the defects from sample surface, the layer of metal sputtered should be as thick as possible in order to eliminate the dispersion and the perturbation on the dielectric measurements. Depending on the type of measurement, the thickness of the metal deposed was ranging from 20 nm to more than 50 nm.

If the membranes were filled by the material to be investigated at first step, there is no limit on the thickness of the metal deposed. While for the membranes which are filled after the metallization process, the thickness of the metal should not exceed a limit in order to keep the pores opened.
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The following SEM micrographs (Figure 34) show the dependence of the metal thickness deposit on the top surface of the AAO membrane. ii/ The second type is the nano-containers where the porous layer remains attached to the aluminum part. This second type will be divided into two types: nanocontainers with long pores for 2D nano-confinement measurements and nanocontainers with short pores for 3D nano-confinement measurements.

The nanofluidics cell is obtained by detaching the porous layer formed after a long anodization process from the aluminum substrate using a mixture of 2,3-butanedione and perchloric acid with application of voltage at low temperature .

This process makes the detachment of the AAO membrane easy, clean and inexpensive, with great potential for the mass production and the development of the AAO membranes.

The process is described in Figure 35. The applied voltage during the detachment process depends to the voltage applied during the anodization process. For the nanofluidic cells, the first anodization process was carried out for 14 hours as first step followed by a treatment with chromic acid. A second step of anodization process was run for 10 hours at least to get pores between 20 to 60µm in thickness.
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The following figure (Figure 36) corresponds to AAO membranes anodized for 14 hours followed by a chemical detachment.

The difference seen between the membranes is due to the difference in pore diameter The following micrograph corresponds to the nanostructure (SEM images) of the porous membranes detached (Figure 37). The figure 40 shows that using AAO membranes with different dimensions allows the differentiation between both 2D and 3D nano-confinement effects. The phase transitions of poly ethylene glycol confined into 2D (red color) and 3D nano-structures (green color)

were measured by means of dielectric measurements and with the use of two different types of AAO nano-containers (short pores) and AAO membranes with long pores. The transition from 2D to 3D nano-confinement was evidenced and the results were also proved by measuring an ionic liquid, i.e. -ethyl-4-methylpyridinium-bistrifluoromethylsulfonyl imide. 

VI. Conclusion:

We have seen in this chapter that self organized highly ordered array of cylindrical shaped nanopores can be produced with highly controllable pore diameters, porosity, inter pore distance, and pore length. Porous anodic templates of aluminum were synthesized and morphologically characterized. AAO membranes are characterized by a homogeneous morphology of parallel pores which allows using them for very sensitive dielectric measurements and giving the possibility to reach the scale of zeptograms (10 -21 gram) of matter and study the behavior of such small amount of matter under confinement conditions.

Table of contents:

Chapter V: Nanofluidics approach to separate between Static and kinetic nano-confinement effects on the crystallization of polymers: Using highly ordered nanocontainers as experimental cells, we demonstrate an experimental approach which allows one to crystallize extremely small amounts of matter (i.e. attograms, 1 attogram = 1e-18 gram) under the influence of high electric fields (i.e. 1e6

V/cm). Based on dielectric investigations on poly(vinylidenefluoride-co-trifluoroethylene) (PVDF-TrFE), we report the formation of a more ordered state of matter, as evidenced by a shift to higher temperatures and by a narrowing of the crystallization process.

Additionally, a novel molecular relaxation attributed to an enrichment of the amorphous phase in the vicinity of interfaces is found. Our findings bring evidence for the ability of manipulating nano-confinement effects, which adds a new dimension in the paradigm of tailoring material properties by confinement.

Results-Discussion:

The crystallization of polymers under conditions of geometrical nano-confinement leads to nano-materials exhibiting physical properties different from those in the bulk 1-8 . This is due to finite size effects, to molecular interactions caused by the presence of interfaces as well as to orientation effects imposed by the symmetry of the confining geometry. The geometrical nano-confinement can be thus used to manipulate the state of a polymer and to induce physical properties not naturally available in the bulk 9-24 . Overcoming the strong interactions that lead to substantial changes in the properties of nano-confined materials would open the possibility of "modulating" confinement-effects, with the perspective of inducing new material properties different from those in the bulk and in nanoconfinement. This would add a new dimension in the paradigm of manipulating material properties by nano-confinement. Overcoming confinement-effects at the nanoscale, however, requires the impact of strong external perturbations. This is a consequence of the fact that molecular interactions have their characteristic length-scale in the range of nanometers. In nano-confined materials, the sample dimensionality becomes comparable to the length-scale of the molecular interactions, leading to a behavior which differs from the bulk. The ability of manipulating confinement effects requires thus external 166 interactions stronger than the molecular interactions which govern the behavior of nanoconfined materials. Based on the concept of using ordered nanocontainers as experimental cells, we demonstrate here the ability of manipulating confinement effects, by crystallizing attograms of polymers (1 attogram = 1-18 grams) under the influence of high electric fields.

Our approach is based on the corroboration of two essential ingredients: (a) investigating extremely small amounts of matter; and (b) applying strong external perturbations. The formation of a more ordered state of matter upon crystallizing attograms of matter under high electric fields is reported, as evidenced by a shift to higher temperatures and by a narrowing of the crystallization process. Our study opens the perspective of inducing material properties not naturally available in the bulk and not accessible by means of geometrical nano-confinement.

The experimental approach used to crystallize attograms of mater under high electric fields is based on the concept of employing highly ordered arrays of identical, independent, additive nanocontainers as experimental cells. These cells, having all their three dimensions on the nanometric length-scale, are used to hold and measure samples as small as attograms of material. The nanocontainers 25 are prepared in a two-step electrochemical anodization process of Aluminium 26-27 . The anodization consists basically in applying a voltage between a Platinum and an Aluminium electrode, both immersed in an acid solution of controlled concentration and temperature (Fig. 1). 

Sample preparation:

To prepare the bare Aluminium substrates (Fig. 1a) for the anodization process, the samples are mechanically polished first (Fig. 1b), followed by an electrochemical polishing procedure (Fig. 1c). The first anodization step, initially taking place in a random manner (Fig. 1d), undergoes with the time a self-ordering phenomenon which leads, at the end of the anodization procedure, to highly ordered (hexagonally packed) arrays of nanopores with a narrow distribution of pore diameters and interpore distances. The porous membranes obtained after the first anodization are removed by chemical etching in a solution of chromic acid, leading to Aluminium surfaces exhibiting an ordered structure of nanopits (Fig. 1e). Using these pre-structured Aluminium surfaces, a second anodization procedure is initiated to fabricate highly order arrays of nanopores, with controlled distribution of pore diameters and interpore distances (Fig. 1f). The length of the nanopores can be controlled by adjusting the anodization time. Short anodization times (typically in the order of 1 to 5 minutes) lead to nanopores with a length between 100 nm and 500 nm (Fig. 2a). The short nanopores ("nano-containers") resulting from the second anodization process exhibit insulating properties because, due to anodization, Aluminum is transformed into Aluminum Oxide Al2O3. small DC-bias applied between the electrodes leads to extremely high electric fields (i.e. 1e6

V/cm) that can be applied on attograms of matter.

Furthermore, the nano-containers have all their three dimensions on the nanometric length-scale, with typical diameters between 15 nm and 60 nm and with a typical length of 200 nm. They can be thus used as dielectric nano-cells (Fig. 2b), to investigate, via permittivity measurements, amounts of matter as small as attograms.
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In order to carry-out the dielectric measurements, the Aluminium substrate that was used for the anodization process is employed as the lower electrode. The upper electrode is obtained by sputtering a thin layer of gold on top of the nanoporous structure. Two different approaches can be followed: (i) the upper electrode is deposited first on the empty sample cell and the sputtering process is optimized in order to keep the nanopores still open. The nanocontainers are filled afterwards by the material to be investigated. (ii) the nanocontainers are first completely or partially filled with the material under study and, after a thermal treatment at high temperature, a thin layer of gold is sputtered on the sample surface to serve as an electrode.

Dielectric measurements:

The typical dielectric spectra measured for the empty cells show a dielectric response characteristic for insulating materials ('=5.2 and ''=0.02), with no dielectric dispersions and a negligible temperature dependence. This method allows, furthermore, to apply a DCbias during the dielectric measurement which opens the possibility of investigating the behavior of nano-confined materials under the influence of high electric fields. A substantial advantage of this procedure consists in the fact that the length of the sample cells has nanometric dimensions: high electric fields can be obtained by applying small voltages. For instance, a voltage of 10 V applied on a porous membrane with a thickness of 100 nm produces an electric field as high as 10 6 V/cm.

The nanocontainers can be completely or partially filled, usually by solution, with the material to be investigated. After the filling process, the solvent is evaporated by a thermal treatment for ~ 10 hours in an inert atmosphere of pure nitrogen gas at temperatures wellabove the melting point of the polymer and the boiling point of the solvent. The amount of matter hold in the nanocontainers can be controlled by taking into account the volume of the nanocontainers -adjustable by changing the anodization conditions -and the concentration of the solution used for the sample preparation.

Three essential conditions are fulfilled to validate the current approach: the nanocontainers are identical, independent and additive. The additivity is resulting from the fact that the applied electric field is parallel to the long axis of the nanopores. This orientation of the electric field is imposed by the symmetry of the sample cell (the pore 171 length is much larger than the pore diameter) and leads to a parallel arrangement of elementary capacitors. Consequently, the global response represents an arithmetic sum of the local responses of the nanocontainers. In this way, attograms partitions of matter are realized and investigated in a single measurement that is directly reflecting a statistical ensemble.

Bulk measurements:

In the current study on crystallization of attograms of materials under high electric fields, poly(vinylidenefluoride-co-trifluoroethylene (PVDF-TrFE, Mw=170.000 g/mol, purchased from Piezotech) is investigated. The phase transition behavior of the this polymer in the bulk is presented in Fig. 3, showing the real part of the complex permittivity ' (Fig. 3a,b) and its first derivative in respect to temperature (Fig. 3c,d) measured upon cooling and heating. The data are compared to measurements by Differential Scanning Calorimetry (Fig. 3e,f) carried-out under identical experimental conditions. A crystallization process and a ferroelectric Curie transition is observed on cooling while a Curie transition and a melting process is detected on heating.

The dielectric measurements show no dependence on frequency, which is characteristic for a dielectric response dominated by density variations corresponding to phase transitions 28 . This is due to the fact that, in spectral regions not affected by dielectric dispersions, the Clausius-Mossotti relation leads to a proportionality relationship between the first derivative of density and the first derivative of permittivity 𝜕𝜌 𝜕𝑇 ≈ 𝜕′ 𝜕𝑇 . Since phase transitions are accompanied by changes in density, the first derivative of permittivity turns out to be a very powerful tool in characterizing the phase transition behavior of materials 28 . The comparison with calorimetric measurements by Differential Scanning Calorimetry leads to an excellent experimental agreement between these two different methods to characterize phase transitions (Fig. 3e,f).

Attograms measurements:

Dielectric measurements on attogram partitions of matter are show in Fig. 4 for 32 attograms of PVDF-TrFE and the results are compared to PVDF-TrFE in the bulk. For the 32 attograms, a crystallization process is observed upon cooling, appearing at a temperature of 87 o C, by ~60 o C smaller than in the bulk. This large shift in the crystallization temperature, typical for polymers investigated in geometrical nano-confinement, is due to finite size effects. Additionally, in the present case, an essential factor comes into play:

while the morphology of the geometrical confinement resembles that of nanopores, the fundamental difference consists in the fact that that all three dimensions of the dielectric nanocontainers are on the nanometric length-scale. This is giving rise to a 3-dimensional confinement which is expected to increase even more the magnitude of the confinement effects, as compared to the case of 2-dimensional nano-confinement taking place in the nanopores. The Curie transition measured for 32 attograms of PVDF-TrFE is shifted by 20 o C to lower temperatures as compared to the bulk. This can be attributed to the impact of the geometrical constraint on the re-organization of the crystalline domains which is accompanying the paraelectric -ferroelectric transition.

In addition to the crystallization and the ferroelectric transition, a novel relaxation process, not observable in the bulk, is detected for 32 attograms of PVDF-TrFE (Fig. 4). This is evident from the fact that the relaxation peak shows a pronounced dependence on frequency, which is characteristic for relaxation processes. On contrary, the peaks corresponding to the crystallization and the Curie transition observed in the same dielectric spectra do not depend on frequency, which proves that they originate from changes in density. The analysis of the relaxation rate as a function of inverse temperature (given in the supplementary information) indicates a Vogel-Fulcher-Tammann dependence. One can thus assign the novel relaxation process to the cooperative relaxation of the polymer segments related to the glass transition phenomenon. This can be attributed to an enrichment of the amorphous phase in the vicinity of the walls of the nanopores, taking place due to the geometrical mismatch created by the local curvature of the confining geometry. Hence, the degree of crystallinity decreases in the vicinity of curved interfaces leading to an increase in the volume fraction of the amorphous phase. Since the segmental relaxation is related to molecular fluctuations in the amorphous phase, the enrichment effect at interfaces is expected to lead to an increase in the intensity of the relaxation peak, and, possibly as well, to a shift in its temperature position. This can explain why this relaxation process is not observable in the bulk. Thus, as reported also in earlier studies on the molecular dynamics of thin polymer films, the nanoconfinement can give rise to new relaxation processes not detected in the bulk.
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Conclusion:

In conclusion, the current study demonstrates the ability of manipulating 3D confinement effects by crystallizing attograms partitions of matter under high electric fields. The formation of a more ordered configuration of the polymeric material is reported, different from that in the bulk or in nano-confinement. The observed finding brings evidence for the existence of attograms-effects resulting from the conjoint impact of geometrical nanoconfinement and strong external perturbations. Additionally, the apparition of a new relaxation process is reported, which is not detected in the bulk. This was attributed to an enrichment of the amorphous phase in the vicinity of interfaces, taking place due to a geometrical mismatch between the crystallization process and the curvature of the The present research work provides a new and potentially precise way to measure for the first time physical properties of ionic liquids at the scale of zeptograms by considering confinement into nanoporous and ordered anodized aluminium oxide membranes (AAO). The confinement effects within optimized AAO membranes based on nanocontainers on the crystallization process of zeptograms of (1-ethyl-4methylpyridinium-bis-(trifluoromethylsulfonyl)imide (EMTS imide) has been studied with the use of Broadband Dielectric Spectroscopy. Thus, the crystallization of confined EMTS imide shows that a transition from a predominantly heterogeneous to predominantly homogenous nucleation is taking place as the considered matter quantity goes down from attograms to zeptograms. Furthermore, a complete suppression of the crystallization process under the application of high electric fields has been evidenced.

In fact, recent studies [1][2][3][4][5][6] have demonstrated that a size limitation to the nanometric scale can affect crystal nucleation and crystal growth as well as the orientation of crystals. These effects on the crystallization processes were reported for 3D nanoconfinement which is the case in the present study as zeptograms effects are evidenced.

The given review of the literature has been focused to the behavior of matter confined in AAO membranes, compared to that of the bulk, and it reveals that the present results were never reported.

These experimental results provide a basis for understanding the structure of very small amounts of matter and demonstrate the ability of BDS spectroscopy to reach the frontiers of nano-sciences. Indeed, known as the significant key in nano-science, the physical properties of materials known from their chemical architectures, conformations, and sizes are fascinating and give the basis of the emerging field of nanotechnology.

Nanotechnology involves the knowledge of the influence of ultra-small length scale at which the physical properties could be greatly changed. Scientific researchers are looking for an easier and precise interpretation about the influence of the size of molecules on the physical properties of nano-materials. In confinement state, as the size of a particle decreases until reaching the nano-scale, the atomic state of the system will change, i.e. the energy of the system decreases. The 186 behavior of nano-materials is governed by the molecular interactions and mobilities. As the scale of physical characterization is close to the dimensions of the molecules, significant changes could be expected.

The combination between Broadband Dielectric Spectroscopy which allows measurements related to molecular mobilities combined with AAO nano-containers as experimental dielectric platform, offers many advantages in investigating the material behavior in the case of a 3D-nano-confinement.

Results & Discussion:

Highly ordered porous alumina membrane (AAO membrane exhibits a super-uniform inorganic structure based on straight and parallel ordered cylinders having an homogenous pore size distribution, as well as uniform membrane thickness (Fig 1). Due to their ability to be used several times, their heat and chemical resistances, those nanoporous membranes are presented as interesting candidate for studying the confinement effects on ionic liquids under high electric fields.

Sample preparation:

Two steps electrochemical anodization process was carried out to get highly ordered nanoporous membranes. First, a highly pure aluminum sample (99.999%) was mechanically polished using special polishing papers and diamond solutions. The resulting surface was electro-polished in perchloric acid applying DC voltages between the sample and a platinum plate at 5°C for 10 minutes under a continuous stirring. Then, the sample was kept in pure water for 12h. Finally, the electro-polished aluminum sample was immersed in an electrolyte solution of a given concentration with a precise control of the temperature.

The anodization process was done with the use of sulfuric acid at low temperature (12°C), with applying a low voltage, i.e. 20 V, between the aluminum electrode as cathode and the platinum plate as anode. The current produced during the anodization process was close to 25 mA. At the end of the protocol, the sample was kept in water for 12h, and then in acetone for at least one hour.
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The first step anodization process takes place in randomly distributed pores. A selfordering phenomenon occurs with time, due to the repulsive forces between neighboring pores. The pores have hexagonal shapes which could be explained according to a mechanical stress model [1][2].

Figure 1: (a) highly ordered array of nano-containers prepared in a two-step anodization process of aluminium (image from Scanning Electron Microscopy). (b) nanocontainers used

as dielectric nano-cells to contain and measure very small amounts of matter. The nanoporous layer, made of Al2O3, is an insulant structure, i.e. suitable for carrying-out electrical and dielectric measurements. Furthermore, due to the nanometric length of the nanopores, a small DC-bias applied between the electrodes leads to extremely high electric fields (i.e. 10 6 V.cm -1 ) applied on attograms and zeptograms of matter.
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The diameter of the pores is controlled by the concentration and the type of the electrolyte solution. The thickness of the porous layer is controlled by the time of the chemical reaction. The AAO nano-containers used in the present work have 15 nm in pore diameter and around 100 nm in thickness. (Fig 1a)

A thin layer of platinum was sputtered on the top surface of the membrane and acts as a first electrode for dielectric measurements. The part of aluminum which was not anodized acts as a second electrode. Two routes of metallization process can be performed depending on the material under study: i/ the metallization is done after the filling process of nanopores; ii/ the filling process is done after the metallization. In our case the metallization process was done before filling the nanopores and the thickness of the metal deposited should not exceed a given limit, i.e. in order to keep the pores opened. (Fig 1b)

Bulk measurements:

The phase transition behavior of the ionic liquid, i.e. EMTS imide, in bulk was investigated by means of dielectric measurements (BDS). According to the proportional dependence of In fact, dielectric analysis allows detecting density fluctuations not only for bulk specimens but also for very small amounts of matter such as zeptograms of ionic liquids. This ability was proved in the present study from measurements done on the phase behavior of 1-190 ethyl-4-methylpyridinium-bis-(trifluoromethylsulfonyl) imide confined into AAO membranes as dielectric nano-containers.

In addition, the conductivity, 𝜎′, values measured upon cooling and heating for various frequencies also show no dependence with frequency. As a consequence, the values of conductivity obtained from dielectric measurements could be used to evidence phase transitions in materials such as ionic liquids. (Fig 2-c).

The dielectric conductivity spectra are represented in At low temperatures, (0 °C and -10°C), there is no conductivity showed, while it was increased from 10 -8 to 10 -2 S/cm at high temperatures.

Measurements in confinement:

In order, to vary the nanocontainer content, the AAO membranes were filled by solutions of EMTS imide in acetone having different concentrations, i.e. from 50% to 1% by volume.

Before measurements, the solvent was removed completely. A calculation was done taking into account the equivalent volume of the pore (hexagonal shape). For example, the membrane filled by 50% in volume has 11 attograms of ionic liquid inside each nanopore.

The figure 4 reports the analyses of the phase transitions of bulk, 11 attograms, 4.4 attograms, 2.2 attograms, 550 zeptograms, and 220 zeptograms of matter upon cooling and heating (the measurements were done from 100 to -100°C). As evidenced, the phase behaviors of ionic liquid in bulk and for few attograms (11 and 4.4 attograms) amount do not show any difference, i.e. the crystallization process from molten EMTS imide occurs at 6°C whereas the melting point is closed to 10°C. The crystallization process showed a shift to lower temperatures for 2.2 atograms (-6°C) and 550 zeptograms (-10 °C) whereas for 220 zeptograms of matter, the temperature was shifted to -20 °C.

From these results, one can see that the dependence of the phase transitions as function of quantity of matter leads to define two different domains. The first domain corresponds to the crystallization process of EMTS imide in the bulk, 11 and 4.4 attograms.

In such a range of quantities, heterogonous crystallization process occurs, i.e. the transitions from disordered state to ordered state occur at same temperatures whatever the quantity. As a conclusion, one can consider that there is no effect of the confinement state of the ionic liquid at the level of attograms confined in the AAO.

For lower quantities of matter, i.e. below 2.2 attograms, a homogeneous crystallization process occurs within the nanocontainers which is more and more pronounced on decreasing quantity. These effects are evidenced at the scale of zeptograms of ionic liquids. The shift on the crystallization temperature for confined quantities could be explained by the fact that the volume of the nano-container which has been used is much smaller than the conventional nucleation volume of the considered ionic liquid. As a consequence, the generated confinement situation in nanopores leads to change in the mechanism of the crystallization process. The zeptograms effect is explained by a spontaneous transformation from heterogeneous to homogenous crystallization process.

The dependence of the transition temperature as a function of quantity is plotted in Figure Before applying the electric field, the temperature of first order phase transition is close to -10 °C and the transition is completely suppressed under the application of an electric field.

EMTS, Cooling

For the same sample, the electric field was turned off and after long annealing time, i.e. 8 hours at high temperature (120°C in pure nitrogen); the sample was analyzed again using the same conditions of cooling and heating cycle. The crystallization process occurs again after annealing the electric field.

By applying small voltages on zeptograms of ionic liquid, we showed that it is possible to switch on and off the crystallization process. The cycle measured under the 196 application of electric fields was extended to -100°C to ensure that the crystallization was completely inhibited and not shifted. This phenomenon was confirmed upon heating, for which it was evidenced that there no melting process occurring.

The manipulation of the crystallization process was implanted as a new zeptogramscale effect, additionally to the transition from heterogeneous to homogeneous crystallization.

In order to confirm this new approach consisting in the manipulation of the phase transitions of zeptograms of ionic liquid, 2 attograms of ionic liquids were confined in AAO membranes. The crystallization process was measured from the melt under the application of 40V instead of 4V. The results presented in Figure 7 show the crystallization of 2 attograms before and after applying electric field during cooling and heating ramps, respectively. The nucleation of crystallization was completely suppressed under 40V. Later, after removing the electric field, the crystallization process didn't occur again, which means that the material undergoes degradation under high voltages. 198 It was demonstrated that the use of nano-containers offers the ability of tailoring the crystallization process from the application of low voltages. Figure 8 shows that these effects are enhanced at the zeptogram scale. The phase transition of 2.2 attograms of ionic liquid confined within AAO membranes under the application of electric fields does not show any deviation from the one of the bulk, but it shows a decrease on the intensity of the curves after the application of the electric fields. Our study demonstrates that with the use of optimized highly ordered arrays of parallel pores; it is possible to characterize zeptograms of ionic liquids.

A new 'zeptogram effect' was evidenced. The crystallization process can be turned from heterogeneous to homogenous by decreasing the amount of analyzed matter from attograms down to zeptograms. The manipulation of such very small amounts of matter which are close to the molecular scale is becoming possible by using nano-containers having highly reduced dimensions. Thus, evidence the interest of such an approach, it was shown that at the zeptogram scale, the crystallization process is suppressed under the application of high electric fields. iii/ In this part we demonstrated the ability of manipulating 3D nano-confinement effects by crystallizing zeptograms partitions of ionic liquids under high electric fields. The crystallization process was transformed from predominately heterogeneous to predominately homogenous crystallization. Additionally, we have seen that AAO membranes give the possibility of applying high electric fields 10 6 V/cm with the respect of the chemical windows of ionic liquids. In fact, the length of the nanocontainers used to measure the phase transition of zeptograms of ionic liquids, offers the possibility of applying high electric fields with small voltages. For example, a voltage of 10 V applied on nanocontainers with a length of 100 nm, gives rise to an electric field of 106 V/cm. This allowed, for the first time, to investigate ionic liquids under high electric fields, without 
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 31 Figure captions:

Figure 2 :

 2 Figure 2: Stereoisomers of polymers.

Figure 3 :

 3 Figure 3: Model of crystalline lamella.

Figure 4 :

 4 Figure 4: Different scales of organization of semi crystalline structure with their characteristic length scales (different experimental methods are used for characterization).

Figure 5 :

 5 Figure 5: Gibbs energy of a semi-crystalline polymer.

Figure 6 :

 6 Figure 6: Crystallization process of a polymer.

Figure 7 :

 7 Figure 7: TEM images of polymer thin film with thickness: (a) 152 and (b) 35 nm.

Figure 8 :

 8 Figure 8: Melting temperature as function of the film thickness for the EVA films.

Figure 9 :

 9 Figure 9: NEXAFS traces for bulk LLDPE material of 10 nm thick film.

Figure 10 :

 10 Figure 10: Cooling (a) and heating (b) traces of bulk iPP and of iPP confined into AAO membranes with pore diameters going from 380 to 25 nm. (Letters S, E, and O denote peaks originating from excess material on the AAO surface, crystallization initiated by heterogeneous nucleation and crystallization initiated by homogeneous nucleation, respectively).

Figure 11 :

 11 Figure 11: Crystallization temperatures as function of pore diameter for PE confined into AAO.

Figure 12 :

 12 Figure 12: First derivative of 𝜀' as a function of temperature of PVDF-TrFE, for bulk and nanowires with different diameters (200 nm, 40 nm, 15 nm).

Figure 1 :

 1 Figure 1: Permanent dipole moment of water molecule.Figure 2: Different mechanisms of the dielectric polarization.Figure 3: Structure of different molecules and related permanent dipole moments (NH3, NF3).Figure 4: Relaxation phenomena and polarization associated mechanisms.Figure 5: Polarization P(t) and voltage applied as function of time.Figure 6: The principle of a dielectric capacitor.Figure 7: a) Conventional measure cell to be connected to the alpha analyzer, b) Equivalent dielectric circuit.Figure 8: BDS sample prepared between external electrodes.Figure 9: Broadband dielectric spectrometer.Figure 10: Frequency range considered for BDS spectrometry.

Figure 2 :

 2 Figure 1: Permanent dipole moment of water molecule.Figure 2: Different mechanisms of the dielectric polarization.Figure 3: Structure of different molecules and related permanent dipole moments (NH3, NF3).Figure 4: Relaxation phenomena and polarization associated mechanisms.Figure 5: Polarization P(t) and voltage applied as function of time.Figure 6: The principle of a dielectric capacitor.Figure 7: a) Conventional measure cell to be connected to the alpha analyzer, b) Equivalent dielectric circuit.Figure 8: BDS sample prepared between external electrodes.Figure 9: Broadband dielectric spectrometer.Figure 10: Frequency range considered for BDS spectrometry.

Figure 3 :

 3 Figure 1: Permanent dipole moment of water molecule.Figure 2: Different mechanisms of the dielectric polarization.Figure 3: Structure of different molecules and related permanent dipole moments (NH3, NF3).Figure 4: Relaxation phenomena and polarization associated mechanisms.Figure 5: Polarization P(t) and voltage applied as function of time.Figure 6: The principle of a dielectric capacitor.Figure 7: a) Conventional measure cell to be connected to the alpha analyzer, b) Equivalent dielectric circuit.Figure 8: BDS sample prepared between external electrodes.Figure 9: Broadband dielectric spectrometer.Figure 10: Frequency range considered for BDS spectrometry.

Figure 10 :

 10 Figure 1: Permanent dipole moment of water molecule.Figure 2: Different mechanisms of the dielectric polarization.Figure 3: Structure of different molecules and related permanent dipole moments (NH3, NF3).Figure 4: Relaxation phenomena and polarization associated mechanisms.Figure 5: Polarization P(t) and voltage applied as function of time.Figure 6: The principle of a dielectric capacitor.Figure 7: a) Conventional measure cell to be connected to the alpha analyzer, b) Equivalent dielectric circuit.Figure 8: BDS sample prepared between external electrodes.Figure 9: Broadband dielectric spectrometer.Figure 10: Frequency range considered for BDS spectrometry.
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 1112 Figure 11: 𝜺′ and 𝜺′′ as function of frequency in logarithmic scale, presenting the molecular dispersions in polymers.

Figure 13 :

 13 Figure 13: Model of chain dynamics of cis-1.4-polyisoprene.

Figure 15 :

 15 Figure 15: Dielectric loss as a function of frequency and temperature for Poly methyl methacrylate.

Figure 16 :

 16 Figure 16: poly [vinylidene fluoride-co-trifluoroethylene].

Figure 17 :

 17 Figure 17: PVDF-TrFE traces during cooling (black curve) and heating (red curve) for temperature ramps.

Figure 18 :

 18 Figure 18: Broadband Dielectric analysis and Differential Scanning Calorimetry traces for PVDF-TrFE upon cooling (left curves) and heating (right curves).

Figure 19 :

 19 Figure 19: Frequency and temperature dependence of the electronic conductivity of poly(methyl-thiophene).

Figure 20 :

 20 Figure 20: Complex functions (permittivity and conductivity) of an ionic liquid (HMIM) (PF6) as function of frequencies at 264°C. (fE: hopping rate; DC: DC conductivity; fon: onset of electrode polarization; fmax: full development of electrode polarization).

Figure 21 :

 21 Figure 21: Real and imaginary components of the complex dielectric function for propylene glycol (1000g/mol).

Figure 22 :Figure 1

 221 Figure 22: Glass transition of thin polystyrene films. Chapter IV: Figure 1 Anodic Aluminum Oxide (AAO membranes).

Figure 2 :

 2 Figure 2: Principle of anodization process.

Figure 4 :

 4 Figure 4: Evolution of the porosity as function of the electrolyte temperature of an aluminum sample anodized in sulfuric acid.

Figure 5 :

 5 Figure 5: Pore diameters of self organized aluminum membranes carried out at different temperatures for 30 min (A), 60 min (B) and 120 min (C).

Figure 6 :

 6 Figure 6: Interpore distance as a function of the applied potential of AAO membranes formed using oxalic sulfuric and phosphoric acids.

Figure 7 :

 7 Figure 7: Pore diameter of nanoporous alumina obtained in 0.3 M oxalic acid as function of anodizing potential for: A) 30minutes and B) 60 minutes of anodization.

Figure 8 :

 8 Figure 8: Influence of anodizing voltage on pore density of AAO membranes formed by twostep anodization of high purity aluminum plate.

Figure 9 :

 9 Figure 9: Influence of the duration of the anodization process and the temperature on the thickness of the resulting pores. AAO membranes results from the competition between

Figure 10 :

 10 Figure 10: Average regularity ratio vs. duration of anodization for the AAO film formed at 35°C (a), 40°C (b), in 0.3M of oxalic acid.

Figure 11 :

 11 Figure 11: Percentage of defects estimated vs. duration of anodization for the AAO formed at 35°C (a), 40°C (b), in 0.3M of oxalic acid.

Figure 12 :

 12 Figure 12: Domain growth as function of anodizing time at 40V in 3% C2H2O4.

Figure 13 :

 13 Figure 13: SEM micrographs for 4 samples anodized by oxalic acid at 17°C with 40V as applied voltage. First anodization step was performed for different durations, a) 2h b) 4h c) 6h d) 8h.

Figure 14 :

 14 Figure 14: SEM micrographs for 4 anodized surfaces using oxalic acid at 17°C with 40V as applied voltage: a) without polishing, b) c) and d) anodized samples with different procedures of polishing.

Figure 15 :

 15 Figure 15: Change of intensity as function of anodization time with fixed potential.

Figure 16 :

 16 Figure 16: Reactions occurring at interfaces (Oxide/Metal, electrolyte/Oxide) during the anodization process.

Figure 17 :

 17 Figure 17: a) Polishing machine, b) aluminum sample after being mechanically polished.

Figure 18 :

 18 Figure 18: a) SEM micrographs of a pristine aluminum surface, b) aluminum surface after mechanical polishing.

Figure 19 :

 19 Figure 19: The electro-polishing process.

Figure 20 :

 20 Figure 20: a) Mechanically polished Aluminum substrate for 5 minutes; b) Electro-polished aluminum substrate in perchloric acid at 5°c for 10 minutes.Figure21: a) SEM micrographs of a mechanically polished aluminum substrate; b) Electropolished aluminum substrate.

Figure 22 :

 22 Figure 22: AFM Images of aluminum foils electro-chemically polished in a mixture of ethanol and perchloric acid as electrolyte, a) without ultrasonic stirring during the electropolishing, b) with ultrasonic stirring during the electrochemical polishing.

Figure 23 :

 23 Figure 23: Ions motions during pore formation.

Figure 24 1 :

 1 Figure 24 1: Current density as function of anodization time during nanopores formation.

Figure 25 :

 25 Figure 25: Model of the pore growth during the anodization process.

Figure 26 :

 26 Figure 26: Micrograph of aluminum sample after 8 hours of first anodization with 0.3M of C2H2O at 17°C under 40V.

Figure 272 :

 272 Figure 272: SEM micrographs of show the bottom structure of aluminum sample anodized for 8 hours with oxalic acid as first anodization process, after being treated with the chromic acid.

Figure 28 :XFigure 29 :

 2829 Figure 28: SEM micrographs a) after first step anodization process, b) Additional treatment with chromic acid.

Figure 31 :Figure 32 :

 3132 Figure 31: The steps of the anodization process Figure 32: SEM micrographs summarizing the steps of the anodization process.

Figure 33 :

 33 Figure 33: a) AAO membranes as nanofluidics cells, b) Nano-containers for attograms and zeptograms measurements.

Figure 34 :

 34 Figure 34: SEM micrographs of AAO membranes anodized with sulfuric acid, with 20 nm as diameter with different thickness of platinum, a) 15 nm, b) 30nm, and c) 50nm.

Figure 35 :

 35 Figure 35: AAO membrane before and after the etching process.

Figure 36 :

 36 Figure 36: AAO with 40 nm (a), and 15 nm (b) in pore diameter and between 20-40µm in thickness detached from the aluminum substrate.

Figure 37 :

 37 Figure 37: Porous membrane formed with oxalic acid, long nanopores (long time of the second anodization process). a) side view, b) cross section.

Figure 38 :

 38 Figure 38: Nanofluidics cell, b) SEM micrograph of nanowires of PVDF-TrFE.

Figure 39 :

 39 Figure 39: SEM micrographs of AAO membranes with long pores (a) and short pores (b).

Figure 40 :Figure 1 :

 401 Figure 40: Dielectric measurements on cooling for Poly ethylene glycol 6K, confined in AAO membranes with both types, long and short nanopores. Chapter V: Figure 1: (a,b,c) Images by Scanning Electron Microscopy of highly ordered nanoporous membranes prepared by electrochemical anodization of aluminum. (d) optical image in cross section of an AAO membrane partially filled with PVDF-TrFE, as a result of a nanofluidics experiment carried-out at 160 °C. (e) kinetics of the capillary flow of PVDF-TrFE into nanopores of 40 nm diameter, measured at 160 oC.

Figure 2 :

 2 Figure 2: Real part of the complex permittivity ' (a, b) and its first derivative in respect to temperature ∂(′) ∂(T) (c, d), measured at different frequencies of the applied electric field, upon cooling (a, c) and heating (b, d).

Figure 3 :XIFigure 4 :

 34 Figure 3: (a) Nanofluidics cells designed to monitor in real-time, by means of a permittivity measurement, the flow process of polymers into cylindrical nanopores. (b) the temperature program of a nanofluidics experiment. (c) the flow process of PVDF-TrFE into nanopores of 40 nm diameter monitored by means of a dielectric measurement. The time t0 indicates the begin of the flow process, which happens when the melting point of the polymer is reached during the heating cycle. The red points t1, t2, t3, t4, t5 and t6 schematically indicate the moment when, after a certain flow time, the PVDF-TrFE is crystallized during the flow process by cooling the sample to room temperature.

Figure 5 :

 5 Figure 5: The crystallization temperature of PVDF-TrFE measured under kinetic conditions, in dependence on the flow time.

Figure 6 :Figure 1 :

 61 Figure 6: Image by SEM of PVDF-TrFE nanowires fabricated by the nanofluidics experiment. Chapter VI: Figure 1: (a-f) SEM images showing the sample surface after different steps of the anodization procedure: (a) the surface of the Aluminium substrate used for anodization; (b) the surface after mechanical polishing; (c) the surface after electrochemical polishing; (d) the surface after the first anodization step; (e) the surface after removing by chromic acid the porous alumina layer obtained after the first anodization; (f) highly regular nanopores obtained after the second anodization. (g) schematic representation of the anodization procedure.

Figure 2 :

 2 Figure2: (a) Highly ordered array of nanocontainers prepared in a two-step anodization process of Aluminium (image by Scanning Electron Microscopy). (b) nanocontainers used as dielectric nano-cells, to hold and measure extremely small amounts of matter. The nanoporous layer, made of Al2O3, is insulating, thus suitable for carrying-out electrical and dielectric measurements. Furthermore, due to the nanometric length of the nanopores, a small DC-bias applied between the electrodes leads to extremely high electric fields (i.e. 1e6 V/cm) that can be applied on attograms of matter.

Figure 3 :

 3 Figure 3: (upper part) First derivative of the dielectric permittivity in respect to temperature measured at different frequencies on cooling, showing the crystallization process and the Curie transition of PVDF-TrFE in the bulk. (lower part) first derivative of the dielectric permittivity in respect to temperature measured at different frequencies on heating, showing the Curie transition and the melting of PVDF-TrFE in the bulk.

Figure 4 :

 4 Figure 4: (upper part) First derivative of the dielectric permittivity in respect to temperature measured on cooling, showing the crystallization process and the Curie transition of PVDF-TrFE in the bulk. (lower part) first derivative of the dielectric permittivity in respect to temperature measured on cooling, showing the crystallization process, the Curie transition and a new relaxation process corresponding to 32 attograms of PVDF-TrFE.

Figure 5 :

 5 Figure 5: First derivative of the dielectric permittivity in respect to temperature measured on cooling, showing the crystallization process and the Curie transition of PVDF-TrFE in the bulk, for 640 attograms and for 32 attograms of material. For the attograms partitions, the properties are also measured under applying a high electric field (red curves in the figure).

Figure 3 :

 3 Figure 3: Dielectric conductivity spectra of EMTS imide presented in terms of sigma' versus frequencies in logarithmic scale, at different temperatures going from 0 to 150°C.

Figure 4 :

 4 Figure 4: First derivative of the dielectric permittivity in respect to temperature measured on cooling (black color) and heating (red color), showing the crystallization and melting process of the ionic liquid, in bulk, 11 attograms, 4.4 attograms, 2.2 attograms, 550 zeptograms , and 220 zeptograms.

Figure 5 :

 5 Figure 5: The dependence of the crystallization temperature as function of different quantities measured under the same confinement volume.

Figure 8 :

 8 Figure 8: First derivative of ε' versus temperature, for 2 attograms of EMTS imide, before and after the application of electric field.

  i/ The first Part contains three general and theoretical chapters and a fourth one presenting the experimental protocol which has been considered in the current research work. The first chapter is a general introduction reporting the basics and the objectives of the PhD work. The second chapter presents the state of the art concerning the crystallization of polymers under confinement state. The third chapter provides a summary concerning the theoretical approaches of dielectric physics, the phenomena occurring in dielectric materials such as phase transitions, charge transport and molecular dynamics, as well as the principle of the Broadband Dielectric Spectrometry. The fourth chapter provides a review on the nature of the periodic arrays obtained in self-assembled nano-containers which have been used in the PhD work as an experimental platform, as well as on the chemical processes which has been developed for producing the AAO membranes.

  First we are going to present the general classification of polymers and a description of the mechanism of the crystallization process. The second part of this chapter will be focused on literature studies investigating the dynamics of the crystallization process under one, two, and three dimensional nano-confinement. Nano-materials are one of the most promising domains of scientific and technological developments. The technological developments, especially for polymer based ones, is the most efficient tools of materials science. The diversity of chemical structure and molecular structure complexity offer an extraordinary extended range of polymer features and properties. The properties and the applications of polymers can be efficiently modified and controlled by manipulating conditions of phase transitions, for example, by means of confinement.

Figure 1 :

 1 Figure 1: Differences in the conformations of molecular chains in amorphous and crystalline states.

Figure 5 :

 5 Figure 5: Gibbs energy of a semi-crystalline polymer.

Figure 7 :

 7 Figure 7: TEM images of polymer thin film with thickness: (a) 152 and (b) 35[2] .

Figure 10 :

 10 Figure 10: Cooling (a) and heating (b) DSC traces of bulk iPP and iPP confined into AAO with pore diameters going from 380 to 25 nm. (Letters S, E, and O denote peaks originating from excess material on the AAO surface, crystallization initiated by heterogeneous nucleation

Figure 12 :

 12 Figure 12: First derivative of 𝜀′ as a function of temperature of PVDF-TrFE for bulk and nanowires with different diameters(200nm, 40nm, 15nm).[23] 

30 J

 30 . L. Lutkenhaus et al[START_REF] Lutkenhaus | Confinement effects on crystallization and curie transitions of poly(vinylidene fluoride-co-trifluoroethylene)[END_REF] demonstrated that with varying pore diameters of the AAO membranes used, the phase transitions are affected. They have used modulated differential scanning calorimetry (MDSC), X-ray diffraction (XRD), and broadband dielectric spectroscopy (BDS), to demonstrate that confined PVDF-TrFE crystallizes into an oriented ferroelectric β phase. Both melting and crystallization temperatures decrease with decreasing pore diameters, whereas, the Curie' temperature is weakly affected. They proved that nano-confinement enhances the formation and orientation of the ferroelectric β phase and could potentially enhance ferroelectricity and piezoelectricity in the features of PVDF-TrFE at the nanoscale level.M. Stinhart et al[START_REF] Steinhart | coherent kineticcontrol over crystal orientation in macroscopic ensembles of polymer nanorods and nanotubes[END_REF] proved that the crystal orientation in polymer nanotubes and nanorods inside porous templates is controlled by the kinetics of nucleation and growth under 2D confinement. They proposed the existence of two different cases: i/ the first one corresponds to separated nanostructures. In this case any crystal orientation allowing the growth of lamellar crystals along the pores appears statistically. ii/ The second one, when a bulk-like surface film connects the nanostructures, macroscopic arrays with uniform crystal orientation are obtained, in which the dominant growth direction of the crystals is aligned to the long axes of the pores of the template.

50 )

 50 Hayzelden C. and Batstone J.L., Silicide formation and silicide-mediated crystallization of nickel-implanted amorphous silicon thin films. Journal of Applied Physics, 1993. 73(12): p. 8279-8289. 51) Hempel T., Schoenfeld O. and Syrowatka F., Needle-like crystallization of Ni doped amorphous silicon thin films. Solid State Communications, 1993. 85(11): p. 921-924. 52) Morikawa H. and Fujita M., Crystallization and electrical property change on the annealing of amorphous indium-oxide and indium-tin-oxide thin films. Thin Solid Films, 2000. 359(1): p. 61-67. 53) Taguchi K., Miyaji H., Izumi K. et al, Growth shape of isotactic polystyrene crystals in thin films. Polymer, 2001. 42(17): p. 7443-7447. 54) Ho M.-Y., Gong H., Wilk G.D. et al, Morphology and crystallization kinetics in HfO2 thin films grown by atomic layer deposition. Journal of Applied Physics, 2003. 93(3): p. 1477-1481. 55) Wang Z. and Yan Y., Controlling crystal orientation in zeolite MFI thin films by direct In situ crystallization. Chemistry of Materials, 2001. 13(3): p. 1101-1107.

Figure 1 :

 1 Figure 1: Permanent dipole moment of water molecule.

Figure 2 :

 2 Figure 2: Different mechanisms of the dielectric polarization.

Figure 3 :

 3 Figure 3: Structure of different molecules and related permanent dipole moments (NH3, NF3).

Figure 5

 5 Figure 5 presents the polarization as function of time. The dependence of the polarization, P(t), as a function of time is described by a characteristic time denoted as '' relaxation time, ζ ''.

Figure 5 :

 5 Figure 5: The polarization P(t) and voltage applied as function of time.

  20): 𝜎(𝜔) = 𝜎′(𝜔) -𝑖 𝜎′′(𝜔) (III.20) 𝜎 * = 𝑖 𝜀 0 𝜔 𝜀 * (III.21) Both representations of complex permittivity and complex conductivity give complete information about different electrical phenomena taking place into the polymer material. Using (III.14) and (III.16): 𝜎 ′ -𝑖𝜎 ′′ (III.22)

Figure 7 :

 7 Figure 7: a) Conventional measure cell to be connected to the alpha analyzer, b) Equivalent dielectric circuit.

Figure 8 :

 8 Figure 8: BDS sample prepared between external electrodes.

  Debye has explained the molecular dispersions in the dielectric function 𝜀(𝑡) by its model presented in Figure 11. He demonstrated that the dispersions observed on the spectra of materials are caused by the fluctuations of the permanent dipole moments of the material [1].

Figure 11 : 59 𝜀 2 (

 11592 Figure 11: 𝜺′ and 𝜺′′ as function of frequency in logarithmic scale, presenting the molecular dispersions in polymers.

  𝛾 parameters describe symmetric and asymmetric broadening of the dielectric function. They are related to the behavior of the complex dielectric permittivity at low and high frequencies.[1] ε S -ε ′ (ω)~ω α ; ε ′′ (ω)~ω α , for ω ≪ 1 τ HN ε S -ε ′ (ω)~ω -αγ ; ε ′′ (ω)~ω -αγ ,for ω ≫ 1 τ HN and 𝜀 𝑆 = lim 𝜔→0 𝜀 ′ (𝜔) and 𝜀 ∞ = lim 𝜔→∞ 𝜀 ′ (𝜔) The figure 12 presents the Havriliak-Negami' (HN) model in dependence on its constitutive parameters α, 𝛾, and ζ. The maximum position of the peak in 𝜀′′ depends on the Havriliak-Negami parameters α and 𝛾 [1].

FIGURE 12 :

 12 FIGURE 12: Havriliak-Negami'model in dependence on α and 𝛾 parameters.

Figure 13 :

 13 Figure 13: Model of chain dynamics of cis-1.4-polyisoprene.

Figure 15 :

 15 Figure 15: Dielectric loss as a function of frequency and temperature for Poly methy methacrylate.

66 FIGURE 16 :

 6616 FIGURE 16: Poly [vinylidene fluoride-co-trifluoroethylene].

Figure 17 :Figure 18 :

 1718 Figure 17: PVDF-TrFE DSC traces during cooling (black curve) and heating (red curve) for temperature ramps.

FIGURE 20 :

 20 FIGURE 20: Complex functions (permittivity and conductivity) of an ionic liquid (HMIM) (PF6) as function of frequencies at 264°C. (fE: hopping rate; DC: DC conductivity; fon: onset of electrode polarization; fmax: full development of electrode polarization).[16] 

FIGURE 22 :

 22 FIGURE 22: Glass transition of thin polystyrene films.

Figure 22

 22 Figure22shows the capacity measured on thin film plotted as function of temperature as well as the first and second derivative of the capacity.From the previous example, one can determine the glass transition temperature of a thin polystyrene film (thickness: 100nm). The change in slope in the temperature dependence of capacitance corresponds to a step function for the first derivative and to a negative peak for the second derivative.

  The mechanisms which contribute to the dielectric properties of polymers are the interaction of electric field with electronic, atomic and dipole polarization. These ones are dependent on the polarizability of constituents, the structure of polymer and the free volume. The use of Broadband Dielectric Spectroscopy allows to a precise characterization of their electrical properties. The BDS spectrometry enables to investigate different systems and to determine the electrical properties under controlled temperature, from -160 to 400°C. Measurements can be done in dependence of five independent measurement parameters which are frequency, temperature, time, AC/DC voltage and AC/DC current. During measurements, it is possible to define a list of temperature ramps and time intervals for a continuous measurement of a sample 79 Chapter IV Anodized Aluminum Oxide membranes:

Figure 2 :

 2 Figure 2: Principle of anodization process.

FIGURE 3 :

 3 FIGURE 3: Model shows the pattern of the AAO membrane, with an oxide layer. The morphology is perfectly defined by inter-pore distance, Dint , the pore diameter, Dp , the depth of the pore, Lp , and the thickness of the barrier layer, Lb.

Figure 7 :

 7 Figure 7: Pore diameter of nanoporous alumina obtained in 0.3 M oxalic acid as function of anodizing potential for: ( A) 30 minutes and (B) 60 minutes of anodization.[4] 

FIGURE 9 :

 9 FIGURE 9: Influence of the duration of the anodization process and the temperature on the thickness of the resulting pores. AAO membranes results from the competition between the formation of the oxide and its dissolution. For a given electrolyte, the maximum anodization time decreases with increasing temperature. (Reproduced from reference [3])

Figure 10 :

 10 Figure 10: Average regularity ratio vs. duration of anodization for the AAO film formed at35°C (a), 40°C (b), in 0.3M of oxalic acid.[9] 

Figure 11 :

 11 Figure 11: Percentage of defects estimated vs. duration of anodization for the AAO formed at 35°C (a), 40°C (b), in 0.3M of oxalic acid.[9] 

Figure 13 :

 13 Figure 13: SEM micrographs for 4 samples anodized by oxalic acid at 17°C with as applied voltage. First anodization step performed for different durations: a) 2h, b) 4h, c) 6h, d) 8 h.

FIGURE 14 :

 14 FIGURE 14: SEM micrographs for 4 anodized surfaces using by oxalic acid at 17°C with 40V as applied voltage: a) without polishing, b) c) and d) anodized samples with different procedures of polishing.

15 ,

 15 gives the change during time of the current density produced during the chemical reaction according to the nature of the generated film.

Figure 15 :

 15 Figure 15: Change of the intensity as function of anodization time with fixed potential.

3 )

 3 voltage and the resulting AAO membranes have 40 nm in pore diameters. With the use of sulfuric acid at 12°C under 20V, AAO membranes with 15 nm in pores diameter are obtained. During the anodization process of aluminum, several chemical reactions are taking place: This scheme can not reflect precisely all the electrochemical reactions occurring during the anodization process. There are two different interfaces where different reactions are taking place: metal/oxide and oxide/electrolyte.

Figure 14 Figure16:

 14 Figure 14 summarizes the different chemical reactions taking place during the anodization process at the two interfaces.

Figure 17 :

 17 Figure 17: a) Polishing machine, b) aluminum sample after being mechanically polished.

Figure 18 :

 18 Figure 18: a) SEM micrographs of a pristine aluminum surface, b): aluminum surface after mechanical polishing.

Figure 20

 20 Figure 20 show two samples: the aluminum surface after mechanical polishing (a), and after electro-chemically polishing (b).

Figure 20 :Figure 21 :

 2021 Figure 20: a) Mechanically polished Aluminum substrate for 5 minutes; b) Electro-polished aluminum substrate in perchloric acid at 5°c for 10 minutes.

FIGURE 22 :

 22 FIGURE 22: AFM Images of aluminum paper electro-chemically polished in a mixture of ethanol and perchloric acid as electrolyte, a) without stirring during the electro-polishing,

Figure 23 :

 23 Figure 23: Ions motions during pore formation. During the nanopores formation, the O 2-ions formed from water in the electrolyte solution travel into the oxide layer and the Al 3+ ions migrate and cross the metal/oxide

Figure 25 :

 25 Figure 25: Model of the pore growth during the anodization process.

  performed and the following SEM micrographs shows the structure of the aluminum sample after 8 hours of first step anodization process. The current density during the chemical reaction was close to 42-50 mA for oxalic acid, and around 25 mA in the case of sulfuric acid.

Figure 26 :

 26 Figure 26: Micrograph of aluminum sample after 8 hours of first anodization with 0.3M of C2H2O at 17°C under 40V.

Figure 27 :

 27 Figure 27: SEM micrographs of show the bottom structure of aluminum sample anodized for 8 hours with oxalic acid as first anodization process, after being treated with the chromic acid.

  ordered. The following SEM micrographs (Fig 28) show the top and bottom surfaces of the 115 same aluminum sample which was anodized for 8 hours (a) and treated with chromic acid (b).

Figure 28 :

 28 Figure 28: SEM micrographs a) after first step anodization process, b) Additional treatment with chromic acid.

  long anodization and chromic acid treatment. The concaves serve during the second step of anodization as nucleation sites for pores growth. The second anodization should be done under the same conditions as the first one to ensure the pores growth in a perfect way. The 116 following SEM micrographs (fig 29) show the structure of the chemically etched surface (a) and after being re-anodized (b).

Figure 29 :

 29 Figure 29: SEM micrographs of aluminum sample before (a) and after (b) the second anodization step, in oxalic acid solution at 17°C with 40 V as applied voltage.

  Fig 30 shows an aluminum substrate displaying a porous layer formed by a first step anodization process for 2 hours followed by a chemical treatment and a second step anodization process.

Figure 30 :

 30 Figure 30: SEM micrographs of aluminum anodized membrane formed after 2 hours of first anodization process followed by a 10 minutes of second anodization.

Figure 31 :Figure 32 :

 3132 Figure 31: Different steps of the anodization process

Figure 33 :

 33 Figure 33: a) AAO membranes as nanofluidics cells, b) Nano-containers for attograms and zeptograms measurements.

Figure 34 :

 34 Figure 34: SEM micrographs of AAO membranes anodized with sulfuric acid, with 20 nm as diameter with different thickness of platinum, a) 15 nm, b) 30nm, and c) 50nm.

Figure 35 :

 35 Figure 35: AAO membrane before and after the etching process.

  which depends to the electrolyte. The membrane with yellow color (Fig 36-a) has a 40 nm in pore diameter (oxalic acid), and the white one (Fig 36-b) corresponds to the membrane with 15 nm in pore diameter (sulfuric acid).

Figure 36 :

 36 Figure 36: AAO with 40 nm (a), and 15 nm (b) in pore diameter and between 20-40µm in thickness detached from the aluminum substrate.

Figure 37 :

 37 Figure 37: Porous membrane formed with oxalic acid, long nanopores (long time of the second anodization process). a) side view, b) cross section.

Figure 38 :

 38 Figure 38: a) Nanofluidics cell, b) SEM micrograph of nanowires of PVDF-TrFE.

Figure 39 :

 39 Figure 39: SEM micrographs of AAO membranes with long pores (a) and short pores (b).

Figure 40 :

 40 Figure 40: Dielectric measurements on cooling for Poly ethylene glycol 6K, confined in AAO membranes with both types, long and short nanopores.

Figure 1 :

 1 Figure 1: (a-f) SEM images showing the sample surface after different steps of the anodization procedure: (a) the surface of the Aluminium substrate used for anodization; (b) the surface after mechanical polishing; (c) the surface after electrochemical polishing; (d)

Figure 2 :

 2 Figure 2: (a) highly ordered array of nanocontainers prepared in a two-step anodization process of Aluminium (image by Scanning Electron Microscopy). (b) nanocontainers used as dielectric nano-cells, to hold and measure extremely small amounts of matter. The nanoporous layer, made of Al2O3, is insulating, thus suitable for carrying-out electrical and dielectric measurements. Furthermore, due to the nanometric length of the nanopores, a

Figure 3 :

 3 Figure 3: (upper part) first derivative of the dielectric permittivity in respect to temperature measured at different frequencies on cooling, showing the crystallization

Figure 4 :

 4 Figure 4: (upper part) first derivative of the dielectric permittivity in respect to temperature measured on cooling (a) and heating (b), showing the crystallization process and the Curie transition of PVDF-TrFE in the bulk. (lower part) first derivative of the dielectric permittivity in respect to temperature measured on cooling (a) and heating (b), showing the

Figure 5 :

 5 Figure 5: first derivative of the dielectric permittivity in respect to temperature measured on cooling, showing the crystallization process and the Curie transition of PVDF-

  confining geometry. Manipulating extremely small amounts of material by strong electric fields, on the scale of attograms of matter and beyond, open thus the perspective of inducing properties not naturally available in the bulk and not accessible by means of geometrical nano-confinement. 183 Chapter VII Zeptograms of matter under high electric fields: switching off/on the crystallization process of ionic liquids

  d𝜀'/dT and , (Clausius-Mossotti' equation III.40) the first derivative of permittivity measurements could be considered as very sensitive tool for characterizing phase transitions of materials.

( 1 -

 1 ethyl-4-methylpyridinium-bis-(trifluoromethylsulfonyl)imideAccording to the BDS results shown in (Fig2-a), a crystallization process is observed on cooling at 6°C, while a melting is detected upon heating at 10°C.189There is no frequency dependence showed by the peaks of 𝜀' as function of temperature presented in (Fig2), which is a characteristic for dielectric response of material, explained by variations in the density corresponding to phase transitions.

Figure 2 :

 2 Figure 2:Dielectric analyses at different frequencies as function of temperature upon cooling and heating (cooling rate: 2 K.min -1 ; heating rate: 2 K.min -1 ):𝜀' and its first derivative (a and b, respectively); conductivity, ' as function of temperature (c).

  Fig 3 in terms of ' as function of frequency in logarithmic scale. The ' displays a plateau at low frequencies which gives the value of conductivity of the material.

  Conductivity at high temperatures........... ..............

Figure 3 :

 3 Figure 3: Dielectric conductivity spectra of EMTS imide presented in terms of sigma' versus frequencies in logarithmic scale, at different temperatures going from -10 to 150 °C.

Figure 4 :First

 4 Figure 4: First derivative of the dielectric permittivity in respect to temperature measured on cooling (blue color) and heating (red color), showing the crystallization and melting

( 5 )

 5 . The changes occurred for the crystallization process of the quantities below 4.4 attograms can be explained by the fact that the interactions with the walls of the nanocontainer influence the behavior of the material under investigation. .................................................................................... ......................................... ......................................... .......................................................... .......................................................... .............. .................. ......................................... .......................................................... .........................

Figure 5 :

 5 Figure 5: The dependence of the crystallization temperature as function of different quantities measured under the same confinement volume.

Figure 6 :

 6 Figure 6: Dielectric analysis of 550 zeptograms before and after the application of electric field of 10 6 V.cm -1 under the application of the electric field, and during a temperature ramp from -100 to 100°C.

Figure7:

  Figure7: Dielectric results of 2 attograms presented in terms of first derivative of the dielectric function𝜀' versus temperature, before and after the application of huge voltages, 40V, under the application of field presented.

Figure 8 :

 8 Figure 8: First derivative of 𝜀' versus temperature, for 2 attograms of EMTS imide, before and after the application of electric field.

  any efforts have been done to validate first of all the concept of holding attograms and zeptograms of matter, to measure the dielectric responses of such small amounts, and to evidence the confinement effects on the behavior of polymeric materials at the nanometer length scale. Changes in the crystallization process in confinement due to finite size effects as well as orientation effects imposed by the presence of interfaces have been reported in this work.The PhD thesis work was basically a development of a novel experimental platform, leading to an optimized dielectric cell. Indeed, the challenge was first of all the preparation of nanometric channels, additive, identical and parallel. The AAO membranes were prepared by an electrochemical anodization process of a pure aluminum plate. With the optimized process, we were able to design a dielectric cell exhibiting 3 nanometric dimensions, with 15 nm in pore diameter and 40 nm in length.The Experimental results were divided into 4 principal parts: i/ The nanofluidics experiments: The main goal of this part was measuring the crystallization process of polymeric materials in confinement state and during the flow process. We have demonstrated that carrying out investigations on the crystallization of polymers in nanoconfinement is also possible under dynamic conditions through the use of the optimized AAO channels. The nanofluidics approach allows one to discriminate, for the first time, between static and kinetic effects on the crystallization of polymers in 2dimensional nanoconfinement. Additionally, it was proved that kinetic experiments can help for deeper understanding of polymer crystallization process under confinement. It was proved by the experimental results, that the flow process into nanopores can be used to manipulate the crystallization of polymers. The possibility of monitoring the flow process of polymers into cylindrical channels opens the door to many possibilities of manipulating and controlling the properties of materials under confinement.ii/ Additionally to the nanofluidics experiments, AAO membranes were used to hold and measure the phase transitions of attograms of polymeric materials, which was the M second part of the present PhD thesis work. In this part we demonstrated the ability of manipulating 3D nano-confinement effects by crystallizing attograms of polymeric materials under high electric fields. As a result of the application of an electric field, the material in case (PVDF-TrFE) shows a more ordered configuration. A pronounced attograms effect was shown. The effects of confinement on attograms of polymeric materials were associated to the appearance of a new molecular relaxation. This effect took place due to the geometrical mismatch between the crystallization of attograms partitions and the curvature of the confining geometry. Moreover the possibility of applying high electric field on very small amount of matter opens the perspective of inducing properties not naturally available in the bulk and not accessible by means of geometrical confinement.

  exceeding the voltage limitations related to their electrochemical window. A complete suppression of the crystallization process was established, allowing the possibility of creating a new configuration different from that of bulk. iv/ With the fourth part we were able to detect the transition between 2D and 3D nano-confinement through the use of AAO channels with different types (long and short pores). This was evidenced with poly ethylene glycol [PEG] and was proved with another material, i.e. an ionic liquid. Another type of dielectric measurement corresponds to measuring the dynamics and phase transitions of nanotubes and nanowires. This part consists on the study of the effects of membrane interfaces versus the geometric confinement, on the dielectric response of polymeric material (PVDF-TrFE) confined into AAO channels. A difference between the interfaces effects and the orientation or geometric effects is under investigation.As general perspectives, investigations on zeptograms partitions open the door for many fundamental questions in soft matter physics and offer new routes to be explored for enhancing the performance of macromolecular materials. In addition, the use of AAO nanoporous membranes will open the door to many research fields, such as using the nanochannels as nonoreactors. Moreover, the nanochannels can be used to characterize the molecular dynamics and charge transport of very small amounts of matter opening the possibility of manipulating the sate of ''molecules'' in confinement state. Investigations on small amounts such as zeptograms would open the possibility also of inducing ferroelectric phases with materials which are not ferroelectric by nature. If successful, this will change the handbooks of the ferroelectric effect and open new perspectives for technological applications. Furthermore, it is possible to use the AAO membranes for finding ways to increase the conductivity (by orientational order), to decrease or increase the permittivity (with potential applications in the field of low-k and high-k materials). *******************************************************************
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Confinement of polymers into nanoscale features implies a decrease in the overall entropy of the polymer chains, i.e. an increasing of the order of the system. This advantage of confinement gives the possibility of creating new states of polymers by confining it into small cells. Nano-confinement enhances the formation and orientation of the ferroelectric β phase and could potentially enhance ferroelectric and piezoelectric properties of polymers such as PVDF-TrFE. Chapter V:

Nanofluidics approach to separate between

Static and kinetic nano-confinement effects on the crystallization of polymers

Manipulating the crystallization process by applying an electric field:

The ability of manipulating confinement effects by external perturbations is demonstrated in Fig. 5, showing the crystallization of attograms of PVDF-TrFE carried-out under cooling with and without the application of a high electric field. Crystallizing 32 attograms of PVDF-TrFE under the influence of a strong electric field (E=1E6 V/cm) leads to pronounced changes in the behavior of the nano-confined polymer: a shift to higher temperatures and a narrowing of the crystallization process is observed. These findings evidence the fact that the crystallization process is taking place faster and that a more ordered configuration of the polymer is obtained. This proves that crystallizing attograms of polymers under high electric fields can lead to new configurations of the polymeric material, which are different from those in the bulk or in nano-confinement. It is furthermore evident that this effect becomes more important with decreasing the amount of material: for 640 attograms of PVDF-TrFE the impact of the electric field on the crystallization process appears to be less pronounced than for 32 attograms. Decreasing the amount of material down to the level of attograms represents thus an essential ingredient in demonstrating the ability of manipulating confinement effects.

High electric fields with small voltages:

The fact that the length of the nanocontainers is in the nanometric range offers a unique possibility: high electrical fields can be obtained by applying small voltages. For instance, a voltage of 10 V applied on nanocontainers with a length of 100 nm, gives rise to an electric field of 10 6 V/cm. This can allow, for the first time, to investigate ionic liquids under high electric fields, without exceeding the voltage limitations related to their electrochemical window (typically in the order of +/-5V, higher voltages leading to a redox reaction of the material under study). This is the second part of the present research work.

The reduced dimensions of those dielectric cells give the possibility of generating huge electric fields with small voltages. Our experiments were done after ensuring the ability of the dielectric cells to sustain high voltages, i.e. higher than 200 V.

Thus, taking into account the chemical nature of the material under investigation, we were not able to over pass 5V. As the nano-containers used exhibit a very small thickness of porous layer, even the application of small voltages (5V) generates huge electric fields in the order of magnitude of 10 5 V.cm -1 without degradation of the ionic liquid.

The dielectric results shown in