At present, π-conjugated materials are very attractive, particularly due to their optical and electronic intrinsic properties [1] . Whithin this class, liquid crystalline compounds (LC) (discovered by Friedrich Reinitzer in the 19th century), have attracted the attention of both chemists and physicists [2,3] .

In this context and especially during the last three decades, liquid crystalline materials were investigated a lot in the field of organic electronics because of their relatively easier processability compared with those organic crystals or amorphous materials such as silicon. This is the reason why more recently, π-conjugated semiconducting LCs compounds interested many research groups. Indeed, in addition to their intrinsic semiconducting properties, their selfspontaneous organization property over large areas should allow a better order and consequently a good mobility of the charge carriers, thus making them good candidates as active layers in electronic devices. They have been particularly studied in the field of, organic light-emitting diodes (OLEDs), organic photovoltaics (OPVs) and field effect transistors (OFETs) [4,5] .

In this chapter, we will begin with a brief overview of π-conjugated materials before focusing on a general introduction regarding liquid crystals, and finally we will present a state of the art concerning semiconducting liquid crystalline materials in the context of organic electronics and the design of high-mass liquid crystals in terms of the shape of mesogens (disk-like or rod-like). We will conclude with the presentation of the aims of our work.

π-conjugated materials

What is a -conjugated compound? The word "conjugation" was derived from the Latin word, conjugare which means "to join together". In organic chemistry it describes the situation occurring when the π-systems are "linked together". But nowadays this notion is more general, as it includes not only π-conjugation but also σ-conjugation, σ-π-conjugation or hyper-conjugation, and this is also not limited to organic compounds [6] .

The concept based on valence bond (VB) and molecular orbital (MO) theories

Here, we will take ethane as an example to describe the π-bond since it is a planar and simplest molecule, and then we will take the simplest aromatic structure: benzene as an example to describe the π-system.

In the Valence Bond (VB) theory, the conjugation is generally defined as the alternation of (formal) single and double (or triple) bonds along a chain of carbon atoms (or hetero atoms) providing free valences and the actual length is the number of the conjugated π-bonds between two defects [START_REF] Gierschner | Optical Bandgaps of π-Conjugated Organic Materials at the Polymer Limit: Experiment and Theory[END_REF] . Based on hybrid orbital (sp, sp 2 , sp 3 hybridizations) formation processes, the carbon-carbon double bond of ethene consists of one bond, formed by the overlap of two sp 2 orbitals, and a second bond, called π-bond, which is formed by the side-by-side overlap of the two unhybridized 2p z orbitals from each carbon, shown in VB theory is very useful to predict a π-bonding geometry of many functional groups such as amine, alkene and alkyl groups; however, in order to obtain an exact description of the chemical reactivity, another theory was more efficient, i.e. the Molecular Orbital (MO) one. Compared with localized electrons in the VB mode, the delocalization of electrons is the characteristic of MO theory [START_REF] Bruschi | A scheme for the evaluation of electron delocalization and conjugation efficiency in linearly pi-conjugated systems[END_REF] , as they could stabilize some aromatics or mesoionic systems.

As an example, here we represent the delocalized system of benzene: where in fact, each carbon atom uses sp 2 orbital to form σ-bonds with 3 atoms, so that all 12 atoms are in one plane. Each carbon has a p-orbital (containing one electron) remaining and each of them can overlap equally with the two adjacent p-orbitals, creating π-bonding overlap along the system. When these π-bonds overlap their own p-orbital, benzene becomes a π-conjugated system (see in Figure 1.2). Figure 1.2 Relationship between π molecular orbital and energy of benzene [9] .

More precisely, in Figure 1.2 there are 4 conjugated states for one benzene [9] : ψ 1 and ψ 4 have unique level while ψ 2 and ψ 3 own two types which are degenerated. The ψ 1 is a full π-conjugation without any node, filled with delocalized electrons, providing it extraordinarily stabilizing as "aromaticity". When the bonding orbitals are filled with electrons in highest occupied molecular orbital (HOMO), ψ 2 , they present different π-bonding overlaps with one node. About ψ 3 and ψ 4 , their antibonding orbitals are empty with two and three nodes respectively, and the energy of ψ 3 (degenerated, lowest unoccupied molecular orbital (LUMO)) is lower than that of ψ 4 . This concept of π-conjugation is extendable to many other compounds, both at a molecular level with different aromatic size rings having or not heteroatoms inside (cyclooctatetraene, pyrrole, pyridine, thiophene, furan, naphthalene, anthracene, triphenylene, perylene) and at a macromolecular level with larger conjugated systems such as polyparaphenylene vinylene (PPV), polythiophene (see in 

π-Conjugation pathway and Energy, inducing optical and electronic properties

Even though the MO theory is effective to describe the π-conjugated systems in organic chemistry, the torsion angles have to be taken into account within the elongated systems because of the delocalization and the hybridization of bonds. Indeed, different delocalization and hybridization paths cause different HOMO/LUMO levels. Therefore, the π-conjugation pathway becomes an energetic factor, depending on the length, number and position of π-bonds [START_REF] Bruschi | A Scheme for the Evaluation of Electron Delocalization and Conjugation Efficiency in Linearly π-Conjugated Systems[END_REF][START_REF] Limacher | 2,3-Diphenylbutadiene and Donor-Acceptor Functionalized Derivatives: Exploring the Competition between Conjugation Paths in Branched π-Systems[END_REF] . We can essentially notice three kinds of pathway: through-conjugation, cross-conjugation, and in some special cases, omni-conjugation [6] . Through-conjugation is the most interesting as it allows a fully π-delocalization among all parts of conjugated systems, as generally observed on derivatives substituted in para-or ortho-positions. For example, the orbital of sulfur leads to a throughconjugation pathway in some organosulfur compounds [START_REF] Kissel | Electron-Accepting Through-Conjugation Effects in Organosulfur Compounds[END_REF] (Figure 1.4). In many cases, the conjugation pathways affect significantly the material properties through the HOMO/LUMO energy positioning.

As an example, in Figure 1. 4, thieno [3,2-b]thiophene(I) has a lower π-bonding energy gap than its isomer thieno [2,3-b]thiophene(II) [START_REF] Clark | The PI electronic structure of thieno[3,4]thiophene[END_REF]14,[START_REF] Archer | Electrophilic Aromatic Substitution. Part 31: Partial Rate Factors for Detritiation of Thieno[2,3-b]thiophen and Thieno[3,2-b]thiophen: Weak Hydrogen Bonding to Sulphur in Trifluoroacetic Acid[END_REF] , due to the fact that the cross-conjugation of II leads to a lower HOMO level compared with the through-conjugation of I (reduction of the electron-donating part in the backbone) [START_REF] Miliá N Medina | Electronic structure and chargetransport properties of polythiophene chains containing thienothiophene units, a joint experimental and theoretical study[END_REF][START_REF] Mcculloch | Liquid-crystalline semiconducting polymers with high chargecarrier mobility[END_REF] .

Steric hindrance is also a vital factor, since the geometry can generate torsion, and cause the overlap of electrons to affect in-plane delocalization. As shown in Figure 1.5, the difference from the through-conjugation of compound A, and the π-conjugation of B that shows a cross-pathway due to the steric hindrance [START_REF] Gierschner | Optical Bandgaps of π-Conjugated Organic Materials at the Polymer Limit: Experiment and Theory[END_REF] .

Figure 1.5 Two examples for through-conjugation (A) and cross-conjugation (B).

Consequently, the type and strength of conjugation influence the chemical, optical and electrical properties of materials when they are determined by the electron and energy distribution. As different conjugated pathways lead to different HOMO/LUMO levels, the optical transitions of materials are obviously different as those which are determined by excitonic coupling [START_REF] Bré Das | Excited-State Electronic Structure of Conjugated Oligomers and Polymers: A Quantum-Chemical Approach to Optical Phenomena[END_REF][START_REF] Goransson | Charge transfer through crosshyperconjugated versus cross-p-conjugated bridges: an intervalence charge transfer study[END_REF][START_REF] Ren | π-Conjugation-directed highly selective adsorption of benzene over cyclohexane[END_REF][START_REF] Grimme | Planar para-phenylene oligomers[END_REF] .

Concerning electronic and energetic levels, no matter what conjugated system or interacting conjugated system, it is the HOMO/LUMO levels of materials that are decisive for the hole and/or electron transport [3] .

Potential applications

As previously discussed, π-conjugated organic materials present unique optical and electrical properties. Therefore, those materials are used in many applications, and some of them have reached commercialization applications, such as organic light-emitting diodes (OLEDs) [START_REF] Cornil | Interchain Interactions in Organic π-Conjugated Materials: Impact on Electronic Structure, Optical Response, and Charge Transport[END_REF] .

The π-conjugated polymer is an excellent candidate as OLEDs [START_REF] Burroughes | Light-emitting diodes based on conjugated polymers[END_REF] , photodiodes [START_REF] Halls | Efficient photodiodes from interpenetrating polymer networks[END_REF] , transistors [START_REF] Burroughes | New semiconductor devices physics in polymer diodes and transistors[END_REF] , solar cells [START_REF] Brabec | Plastic Solar Cells[END_REF] and chemical sensors [START_REF] Mcquade | Conjugated Polymer-Based Chemical Sensors[END_REF] , due to their light absorption/emission, charge (electron/hole) transfer and energy transfer properties. The conjugated small molecule is another promising candidates in these previously cited fields, presenting similar band-gap turned by molecular engineering and showing other advantages such as in the case of simple solution processing, well-defined molecular structures, and the facility to obtain high purity compounds [START_REF] Dou | Low-Bandgap Near-IR Conjugated Polymers/Molecules for Organic Electronics[END_REF] .

In our case, the design of the materials we synthesized during this PhD thesis was determined with the idea of testing them in Organic Field-Effect Semiconductor Transistor (OFETs). Thus we present very quickly below this type of device.

What is an OFET?

Many electronic devices are mainly based on inorganic semiconductor in industry, particularly on silicon. However solid amorpous silicon limits the technological processability. Organic π-conjugated materials offer the soft plastic ability, simple processing techniques such as spin-coating, or solution processing, and excellent charge mobility (up to 30 cm 2 •V -1 •s -1 in solution-processed thin film OFETs using C 8 -BTBT as the active material [1] ). This is why they are currently used in some electronic devices, for instance solar cells, OLEDs and OFETs. A field-effect transistor (organic or inorganic) configurationrequires the following components: a thin semiconducting layer, which is separated from a gate electrode by the insulating gate dielectric;

source and drain electrodes of width W (channel width) separated by a distance L (channel length) that are in contact with the semiconducting layer. There are two major types of devices configurations, which are top-contact and bottom-contact, respectively (see in Figure 1.6). In a top-contact OFET, the organic semiconducting material is deposited on the top of source and drain electrodes, while in a bottom-contact OFET the source and drain are evaporated on the dielectric before depositing the organic semiconducting material. When the voltage is applied to the gate (V G ) leading to an electric field through dielectric, it causes an accumulation layer of charges at the interface of the semiconductor. And then by applying a source-drain voltage (V SD ), it is possible to measure current between the source and the drain (I SD ) which is presented as the saturation regime in the data spectrum.

A linear regime which describes the current as well appears before the saturation regime. To examine the electrical performance of the materials in OFET, the charge carrier mobility () is certainly one of the key parameters. Another parameter is the current on/off (I on / off ) describing the current ratio between the depletion mode and the threshold voltage (V T ). There are two equations for the relationship among those parameters.

Linear regime:

I SD = V SD (V G -V T -V SD )
Saturation regime:

I SD = (V G -V T ) 2
Where W is the width of the transistor, and C is the capacitance per unit area of the insulating layer.

To end, for the classification of materials based on the type of charge carriers that they can transport, there are p-type (hole) semiconductors or n-type (electron) semiconductors essentially, as well as ambipolar materials which possess the ability of both hole and electron transport. Both polymers such as polythiophene [START_REF] Bao | Soluble and processable regioregular poly(3-hexylthiophene) for thin film field-effect transistor applications with high mobility[END_REF] , and small molecules such as rubrene [START_REF] Takeya | Very high-mobility organic single-crystal transistors with in-crystal conduction channels[END_REF] , supply high charge mobility. Here, some common p-type and n-type semiconducting components are presented in Figure 1.7, including polymers and low molar mass molecules. 

Towards ambipolar organic transistors

Among all of them, the ambipolar transistors exhibit simultaneous hole and electron transport depending on the applied voltage. They have obvious advantages such as the ability to use them in the design of robust circuits of low power consumption and a wide noise margin.

In Figure 1.8 and Figure 1.9 present the two main classes of ambipolar transistors, respectively:

one is based on the semiconductors heterostructures including bilayers and blend types, and the other one relies on a single ambipolar semiconducting material.

Figure1.8 Schematic presentation of a) bilayer heterostrusture films based on perylene diimide and oligothiophene [31] ; b) blend heterostrusture films based on perylene diimide and oligothiophene (α-T5/P13) [START_REF] Kunugi | An ambipolar organic field-effect transistor using oligothiophene incorporated with two[END_REF] .

Thus, the combining of a n-type compound layer with a p-type compound to form a bilayer has been reported: as an example, in the case of n-type perylene diimide and p-type pentacene, in Figure 1.8 a, it was observed an electron mobility of 3 × 10 -3 cm 2 • V -1 •S -1 and a hole mobility of 1 × 10 -4 cm 2 • V -1 •S -1 [31] .

To illustrate the case of blended ambipolar transistors, the Figure 1.8 b gives an example with ntype perylene diimide and p-type oligothiophene, leading to mobilities close to 1 × 10 -3 cm 2 • V -1 •S -1 and 1 × 10 -4 cm 2 • V -1 •S -1 for electron and hole, respectively [START_REF] Kunugi | An ambipolar organic field-effect transistor using oligothiophene incorporated with two[END_REF] .

Another strategy is based on single molecules having a low band gap. Some examples have been reported, and one of them is a triad consisting of oligothiophene and [C 60 ]fullerene moieties (see in

.9): an ambipolar transport was observed after spin-coating, showing a hole mobility of 7 × 10 -4 cm 2 • V -1 •S -1 and an electron mobility of 3 × 10 -5 cm 2 • V -1 •S -1 under vacuum [START_REF] Neill | Liquid Crystalline Semiconductors[END_REF] .

Figure 1.9 Schematic illustration of the triad molecular structure and the corresponded organic field-effect transistor [START_REF] Neill | Liquid Crystalline Semiconductors[END_REF] .

To sum-up, nowadays only few numbers of single molecule ambipolar materials exist. Their charge transport mechanism in film and an additional challenge from the air-stability are still looking for further research to get a better understanding.

After this simplified introduction under π-conjugated materials, we will explain what liquid crystals are, before focusing on liquid crystalline organic semiconductors design and their applications.

Liquid Crystals 1.2.1 Short history and definitions

In 1888 F. Reinitzer discovered the two melting points of cholesterol benzoate and in 1922 G.

Friedel was the first one who suggested that liquid crystals were an intermediate state between anisotropic crystal and isotropic liquid (see Figure 1.10).

Today, the liquid crystal state is defined as an authentic state of matter, intermediate between the classical crystalline solid state and isotropic liquid one.

The liquid crystal phases, so-called "mesophases", became a main research field of soft matter.

Their macroscopic behavior is determined by the molecular properties of their constituents: the mesogens and the liquid moieties (in general: alkyl chains). Moreover, the type of liquid-crystalline phase is determined generally by the shape anisotropy of these mesogens.

Figure 1.10 A common phase sequence on material's thermal behavior and the structures of nematic, smetic A, C (reproduced from [2]).

Two types of liquid crystal are distinguished based on the nature of the system: lyotropic liquid crystal [START_REF] Friberg | Lyotropic Liquid Crystals[END_REF] where the liquid crystal polymorphism results from interactions between one or several solvents and amphiphilic molecules, or thermotropic liquid crystals where the succession of phases is obtained by changing the temperature. In some cases, these two processes can be also combined to obtain amphotropic liquid [START_REF] Tschierske | Amphotropic liquid crystals[END_REF] .

As our study involves only thermotropic compounds, we will focus only on this family of materials in the following parts.

Thermotropic liquid crystals general classifications

Liquid crystals have been defined for a long time, and several types of classification exist. The existence of these phases (mesophases) is due to the anisotropic shape of the molecules and to their chemical constitution.

In addition, we can sub-devide them as well depending on the molecular molar mass of the starting materials, i.e. by separating LCs obtained from polymers with the ones reached from small molecules (Figure 1.11). More precisely, the liquid crystals homo-polymers or copolymers include main-chain polymers (the aromatic cores staying in the backbone) [START_REF] Furuya | Deuterium NMR analysis of main-chain polymer liquid crystals[END_REF] and side-chain polymers. [START_REF] Tahar-Djebbar | Perforated Lamello-Columnar Mesophase in a Side-Chain Liquid Crystal p-Conjugated Polymer Architecture[END_REF] Among them, the family of polythiophenes can be cited, giving sometimes a lamellar ordering consisting of closely spaced layers of stacked, highly conjugated backbones separated by insulating side chains [START_REF] Tsao | Improving polymer transistor performance via morphology control[END_REF] . Thienothiophene groups are also very interesting [START_REF] Ong | High-performance semiconducting polythiophenes for organic thin-film transistors[END_REF][START_REF] He | Alkylsubstituted Thienothiophene Semiconducting Materials: Structure-Property Relationships[END_REF][START_REF] Kim | Liquid-crystalline semiconducting copolymers with intramolecular donor-acceptor building blocks for highstability polymer transistors[END_REF][START_REF] Sergeyev | Discotic liquid crystals: a new generation of organic semiconductors[END_REF] and in this case, the transport properties are also influenced by the polymer weight and its microcrystalline morphology.

But we won't speak too much about polymers as during this thesis we focused on small molecules.

Small molecules are classified depending on their shape, and the well-defined molecular organizations that are directly related to the molecular structure of the mesogenic compounds. Thus, we will introduce here only two types of LC classifications, related to small molecules, based either on the starting material shape (disc-like and rod-like) or on the thermal behaviors (mesophases classification) of the obtained materials.

Classification depending on the shape

Generally, the different shapes are classified as "calamitic" (rod-like), "discotic" (disc-like) [START_REF] Kaafarani | Discotic Liquid Crystals for Opto-Electronic Applications[END_REF] ,

"sanidic" (board-like) [START_REF] Schönherr | Structure of an aromatic polyamide with disc-like mesogens in the main chain, Structure of an aromatic polyamide with disc-like mesogens in the main chain[END_REF] and "banana-shaped" [START_REF] Niori | Distinct ferroelectric smectic liquid crystals consisting of banana shaped achiral molecules[END_REF] mesogens (see in Figure 1.12). These molecules are consequently formed by an amphipathic structure due to two chemically incompatible constituent parts, which induce segregation and the presence of mesophases.

On the one hand calamitic liquid crystals are obtained starting from rod-like or bar-like molecules, as on the other hand discotic liquid crystals can be reached from disc-like molecules, both types including single or multi-component systems.

Classification depending on the mesophase

The mesophase is classically defined as an intermediate phase occurring between the breakdown of the atomic level positional/translational order on melting from a cryatlline solid and the breakdown of orientational order on melting to classical isotropic liquid [START_REF] Gray | Thermotropic liquid crystals[END_REF][START_REF] Goodby | Materials and Phase Structures of Calamitic and Discotic Liquid Crystals[END_REF] . During the breaking down process, the molecules oscillate or rotate rapidly along one or more axes, and induce the spontaneous alignment to obtain a long or short range positional order.

These small molecules have some common features [START_REF] Andrienko | Introduction to liquid crystals, IMPRS school[END_REF] , as they stack up by the mean of several interactions such as π-π conjugated interactions, van de Waals forces, hydrogen bonding, dipolar interactions or ionic interactions.

More precisely, the π-conjugated rigid cores as well as the flexible chains surrounding are responsible for the phase transitions, leading to lamellar or columnar liquid crystalline organizations depending on the core shapes (discotic or calamitic). Moreover, the length and in some cases the parity of the aliphatic chains usually play a very important role as well.

Many mesophases exist, the essential ones being described in Figure 1.14.

For calamitic shape molecules, the phases can be described depending on the degree of order, going from nematic phases (N) to smectic phase (Sm) and then cholesteric phase. The nematic phase is the least ordered in the cooling process from the isotropic phase, which aligns with rotational order but without any positional order. Calamitic compounds can give well-ordered smectic phases (Sm) which could generate dimensional layers with longer range stacking positional order as well. To identify the mesophases, except characteristic optical microscopy textures, such as homeotropic, schliren, focal-conic and pseudo-fan-shape, observed by POM, other methodologies are needed, such as X-ray diffraction pattern (XRD), differential scanning calorimetry (DSC) or differential thermal analysis (DTA).

As consequence and before discussing on the chemical structures design of small semiconductor molecules in order to obtain specific liquid crystalline properties, first we will detail a little more the specificity of each liquid crystal mesophase.

Discotic versus calamitic thermotropic mesophases

Some conventional mesophases will be displayed in details in this part, including nematic, smectic A-C, columnar, cholesteric and blue phase.

Nematic phases

The nematic phase (Figure 1.15), which can be obtained from calamitic or discotic mesogens, is the most disordered mesomorphic phase. This mesophase is characterized by an orientational order but no positional order. In fact, the molecules are oriented in parallel to each other along a preferred direction defined (director), but are free to move in space [START_REF] Tinh | An Homologous Series of Disc-Like Mesogens with Nematic and Columnar Polymorphism[END_REF] . In the image, there are some brushes in points causing the defects (boojums) in the film. When the materials self-organize from isotropic state, the director can place parallel either to the polarizer or to the analyzer; hence under the crossed condition they display those brushes. It is affected by the isotropic surface as well, as it exhibits a competition between the elastic and the surface anchoring forces: that's why in some points, they have no birefringence. Associated with the film thickness, the birefringence presents series of colors, such as the image with yellow, blue and orange.

To sum up, a nematic phase is a uniaxial phase with a center of symmetry when the director is of no physical significance [START_REF] Furuya | Deuterium NMR analysis of main-chain polymer liquid crystals[END_REF] . Due to the existence of many defects, the materials presenting such a nematic phase are not often tested for electrically addressable displays. Nevertheless, as they can show negative birefringence and/or rich colors, they can be good candidates for LCDs viewing angles, or sensitive thermometer applications [START_REF] Soref | Field effects in nematic liquid crystals obtained with interdigital electrodes[END_REF][START_REF] Kirsch | Nematic Liquid Crystals for Active Matrix Displays: Molecular Design and Synthesis[END_REF] .

Smectic phases

The smectic phase is characterized by an orientation order and positional order as the molecules are organized in layers [START_REF] Halls | Efficient photodiodes from interpenetrating polymer networks[END_REF] . A variety of smectic phases exist, mainly obtained from calamitic molecules.

Organization of the mesogens within the layers gives rise to several varieties of the lamellar phases.

In fact, those molecules are, as in the nematic phase, oriented parallel to a preferred direction, but in addition, they are arranged in parallel, equidistant layers, which can be free to slide over each other depending on the nature of the smectic phase.

Generally, when a smectic phase sample is placed between two glass slides, the layers become distorted and can slide over another one in order to adjust to the surface conditions and preserve their thickness. The optical properties (focal-conic texture) of the smectic state arise from these distortions of the layers. Typical optical textures of smectic phase are shown in Figure 1.17.

Moreover, the calamitic dipole director can be aligned in a perpendicular, parallel or tilted manner to the layers responding to special physical characters: such property can be interesting for many applications.

Several smectic phases have been recognized from SmA-K nowadays, but we will introduce the three major conventional A-C, for a better understanding, with simple remarks for other mesophases. 

SmA

In SmA the molecules are aligned perpendicular to the layers with interlayer diffusion. Among (reproduced from Website [3]).

More precisely, a conventional SmA consists in a random head-to-tail arrangement without translational periodicity. Then, the distance (d) of this monolayer is approximately the length of the molecular unit. This mesophase can exhibit bilayer (head-to-head) and semi-bilayer as well in some cases (antiferroelectric ordering). For a semi-bilayer, it is typically caused by interdigitation, the polar terminal tails partially overlapping to touch the end of the core of other molecules [START_REF] Goodby | Materials and Phase Structures of Calamitic and Discotic Liquid Crystals[END_REF] .

The picture in the middle of the figure is a typical fan-shape-focal-conic domain from SmA on a glass substrate. This texture was resulted from ellipse and hyperbolas, which was explained originally by M. Kleman and O. Lavrentovich [START_REF] Klé Man | Grain boundaries and the law of corresponding cones in smectics[END_REF] . In the explanation (in the right of Figure 1.18, side view), as a random planar anchoring the molecules arrange parallel to the surface, leading to layers aligning perpendicular to the surface. On the contrary, without the anchoring, the layers prefer to be parallel to the air surface and the molecules are perpendicular. The grain boundary forces the distortion and the hyperbola during the self-organization, resulting in different birefringence aspects.

For the characterization of XRD, the typical X-ray pattern of SmA is an outer ring of diffuse nature and sharp inner rings indicating the lamellar structure.

SmC

With a long range orientational order and diffuse layers yet, without any inter-layer molecular positional order, the SmC is different from SmA due to the tilting essentially (Figure 1. 19).

Figure 1.19 Schematic representation of SmC and its microsphotographs (reproduced from Website [4]).

Going into further detail, the molecules can rotate and arrange into a lamellar structure, but they can slide freely in the layers when each molecule packs parallel to others. For some exceptional materials, their tilting angles θ of the rotational director and the layer are temperature-dependent as well.

There are two types of SmC textures under cross polarizer: schlieren and fan-shape focal-conic.

A typical microscopic photograph is shown in the Conpared with schlieren texture of nematic phase where two or four brushes originate from the center, in SmC only four brushes originate from the center. Moreover, there are other SmC schlieren textures which display sanded and lined miscrophotoes. The sanded texture is formed from some aromatic acids, when the point singularities and brushes are very small and blurred leading to the sanded texture [55] .

The identification of SmC comes from POM, X-ray diffraction pattern and DSC as well. The Xray diffraction data depicts similar pattern with SmA, with sharp inner and diffuse outer rings, but as there are some differences in term of inter-layer length molecular long axes, the small angle X-ray diffraction can be very helpfull. Note as well that the transition enthalpy from SmA to SmC is very small due to a very weak order change, hence sometimes it is undetected.

As a remark, another SmC mesophase named as altering or anticlinic SmC (SmC alt ) is possible: in this case, the tilted direction could be 180 ° passing from one layer to another layer, leading to a zigzag layer structures but the long axes are still parallel to each other.

SmB

Different from the orthogonal SmA and SmC phases, SmB is a hexagonal phase. Indeed, the molecules arrange perpendicular to the plane of the layers and interlayer pack hexagonally with long axes, keeping the rotational and positional orders and the intra-layers flexibility. This is illustrated with The SmB shows both natural and focal-conic textures under the crossed polarizer. The distinction is that the natural structure forms from nematic or isotropic phase whilse the focal-conic SmB is obtained from SmA. They present different layered structures determined by previous textures. When converted from homeotropic nematic phase, it is homeotropic natural SmB; from homogeneous or schlieren nematic texture, it exhibits mosaic natural SmB phase. When the material is cooled from focal-conic SmA, the SmB is the smooth focal-conic texture; however the SmB does not exhibit the natural focalconic fan texture.

To the explanation, under the crossed polarizer, the layers align parallel to the substrate when the molecular long axes director is perpendicular to the substrate surface, therefore it displays homeotropic texture. However, some small areas can tilt with angles to the substrate, resulting in small birefringence domain under polarizer, as shown in the microsphotograph (in the middle of the figure).

For the mosaic texture (in the right of the figure), the layer planes and molecular long axes in separating areas are at some angle to the glass substrate. Those separating areas are homeotropic as they give different birefringence.

Note that a typical X-ray image of SmB pattern is a picture with sharp outer ring and defined inner ring. The transition to SmB can be detected by DSC with a relatively large enthalpy signal with 4-8 KJ/mol value.

In summary, the ordering is increasing going from smectic phase A to C and then B and we can differentiate these three phases based on their arrangement, director axis and type of stratification.

For their applications, SmA could be applied in data storage devices and light scattering displays when SmC can be applied in switching bistable mode of operation when materials show ferroelectric properties [START_REF] Kelly | liquid crystals for electro-optic applications[END_REF][START_REF] Kuczyński | Ferroelectric properties of smectic C liquid crystals with induced helical structure[END_REF] .

Columnar phases

Before 1977, people believed that rod-like compounds were the main class of materials to form steady mesophase, as the discovery of columnar phases by X-ray studies was not observed yet.

Since the discovery of columnar phases, it was evidenced that disc-like molecules can lead to discotic or columnar mesophases, including nematic-discotic phase, nematic-columnar phase and ordered columnar phase.

For all of them, the molecular cores pack parallel to each other with the same rotational director.

But when the cores could move in a wide space, it is a nematic-discotic phase. When the molecules stack to form one-dimensional cylindrical structures but without showing same director axis among columnar units, it is named as nematic-columnar phase.

Nevertheless, the most stable mesophases are here the ordered columnar structures: thus we will detail and explain them. They are numerous (Figure 1.21) and differ from the inter-column and intracolumn arrangements [START_REF] Laschat | Discotic Liquid Crystals: From Tailor-Made Synthesis to Plastic Electronics[END_REF] . When the molecules organize in weak positional short-range order and they are flexible along the director inter-column, this is a disorder columnar phase. But in the case where a short-range inter-column distance is observed, the columnar units align in different two-dimensional lattices and give ordered mesophases presenting either hexagonal, tetragonal, rectangular, oblique or lamellar lattices. More precisely, when the molecular long axes and the resulted columnar units arrange perpendicular to the plane in hexagonal structure, we have a hexagonal ordered columnar phase (Col ho ).

Similarly, when the molecules stack perpendicularly to form columnar units, however among the columnar units the lattice is rectangular with a center unit, the structure is classified as a rectangular columnar phase (Col r ). From this rectangular texture, the columnar oblique (Col o ) mesophase keeps the perpendicular direction between the column and the plane, but the packing director of molecules tilts with the long range direction of columns. The last type we describe is the columnar lamellar structure (Col l ) formed in such conditions that the molecular director and the related long range columnar units are perpendicular to the plane, and additionally the columnar units arrange into a lamellar structure [START_REF] Chandrasekhar | Discotic Liquid Crystals[END_REF] .

In addition, more and more new columnar phases were recently reported based on new vast liquid crystalline materials, including supramolecules and polymers or mixable materials, mettalo-mesogens... Under crossed polarizer, the nematic-discotic phase displays schlieren textures as well. However, since its different anisotropic character, the birefringence draws different textures, such as ordered fanshape focal-conic, and/or snow-like texture for those columnar hexagonal structures [START_REF] Chandrasekhar | Discotic Liquid Crystals[END_REF] . By X-ray diffraction, square fluctuations of the lattice as well as the Debye-Waller factor could be the evidence of certain dependence on the linear dimensions of the sample [START_REF] Prasad | X-RAY Studies on the Columnar Structures of Discotic Liquid Crystals[END_REF] . Because of the two-dimensional lattice and the three-dimensional order, the beam orientation and direction also affects the pattern.

When the beam is sending along the long axes of the columnar units, it can obtain the texture among those columns, as hexagonal symmetry or rectangular order. When the beam is sent from the side, generally the columnar phase should give the inner sharp ring and diffuse outer ring. The columnar one-dimensional order along the columnar director provides distinguished properties from calamitic nematic and smectic phases, specifically for their charge transport properties [START_REF] Bushby | Discotic liquid crystals 25 years on[END_REF] . In particular, the ordered discotic structures show inter-column self-healing ability. Additionally, the charge transport in highly ordered, non-polar columnar systems is temperature independent.

Although these types of mesophases were discovered more recently, they were studied and applied in many fields, such as OLEDs [START_REF] Seguy | An all-columnar bilayer light-emitting diode[END_REF] and photovoltaics [START_REF] Schmidt | Self-organized discotic liquid crystals for high-efficiency organic photovoltaics[END_REF] . Indeed, in the case of semiconductors, an enhanced advantageous charge transport is observed with this columnar phase [START_REF] Coropceanu | Charge Transport in Organic Semiconductors[END_REF] , an example being the triphenylene discotic derivatives which were reported with a mobility as high as 0.1 cm 2 V -1 S -1 [START_REF] Iino | High electron mobility of in the highly ordered columnar phase of hexahexylthiotriphenylene[END_REF] .

The discotic perylene derivatives were reported as well with high performances [START_REF] Schmidt | High-Performance Air-Stable n-Channel Organic Thin Film Transistors Based on Halogenated Perylene Bisimide Semiconductors[END_REF] .

Liquid crystalline semiconductors

It is only in relatively recent years, compared with the discovery of liquid crystals, that the applications of liquid crystals for electronics have attracted significant scientific interest.

In fact, as said before, organic π-conjugated materials offer simple processing technique, excellent charge mobility, and they have been used as many electronic devices, included OFETs. But of course, when discussing charge carrier mobility in organic materials, it is essential to recognize that it is not only depending on intrinsic property of organic molecules but also on the arrangement of the molecules since it requires hopping of charges between the molecules.

Why target liquid crystals for OFET applications?

Compared with organic crystalline semiconducting materials, liquid crystalline semiconductors have exclusive advantages, such as the self-healing ability and various manual processing conveniences from their fluidity. When liquid crystals are applied to electronics, it poses two particular questions: charge transport in mesophase and impurity effects.

Charge transport

A typical liquid crystalline molecule consists of a rigid aromatic core with flexible alkyl chains, leading to the crystal-like order and its fluidity respectively. These molecular characters can provide either ionic and/or electronic conduction depending on the applied field.

Generally, less ordered mesophase tends to allow the ionic conduction due to the structural defects prohibiting the charge transport, while a higher ordered mesophase is favorable for the electronic conduction. In fact, experiential results have proved that in nematic phase the electronic mobility is relatively low compared to the observation of high ion mobility, while within a smectic or columnar phase it exhibits a good electronic mobility.

Moreover, for a given class of liquid crystals having the same molecular core, the mobility is enhanced in a step-wise manner from phase to phase according to the increase in the molecular order [67] . In the case of columnar organization formed by discotic compounds, the inter-and intra-columnar ordering give hugely different charge transport. The mobility is enhanced as the molecular order is increased.

For example, the mobility is around 10 -3 cm 2 • V -1 •S -1 in a columnar ordered phase, around 10 -2 cm 2 • V -1 •S -1 in a columnar plastic phase and around 10 -1 cm 2 • V -1 •S -1 or higher in a columnar helical phase [START_REF] Boden | Enhanced conductivity in the discotic mesophase[END_REF][START_REF] Wegewijs | Charge-carrier mobilities in binary mixtures of discotic triphenylene derivatives as a function of temperature[END_REF] .

In the case of a smectic phase formed by calamitic molecules, in general the typical mobility of each phases is around 10 -4 cm 2 • V -1 •S -1 for SmA and SmC phases [START_REF] Funahashi | Fast ambipolar carrier transport in smectic phases of phenylnaphthalene liquid crystal[END_REF] , around 10 -3 cm 2 • V -1 •S -1 for SmB hex and SmF phases and around 10 -2 cm 2 • V -1 •S -1 for SmB cryst , SmE and SmG phases [START_REF] Funahashi | High ambipolar carrier mobility in self-organizing terthiophene derivative[END_REF] .

To date, there are reports of a series of liquid crystalline compounds which exhibit good charge transport ability, sometimes showing high mobilities ranging from 10 -4 cm 2 • V -1 •S -1 up to ~1 cm 2 • V -1 •S - 1 . These semiconducting compounds include a vast range of materials for example, derivatives of triphenylenes [START_REF] Miyake | Carrier mobility of a columnar mesophase formed by a perfluoroalkylated triphenylene[END_REF][START_REF] Simmerer | Transient photoconductivity in a discotic hexagonal plastic crystal[END_REF] , phthalocyanines [START_REF] Deibel | Charge transport properties of a metal-free phthalocyanine discotic liquid crystal[END_REF] , porphirines [START_REF] Yuan | Time-of-flight study of electrical charge mobilities in liquid-crystalline zinc octakis(β-octoxyethyl) porphyrin films[END_REF] , perylenes [START_REF] Struijk | Liquid Crystalline Perylene Diimides: Architecture and Charge Carrier Mobilities[END_REF] , phenylbenzothiazoles [START_REF] Hanna | Fast Hole Transport in a New Calamitic Liquid Crystal of 2-(4'-Heptyloxyphenyl)-6-Dodecylthiobenzothiazole[END_REF] ,

phenylnaphthalenes [START_REF] Funahashi | Fast ambipolar carrier transport in smectic phases of phenylnaphthalene liquid crystal[END_REF] , oligothiophenes [START_REF] Iino | Availability of Liquid Crystallinity in Solution Processing for Polycrystalline Thin Films[END_REF] , and benzothienobenzothiophenes [START_REF] Hanna | Towards a new horizon of optoelectronic devices with liquid crystals[END_REF] .

Impurity effects

In organic semiconductors, chemicals impurities can work as trap states for holes and electrons.

Moreover, in the case where the carriers are trapped in the deep states, the resulting trapped charges are not released from the state in time range of the transit time, and then it affects the charge transport properties of the materials. Therefore, for OEFT applications it requires high purity of materials in order to obtain high mobility [START_REF] Hanna | Charge Carrier Transport in Liquid Crystalline Semiconductors[END_REF] .

Discotic liquid crystalline semiconductor (small molecules)

The original evidence of disc-like liquid crystals came from the study of S. Chandrasekhar and his colleagues [START_REF] Chandrasekhar | Liquid crystals of disc-like molecules[END_REF] by X-ray diffraction patterns, when they described the mesophase of benzene-hexa-nalkanoates as " a structure is proposed in which the discs are stacked one on top of the other in columns that constitute a hexagonal arrangement, but the spacing between the discs in each column is irregular." From that moment, the liquid crystals with discotic shape revealed their diversity.

The topology is rigid core and flexible periphery such as triphenylene and perylene, or it is inverted with flexible core and rigid periphery such as phthalocyanines. The disc-like cores pile up aligning parallel to each other in one column, leading to two-dimensional architecture. In disordered structure, there is no positional orders inter-columns and not exact stacking sequence among discotic units while Because of those stacking of columnar alignment, the overlap between the π-orbitals (HOMOs or LUMOs) of adjacent molecules can be observed, which is beneficial to the charge transport. However, the intermolecular distance in a column is almost constant (around 3.5 °A) irrespective of the nature of the columnar phase. We can consequently say that the nature of materials and the intra-columnar order almost determine the charge transport.

The charge transport of holes (p-type materials) and/or electron (n-type materials) depends on the nature of the materials, thus we will describe both of them separately.

p-type discotic mesogens

The columnar mesophase formed by discotic molecules supplies 1D charge transport. In the columnar organizations, the charge (electron or hole) transport is only possible parallel to the columns along the stacked aromatic mesogens centers, as the exchange of carriers between neighboring columns is strongly hindered due to the insulating aliphatic chains [START_REF] Wohrle | Discotic Liquid Crystals[END_REF] . When using such molecules into device configurations which require the edge-on or homogeneous configurations between the sources and drain electrodes (see in Figure 1.23 b), in this cases the columnar liquid crystals show their advantage with the ability to obtain long-range alignment [START_REF] Sergeyev | Discotic liquid crystals: a new generation of organic semiconductors[END_REF] . 

Triphenylene derivatives

Among all the discotic mesogen types, the triphenylene (molecular structure given in Figure 1. 23) derivatives have been examined as p-type OFET semiconductor showing mobilities of up to 0.002-0.05 cm 2 • V -1 •S -1 in their Col mesophases [START_REF] Sergeyev | Discotic liquid crystals: a new generation of organic semiconductors[END_REF][START_REF] Iino | Fast Electron Transport in Discotic Columnar Phases of Triphenylene Derivatives[END_REF] . This derivative is a common semiconducting material nowadays due to the easy modification of its molecular architecture [START_REF] Kong | Improved synthesis of monohydroxytriphenylenes (MHTs)important precursors to discotic liquid crystal families[END_REF] , to obtain symmetrical or unsymmetrical compounds which in turn help to obtain different Col phases.

Introduced in OFET device configurations, the single-core triphenylene molecule with in-plane aliphatic groups has shown a mobility of 0.05 cm 2 • V -1 •S -1 [START_REF] Iino | Fast Electron Transport in Discotic Columnar Phases of Triphenylene Derivatives[END_REF][START_REF] Iino | Fast Electron Transport in Discotic Columnar Phases of Triphenylene Derivatives[END_REF] in its columnar organization. Another example is hexakis(hexylthio)triphenylene from the work of D. Haarer et al. [START_REF] Adam | Fast Photoconduction in the Highly Ordered Columnar Phase of a Discotic Liquid Crystal[END_REF] , and the details are shown in Figure 1. 24. In the phase the mesogens are helically correlated along the column direction.

This correlation between adjacent mesogens increases the order in the phase and the electron mobility increases up to 0.1 cm 2 • V -1 •S -1 in the helical phase in comparison to only 0.0014 cm 2 • V -1 •S -1 in the hexagonal phase.

Figure1.24 Electron mobility of hexakis(hexylthio)triphenylene depending on the temperature and the phase. (I = isotropic, D h = columnar hexagonal, H = columnar helical) (reproduced from ref [86]).

Finally for this family, the conducting ability of triphenylene derivatives in their columnar phase could be improved by increasing the coherence length of the molecules within each column. That could be done by [START_REF] Sergeyev | Discotic liquid crystals: a new generation of organic semiconductors[END_REF] : i) designing hydrogen-bonding linkages in disc-to-disc; ii) by adding a gelling agent; iii) or by making complementary polytopic interaction compounds in which we alternate triphenylene and a hexaphenyl triphenylene [START_REF] Boden | CPI (complementary polytopic interaction) stabilised liquid crystal compounds formed by esters of 2-hydroxy-3,6,7,10,11-pentakis(hexyloxy)triphenylene[END_REF] .

Phthalocyanine derivatives

Compared with other p-type semiconductors, phthalocyanines (molecular structure given in Figure 1.23 c) derivatives have an obvious advantage, which is its intrinsic high charge transport.

The first phthalocyanine-based OFETs characterized was based on the metal free derivative, and it showed a weak hole transport of 3.0 × 10 -6 cm 2 • V -1 •S -1 [START_REF] Zhang | Organic Semiconductors of Phthalocyanine Compounds for Field Effect Transistors (FETs)[END_REF] in the crystalline phase. But its derivatives with organic metal contacts have been reported with higher hole mobilities in their columnar phases, such as the copper derivatives presenting a mobility of 10 -2 cm 2 • V -1 •S -1 [START_REF] Kraus | High-mobility copper-phthalocyanine field-effect transistors with tetratetracontane passivation layer and organic metal contacts[END_REF] .

Hexabenzocoronene (HBC) derivatives

The aromatic molecular architecture of HBC is also given in Figure 1.23 c. With a large conjugated core, HBC derivatives form highly ordered columnar phase with an extended liquid crystalline temperature range from ambient temperature to 500 °C [START_REF] Pisula | Helical Packing of Discotic Hexaphenyl Hexa-peri-Hexabenzocoronenes: Theory and Experiment[END_REF] .

They generally align in a planar manner and have proved frustratingly difficult to align in a homeotropic manner. This benefits the application in OFET devices. Many studies evidence their high hole mobility. For example, the group of K. Müllen reported the monomeric HBC compound with a hole mobility of 0.5 cm 2 • V -1 •S -1 [START_REF] Craats | Record Charge Carrier Mobility in a Room-Temperature Discotic Liquid-Crystalline Derivative of Hexabenzocoronene[END_REF] . However, their crystalline phase gives higher hole mobility in OFET configuration, even arising a mobility of 1.0 cm 2 • V -1 •S -1 [START_REF] Craats | Meso-epitaxial solution growth of self-organizing discotic liquid crystalline semiconductors[END_REF] .

n-type discotic mesogens

Compared with the p-type materials mentioned, few discotic liquid crystals have been reported as n-type semiconductors, and until now the main class is still the diimide series. Here we take the example of perylene diimide derivatives, whose aromatic core is drawn in Figure 1.25.

Figure1. 25 An examples of discotic liquid crystalline n-type semiconductor and its columnar frozen and liquid crystalline states [START_REF] Hansen | Cooperative Molecular Motion within a Self-Assembled Liquid-Crystalline Molecular Wire: The Case of a TEG-Substituted Perylenediimide Disc[END_REF] .

As shown in the figure, the simple molecule architecture with terminated lateral alkyl chains presents frozen columnar and liquid crystalline states. Looking into details, the distance between columns is around 3.5 Å which is the same value of common columnar phases, indicating of the orbitals overlapping. Regarding intra-columnar liquid crystalline phase organization, each perylene units is parallel to a neighboring unit, and by cooling to the frozen state the rotational angle could change, leading to a tilt angle between two units of ± 40°.

Concerning the electronic properties, within diimide series of compounds, the discotic perylene diimide and its derivatives show the best electron-withdrawing behavior, leading to an electron mobility ranging from 0.10 to 3.0 cm 2 • V -1 •S -1 in the columnar structures [START_REF] Jones | High-Mobility Air-Stable n-Type Semiconductors with Processing Versatility: Dicyanoperylene-3,4:9,10-bis(dicarboximides[END_REF][START_REF] Nolde | Synthesis and Self-Organization of Core-Extended Perylene Tetracarboxdiimides with Branched Alkyl Substituents[END_REF][START_REF] Ebata | Highly soluble [1]benzothieno[3,2b]benzothiophene (BTBT) derivatives for high-performance, solutionprocessed organic field-effect transistors[END_REF] . For example, a symmetrical molecule with lateral alkyl chains was tested in OEFT configuration after annealing at 140 °C, and led to a mobility of 2.1 cm 2 • V -1 •S -1 [START_REF] Tatemichi | High mobility n-type thin-film transistors based on N,N′N,N′ditridecyl perylene diimide with thermal treatments[END_REF][START_REF] Malenfant | Ntype organic thin-film transistor with high field-effect mobility based on a N,N′N,N′-dialkyl-3,4,9,10-perylene tetracarboxylic diimide derivative[END_REF] .

Calamitic liquid crystalline semiconductor (small molecules)

Attached to a flexible moiety, the rod-like core can be aromatic, heterocyclic, or alicyclic. As examples, we can notice a rigid core (hard) such as quinquephenyl, a semi-rigid/semi-flexible one like stilbene derivatives, and/or a flexible core [START_REF] Olivier | Quinquephenyl: the simplest rigid-rod-like nematic liquid crystal, or is it? An atomistic simulation[END_REF] . When the calamitic compounds are set on a silanemodified substrate, generally the molecules self-organize as homeotropic alignment to give the inplane transport between the electrodes: in this context the layer architecture results in the 2D hopping

(Figure 1.26 a, b).
Many calamitic liquid crystals with excellent semiconducting performance have been reported. For example (Figure 1.26 c), the [1]benzothieno[3,2-b]benzothiophene (BTBT) with different alkyl chains lengths presented good electric properties in OFET configuration with an electron mobility as high as 2.75 cm 2 • V -1 •S -1 in its SmA phase [100,101] . The pyromellitic diimide and its derivatives are as well typical n-type liquid crystal OFET materials, and its smectic structure could supply around 0.07 cm 2 • V -1 •S -1 of electron mobility [102] .

As we mentioned it already, the oligothiophene with several smectic phases also presents high electron mobility values, however the layer tilting still exists reducing the π-π interaction hence sometime the mobility is anisotropic, such as in the case of the SmC.

p-type calamitic mesogens

The Figure 1.27 presents some p-type liquid crystalline calamitic materials showing excellent properties.

One of the first reported calamitic p-type liquid crystal molecules is the 2-(4'-heptyloxyphenyl)-6dodecylthiobenzothiazole (7O-PBT-S12) which was described in 1997 by J. Hanna et al. [START_REF] Hanna | Fast Hole Transport in a New Calamitic Liquid Crystal of 2-(4'-Heptyloxyphenyl)-6-Dodecylthiobenzothiazole[END_REF] . They obtained a hole mobility of 10 -3 cm 2 • V -1 •S -1 in the SmA phase of this compound.

Then in the same year, they also reported another calamitic liquid crystal p-type semiconductor, 2-(4'-octylphenyl)-6-dodecyloxynaphthalene (8-PNP-O12), which gave a mobility of 1.6 × 10 -3 cm 2 • V - 1 •S -1 in its smectic phase at a lower temperature [START_REF] Funahashi | Fast ambipolar carrier transport in smectic phases of phenylnaphthalene liquid crystal[END_REF] . Being the simplest calamitic semiconducting liquid crystal material in the oligothiophenes family, α,ω-dialkylterthiophene was thoroughly studied as well [103] . In particular, in the SmG phase of 8-TTP-8 a 0.01 cm 2 • V -1 •S -1 mobility value was obtained [104] . This 8-TTP-8 was again tested as a model molecule to compare with α-benzothienobenzothiophene (C10-BTBT) [105] . In addition, by using a "in temperature" spin-coating new method, the mobility of 8-TTP-8 was increased to 0.2 cm 2 • V -1 •S -1 and the C10-BTBT showed a higher and remarkable mobility of 3 cm 2 • V -1 •S -1 measured by OFET [START_REF] Iino | Availability of Liquid Crystallinity in Solution Processing for Polycrystalline Thin Films[END_REF] .

Based on the self-healing property of some liquid crystal molecules, Breemen et al. [106] reported also a terthiophene derivative (M1) which forms easily large-area ordered films after thermal treatment in the liquid crystal mesophase, reaching a mobility of 0.02 cm 2 • V -1 •S -1 by OFET measurements.

Another case we can notice is the α-chain modified C10-BTBT.

M. Mé ry et al. reported a [1]benzothieno [3,2-b][1]benzothiophene-2,7-dicarboxylate (M2) in which both hole and electron transports were observed [107] .

Finally with the modern well-established molecular chemistry, more and more "combined" calamitic liquid crystal molecules can be synthesized, such as M3, M4, [108,109] by coupling or fusing different basic conjugating bricks (benzene, thiophene, and other heterocyclic rings).

n-type calamitic mesogens

Few calamitic liquid crystals (small molecules) present electron transporting properties at present.

One design strategy is the grafting of electron withdrawing groups on the big π-conjugated systems to support the electron affinity [110] , such as the diimide family.

Here below we give some small molecules as n-type semiconductors characterized by OFETs, in 1 [111] . TBI (Thieno(bis)imide Mol.) is another n-type semiconductor with mesomorphism. It was reported to give a maximum electron mobility around 0.14 cm 2 • V -1 •S -1 [112] . Since we have introduced the single molecular liquid crystalline structures in the previous section, in this part we focus on more complex thermotropic materials combining several mesogens linked together, such as dimer-, trimer-, tetramer-and polymer-type liquid crystalline materials.

cm 2 • V -1 •S -
Such high mass materials could indeed present better mesogenic stability and some of them lead to smectic or lamellar mesophases, opening potential applications such as ferroelectric and pyroelectric devices or as displays and sensors [ 113 ] . Moreover, the precise control of the final architecture processing also helps the development and engineering of these complex materials.

Concerning the study of the relationship between the molecular structure and mesomorphic property, it has been well known that in most cases, the discotic shape molecules self-assemble to provide columnar intermediate phases while calamitic molecules prefer lamellar (layered) phases.

But the self-organization of complex materials owning several mesogens and especially of different geometry (calamitic and discotic ones) has caught the attentions of many physicists and chemists recently. Therefore, we will discuss here this class of new materials, starting from the simplest models i.e. dimers [114] consisting of two mesogens connected by a flexible chain.

Dimers

For a dimer (or dyad) which consists of two mesogenic units, the geometry of the two components involved (A and B in Figure 1.29) is one of key parameters determining the chemical and physical properties. Particularly, the shape of the two entities is essential. On the one hand, when both mesogen rigid cores are disc-like, such as segregated perylene and hexabenzocoronene (HBC) [115] , or discotic triphenylene combined with discotic perylene diimide [102] ,

the dimer (Disc-Disc) is presenting a rigid columnar arrangement, a low HOMO-LUMO gap and numerous efficient optoelectronic characters which are advantageous for organic photovoltaic devices.

On the other hand, when both mesogen rigid cores are rod-like, such as α,ω-bis(4-cyanobiphenyl-49-yloxy)alkanes who presents nematic mesophase [116] , we speak about (Cala-Cala) compounds. More precisely, different patterns of dyad have been studied, including linear, H-shape and T-shape [117,118] ,

as illustrated in the Figure 1.30, and the (Cala-Disc) [119] will be introduced later.

Going into details in the case of the study related to aromatic esters connected by polymethylene spacers, three patterns of dimer liquid crystals with their specific thermal behaviors were compared. It was found that the conventional linear structure and T-shape structure samples had a wider mesophase temperature range than the H-shape structure. Moreover, they tended to be enantiotropic liquid crystalline materials while the H-shape material was monotropic unless the spacer length was fairly long. On the contrary, the conventional linear compounds present highest melting and isotropic temperature. It must be noticed as well that in another report [120] , the linear and T-shape structure samples were observed only nematic phase when H-shape compound was observed the smectic phase. We can reach more complex dimers when both antagonist mesogens are linked via multi-flexible chains. For example, the self-assembly of a conventional linear dimer composed of two rod-like cores (Figure 1.31 f) could form several organizations, such as different smectic phases from the same nematic phase: this is shown in the Figure 1.31 where some lamellar structures of smectic phases observed from different dimers are reported [113,121] . To sum up these studies, the monolayer classic SmA phase (1.31 a) is observed when the terminal chain of a symmetric dimer is longer than half of the spacer length. In such materials, terminal chains, mesogenic groups and flexible alkyl spacers are separated into three fractions because of its incompatibility; they can also form the intercalated SmA (1.31 b), which normally appears in the symmetric samples, if terminal chains are shorter than the half of the spacer length. It is thus reasonable to conclude that the relationship between the terminal chain length and the spacers play a significant role in the self-organization through the intercalation of lamellae. In adition, when the terminal chain is much shorter than the flexible spacer in the non-symmetric structures, the aggregation will form interdigitated SmA as 1.31 c and this arrangement keeps the orientational and short positional orders, which can be distinguished by X-ray diffraction. Another SmA in 1.31 d can be observed: it is caused by the inhomogeneity arising from the long terminal chains, hence between layers it is less rigid than the interdigitated mesophase. Furthermore and as we mentioned it already, the parity affects the organization, the dimers with odd-membered chains tending to stack to give the intercalated SmC like 1.31 e, mesophase which depicts two tilting directions, within both the molecular units and the layers. Note that all these behaviors can be observed whatever for symmetric or non-symmetric dimers.

Trimer and tetramer

Liquid crystalline trimers composed of three mesogenic units and multi-flexible spacers have been designed, synthesized and characterized more recently, for a series of compounds including linear, branched/star-shape, cyclic and mixed calamitic/discotic trimer-type molecular architextures, as reported in Figure 1.32.

The first linear trimer was reached with the preparation of polyesters composed of two cyanobiphenyl moieties and a central biphenal core, which means 3 calamitic entities [ 121 ] . This molecule gave a nematic phase and a monotropic SmA. When the center core was replaced by nonsymmetric steroid nucleus fraction, it formed a chiral nematic phase. Ineed, in this kind of molecules, the parity and symmetry affect the organization [121] .

Another linear trimer is composed of three discotic mesogens, however, until now only few researches about this geometry were reported, such as a report of a linear compound of triphenyleneperylene-triphenylene [102] in Figure 1.32.

The first branched trimer focused on its liquid crystalline properties was a compound incorporating three triphenylene moieties linked through flexible spacers to a central benzene core [ 122 ] . This branched trimer exhibited a monotropic columnar mesophase.

Similarly, branched trimers containing three calamitic mesogens were reported, some giving a SmC or a chiral smectic polymorphism [123] .

Also, some tetramers present liquid crystalline behaviors, even though only few examples were reported. The first research with this architecture was published by C. T. Imrie and his group, which described the phenol-type linear series with central spacers, these materials showing either nematic and smectic phases depending on the different spacer lengths [124] . To conclude, many experiential results have comfirmed the possibility to obtain liquid crystals properties with unique and complex chemical architectures incorporating several mesogens, such as dimers, trimers, tetramers and other oligomers. Moreover, the shape of these mesogens significantly influences the self-organizing behaviors, resulting in nematic, smectic or culumnar phases.

Discotic-calamitic combined liquid crystals

As seen before, the geometry of the mesogens induces directly the liquid crystalline properties, including the mesophase incidence, isotropization point, melting point, the mesophase sequence, or the orientational viscosity [125] , which significantly influence or even determine their potential applications.

In this context, after discussing dimers and trimers composed of either only calamitic derivatives or only discotic derivatives, here we introduce the very few materials where discotic and calamitic entities are combined/linked..

Concerning first the theoretical model related to liquid crystals with different mesogen shapes, it started from 1980s [126] , using a simulated dimeric model of rod/plate combined molecule. The model considered the volume, entropy and characters of rod shape and plate shape moieties. Some works about this model have been reported [127] . One of them [126] about this model showed two transitions from the isotropic state to an uniaxial mesophasic transition state or from an uniaxial to a biaxial transition upon the cooling, respectively.

Concerning now the experimental studies and reporting the design of liquid crystalline materials based on different mesogen shapes combined in a unique molecule, they are not numerous enough to allow a complete understanding; however, some excellent discoveries have been recently published so we decided to depict the four examples well described and showing clear results in terms of architectures and LC behaviors.

The first famous work is the "wheel of mainz" geometric structure reported by H. Ringsdorf and his colleagues at 1987 [128] , the designed materials combining discotic triphenylene(s) and calamitic azobenzene moietie(s) to study their self-organization properties, as illustrated in the The triad C with linear and symmetrical molecular architecture was evidenced to form the highly ordered SmB when the azobenzene was elongated enough. The authors suggested then that the azobenzene segment plays a flexible role. They also synthesized the triad D and evidenced this last compound was not liquid crystalline but a spherulite-type crystalline material.

Another report is the work of R. W. Date and D. W. Bruce [129,130] , who proposed a concept of shape-amphiphilic liquid crystals, with their synthesis of a dyad (dimer) composed of a pentayne disk and a cyanobiphenyl moiety linked together through an aliphatic chain (see in Figure 1.34). This material exhibited a monotropic nematic phase and crystalline phase. As a third complex molecular architecture, we can introduce the works of P. H. J. Kouwer and G. H.

Mehl [131] , who designed and synthesized a series of molecules based on different discotic segments and different calamitic azobenzene moieties, their molecular architecture being given in Figure 1.35.

This series of materials gave nematic, SmA and SmX phases. In detail, the lamellar bilayer of SmA phases arranged with tilting calamitic order but with no long-range order for both discotic and calamitic moieties. For bilayer smectic X depicted inter-layer tilting calamitic order. In the selforganized process, the triphenylene derivatives (2 and 3) presented smectic phase however the compound (1) was observed to give only a nematic phase upon cooling. However, they showed irreversible mesophases on heating and cooling, and due to the presence of azobenzene moieties, they presented complex thermal properties which kept the study in infancy [135] . Nevertheless, based on their results, the advantages of such materials are obvious: combining an exceptionally high degree of organization at the 10 nm level with the advantages that liquid crystals offer. 

Supermolecule and polymer liquid crystalline materials

Even if it is not our topic, it must be remembered also that not only π-conjugated small molecules are able to give good transport properties; but also there are some other types of materials. Indeed, we won't detail them too much but higher molar mass compounds could show special self-organizations as well, for example, supermolecules and polymers.

On the one hand, super-or supra-molecular structures are deformable when they can be driven by their rod-like units toform nematic and smectic-type polymorphs, or by discotic like units to form columnar phases, or even by special spherulitic units to organize into cubic phases [132] .

In this case, we can observe several geometries, such as the central scaffold, the dendritic scaffold as in Figure 1.36, or side-on/end-on structure like copolymers. In particular, π-conjugated polymers can also exhibit liquid crystalline behavior, such as polythiophene, poly-p-phenylenevinylene, polyfluorene (see in Figure 1.36).

Among all of them, thiophene-based polymers and copolymers are conventional liquid crystalline materials being tested in OFETs, including thienothiophene entities [135,136] . In fact, this is due to a typical lamellar smectic phase who consists of closely spaced layers of stacked, highly conjugated backbones separated by insulating side chains [ 137 ] (see in Figure 1.37), The charge mobility is influenced as well by the polymer weight and its microcrystalline morphology. For instance, the poly(2,5-bis(3-alkylthiophenyl)thieno[3,2-b]thiophene) (pBTT) presented hole mobility of 0.2-0.6 cm 2 • V -1 •S -1 with a high 10 7 I on /I off voltage rate when its molecular weight was around 30000 g/mol [ 138 ] . The C 16 substituted cyclopentadithiophene-benzothiadiazole (F8BT) copolymer was very efficient as well, with a high hole mobility value of 0.17 cm 2 • V -1 •S -1 when the molecular weight was 13000 g/mol [139] .

To conclude on these more complex systems, we can finish with an example of liquid crystalline polymer [140] consisting of long calamitic polythiophene backbone and discotic triphenylene side-units (see in Figure 1.38). This work aimed at the control of setup between discotic layer and discotic polymer orders applying for ambipolar electronic devices. This kind of polymer forms lamellarcolumnar phase, depending on the degree of the polymerization (M n /M w ) and the number of grafting discotic moieties. In summary, a new strategy is proposed that the expected bilayer organization could support the ambipolar semiconducting properties (electrons and holes) for electronics. 

Conclusions

A series of liquid crystals materials have demonstrated adequate charge carrier properties. They were consequently tested in OFET configurations as obviously, the control of the molecular ordering (by taking advantage of mesogens self-organizations) should improve the charge mobility.

Moreover, liquid crystals own exclusive thermal advantages, such as the self-assembly, self-healing ability from their order and various manual processing conveniences from their fluidity. In some cases, liquid crystals show as well high glass transition temperature which is an advantage from the viewpoint of long-term stability and manipulation.

However, the charge transport in liquid crystalline materials show different mechanism depending on the mesogenic order, i.e. the mesophase obtained. This is why, even if this research field upon liquid crystalline semiconducting materials has already been described, new discotic and calamitic liquid crystal materials showing specific arrangements and thermal properties still need to be explored.

In this context, specific dimer and trimer structures seem very interesting when they have several clear geometric architectures in the liquid crystalline range. Moreover, the design of novel liquid crystalline materials giving a multi-lamellar organization is still very challenging.

Aim of work

Recently, a series of molecular and polymeric liquid crystalline architectures have been prepared

and studied at the Laboratoire de Chimie des Polymè res (LCP) based on π-conjugated discotic and calamitic mesogens. Figure 1.39 shows some of these architectures which present mesomorphic properties such as i) a lamello-columnar structure as in the case of polythiophenes grafted with a triphenylene or a perylene discotic side [START_REF] Tahar-Djebbar | Perforated Lamello-Columnar Mesophase in a Side-Chain Liquid Crystal p-Conjugated Polymer Architecture[END_REF]140,141] ; and ii) a columnar structure as in the case of triads combining triphenylene and perylene discotic mesogens [102,142] and a lamellar structure in the case of dyads combining pyromellitic and terthiophene calamitic (rod-like) mesogenic groups [141] . In the second chapter we propose to design and study the first disc-rod system series based on a linear dyad and triad architectures that combine discotic perylene and calamitic terthiophene moieties.

The chemical structures of the derivatives are given in In the following chapter (chapter 3), we propose to design and study a second disc-rod system series based on a linear dyad and triad architectures as well, but in this case, combining a discotic perylene and a calamitic benzothienobenzothiophene (BTBT) moieties. The choice of the BTBT derivatives as calamitic π-conjugated moiety was motivated by recent works demonstrating the mesogenic properties of this building block, associated with good semiconducting properties [110,112] .

The chemical structures of the derivatives are given in Figure 1.42. In this chapter, we will detail the design and synthesis of the materials and we will also study their optical thermal and structural properties by UV, DSC, POM and X-ray diffraction. We will discuss the main differences of those derivatives in comparison with the previous perylene/terthiophene disc-rod series and more particularly in terms of their self-organization properties and liquid crystalline behaviors. properties by UV, DSC, POM, X-ray diffraction and AFM. We will also discuss the main differences among these derivatives in terms of self-organization properties and liquid crystalline behaviors according to the nature of the discotic and calamitic moieties. Additionally, in the chapter 4, the electronic and charge transport properties of some of these materials will be investigated in order to evaluate their charge carrier mobility. Their ambipolar properties will be more particularly studied in the field effect transistor configuration to determine the potential use of such lamello-columnar structures presenting spontaneous nanosegregation of p-type and n-type entities in bulk to give well-defined, distinct conductive channels for each type of charge carriers (Figure 1.44). Finally, we will conclude this work and we will give some perspectives based on the new design guiding providing by this study and which should be taken into account for the future development of intertwined multi-lamellar systems and ambipolar liquid crystalline semiconductors in which two distinct pathways (one for holes and one for electrons) would be formed in a well controlled way via self-assembly.

Chapter 2 Linear Dyad and Triad Based on Perylene diimide/Terthiophene moieties

In this chapter, we will study a first series of liquid crystalline compounds combining π-conjugated discotic and calamitic moieties in a unique molecular architecture. For this series, we chose discotic perylene diimide and calamitic terthiophene moieties as mesogens, since both derivatives are well known to exhibit good individual mesomorphic properties. In addition, perylene diimide and terthiophene derivatives are also well known to present interesting electronic properties such as electron and hole transport abilities [START_REF] Funahashi | High ambipolar carrier mobility in self-organizing terthiophene derivative[END_REF][START_REF] Iino | Availability of Liquid Crystallinity in Solution Processing for Polycrystalline Thin Films[END_REF]143,144] . This series consists of a linear dyad (Dyad 1. In particular, we will describe and discuss the synthesis, the optical and the mesomorphic properties of this molecule series. In addition, the self-organization properties in bulk and the film morphology will be also detailed. 

Synthesis

Synthesis of precursory building blocks

For the synthesis of the dyad and triad architectures, two precursors are prepared: a terthiophene building block bearing an amine-terminated lateral chain (I2) and a swallow-tail N-substituted monoanhydride mono-imide perylene (C5).

Synthesis of the terthiophene building block

The synthesis of the precursory terthiophene building block is given in Figure 2.2.1.

The first step is the preparation of the intermediate alkylbithiophene building block D4. This building block is prepared from the commercially available 2-octylthiophene D1, which is first converted into its stannane derivative in quantitative yield before carrying out a Stille coupling with the 2-bromothiophene D5 [145,146] , leading to the 2-octylbithiophene D3. D3 is finally converted into its stannane derivative to lead to the bithiophene building block D4.

The second step is the preparation of the intermediate derivative D7. This building block is prepared from the commercially available 2-bromothiophene D5, which is first treated with nbutyllithium and then quenched with a large excess of 1,10-dibromodecane, leading to the intermediate derivative D6. D6 is then simply treated with 1 equivalent of N-bromosuccinimide (NBS)

to give the building block D7 in quantitative yield.

The two previous building blocks D4 and D7 are then combined through a Stille coupling reaction to reach the key intermediate α,ω-dialkylterthiophene D8 bearing a bromine at the end of one of the two lateral alkyl chains.

Finally the target terthiophene building block containing an amine functional group is prepared in two last steps from the terthiophene derivative D8 through Gabriel reaction [147 , 148 ] . First, D8 is converted into a terthiophene with a "pre-Gabriel" functional group I1 by treatment with an excess of potassium phthalimide. Then the compound I1 is finally treated by an excess of hydrazine hydrate to complete the Gabriel synthesis and to lead to the target terthiophene building block I2 bearing an amine terminated lateral chain. 

Synthesis of the mono-anhydride mono-imide perylene building block

The synthetic route of the mono-anhydride mono-imide perylene is shown in Figure 2.2.2.

In order to improve the solubility of the perylene building block, a branched alkyl chain substitution was chosen rather than a linear one [149] . Our choice is consequently the amino-alkyl building block C5 which presents two long chains of seven carbons directly connected to the carbon bearing the amine group. As the amine C2 is not commercially available, it is synthesized from its ketone precursor, i.e. 8-pentadecanone C1. The compound C1 is first reacted with hydroxylamine to form the oxime intermediate, and then it is reduced by the mild hydrogenation reagent RedAl to give the target branched amine C2 in quantitative yield. As the mono-imidification on perylene-3,4,9,10-tetracarboxylic dianhadride (PTCDA, C3) can not be achieved directly [ 150 ] , an alternative route is applied, consisting of the symmetric bisimide derivative preparation and then the cleavage of one terminal branched chain to reach the swallow-tail mono-anhydride mono-imide perylene C5.

More precisely, the branched amine C2 is firstly grafted on the commercially available PTCDA C3 through imidification reaction in melted imidazole, catalyzed by zinc acetate (Lewis acid) according to the literature procedure [151] . Then the symmetric bisimide compound C4 is treated in strong basic medium to open the imide ring and to remove the swallow-tail-amine chains statistically. During this reaction, the progress should be timely followed by thin layer chromotography (TLC) in order to stop the alkyl chain cleavage at the optimum moment. The starting material, the over-cleaved C3 and the target molecule C5 can be finally separated easily by column chromatography on silica gel.

Synthesis of target linear Dyad 1.1 and linear Triad 1.2

Synthesis of linear Dyad 1.1

The synthetic route of the linear Dyad 1.1 based on one terthiophene and one perylene diimide moieties is given in 

Synthesis of linear Triad 1.2

The synthetic route of the linear Triad 1.2 based on two terthiophenes and one perylene diimide moieties is given in 

Optical properties (absorption and emission)

For the absorption and emission property in solution, anhydrous chloroform was used as solvent and the concentration was 1 × 10 -6 M at room temperature. In those conditions, these molecules can be considered as adequately isolated, i.e. the intermolecular interaction can therefore be neglected. The film samples were fabricated by spin-coating at room temperature or drop casting at high temperature from chloroform solution (1% w) on fused silica substrates.

Optical properties of terthiophene and perylene diimide model compounds

The In the case of terthiophene (Figure 2.3.1 a), the absorption maximum is located at 369 nm. In emission, a single peak at 453 nm (when exciting at 350 nm) is observed. In the case of perylene diimide (Figure 2.3.1 b), the characteristic absorption vibronic peaks can be observed at 469 nm, 491 nm and 526 nm, while the fluorescence spectrum exhibit the mirror symmetric peaks at 537 nm, 575 nm and 627 nm. These absorption and emission spectra evidence that there is no aggregation of the perylene diimide and terthiophene moieties in these experimental conditions. More precisely, the absorption band at wavelengths shorter than 425 nm is due to the terthiophene unit, while the absorption in the visible region of the spectrum is due to the perylene diimide moiety [152] . The maximum of the absorption from the terthiophene unit appears at around 369 nm, which is the same value that for the individual terthiophene (see Figure 2.3.1 a) and which indicates the absence of interaction and aggregation in solution of the terthiophene units. Regarding the contribution from the perylene diimide moiety, the absorption peak at 526 nm corresponds more particularly to the (0,0) electronic transition while the peak at 491 nm is attributed to the (0,1) transition and the peak at 469 nm is the (0,2) transition [153] . The peak-to-peak ratio between the (0,0) and (0,1) peak intensities is around 1.64, which indicates that there is also no aggregation between the perylene diimide moieties in diluted solution [154] . This perfect overlapping between the spectrum of the dyad and the spectra of the individual components also clearly shows the absence of the aggregation between the terthiophene and the perylene diimide.

Absorption and Emission

In terms of the emission properties, this dyad is strongly fluorescent (orange) in chloroform solution. The emission spectra are in fact dominated by the emission from perylene diimide as proved by the presence of the three peaks at 537 nm, 576 nm and 627 nm respectively, which can be attributed to isolated perylene diimide moieties (as observed with the perylene diimide taken individually). When excited at 369 nm, a rather weak signal around 450 nm from the terthiophene moiety is also visible. It is worth mentioning that energy transfer may occur between terthiophene and perylene diimide moieties, due to the overlapping of terthiophene (donor) emission with perylene (acceptor) absorption.

The It can be observed that in film, the peaks from both terthiophene and perylene diimide moieties are 10-15 nm red-shifted, suggesting the π-π intermolecular interactions from the packing of both moieties.

In the case of the terthiophene unit, the red-shift is concomitant with a significant band broadening and slight decrease intensity of absorption peak, suggesting the formation of π-π interactions in the solid state. In the case of the perylene diimide moiety, the band broadening in the visible region occurs, leading to the overlapping with the band of the terthiophene moiety. Moreover, the intensities of the three characteristic absorption decrease and the peak-to-peak ratio between the (0,0) and (0,1) vibronic peak intensities is calculated to be around 0.63. All those observations suggest a sliding of the perylene aromatic planes with the respect to each other, corresponding to J-type aggregation [155,156,157] . The absorption and emission spectra of Triad 1.2 in solution are given in Figure 2.3.3 a. Not surprisingly, the absorption spectrum presents also the sum of two isolated terthiophene and perylene diimide moieties spectra taken individually and it is quite similar to that of Dyad 1.1, but evidently, as the terthiophene/perylene ratio is of 2/1, the absorption spectrum in the range of terthiophene optical density is therefore double more intense.

Absorption and Emission of Triad 1.2

As observed previously for Dyad 1.1, the Triad 1.2 absorption spectrum indicates also that there is no aggregation of terthiophene and perylene diimide moieties in diluted solution.

Concerning the emission properties, the Triad 1.2 is also strongly fluorescent (orange) in solution.

The emission spectra are dominated by the emission from perylene diimide as proved by the presence of the three peaks at 537 nm, 576 nm and 627 nm respectively, which can be attributed to isolated perylene diimide moieties, confirming that there is no aggregation of the perylene diimide moiety as well. When excited at 369 nm, a significant signal around 450 nm from the terthiophene moiety is now clearly visible. This result means that in the case of the triad, the possible energy transfer which may occur between terthiophene and perylene diimide moieties, due to the overlapping of terthiophene (donor) emission with perylene (acceptor) absorption, is less efficient than in the case of the dyad, when the ratio of donor/acceptor is 2/1. That leads to the presence of a strong residual terthiophene emission in the emission spectrum of the triad.

The As also observed for Dyad 1.1, both terthiophene and perylene diimide absorption bands in the thin film absorption spectrum of Triad 1.2 are red-shifted as compared to that measured in solution. In addition of this bathochromic shift, the appearance of a vibronic structure (shoulder at 410 nm) in the terthiophene band is consistent with a stronger aggregation of terthiophene moiety in the triad film.

In the case of the perylene diimide moiety, the strong broadening and bathochromic shift of the perylene band are also a direct signature of strong molecular π-π stacking interactions between the perylene diimide units in the solid state. As compared to the Dyad 1.1, the ref-shift of perylene band for the Triad 1.2 is also larger as shown by the presence of the more red-shifted vibronic peak at around 567 nm (see in Figure 2.3.3 c). Such spectral changes also clearly evidence a J-type aggregation of the perylene diimide moiety in thin film, with a sliding of the perylene aromatic planes probably more important than in the case of Dyad 1.1.

Mesomorphic properties

We investigated the mesomorphic properties of the Dyad 1.1 and Triad 1.2 by Differential Scanning Calorimetry (DSC) on heating and cooling cycles and Polarized-light Optical Microscopy (POM). All the samples for POM were prepared on cleaned or octadecyltrichlorosilane (OTS) treated glass sides, and all the photographs were captured upon cooling from their isotropic phases.

DSC and POM of Dyad 1.1

The DSC thermogram and POM photographs of Dyad 1.1 are given in Figure 2.4.1.

The DSC traces of Dyad 1.1 on heating and cooling recorded with a rate of 10 °C/min present several transitions. More particularly, on heating, we can observe one endothermic peak at 127 °C with a high enthalpy of 31.50 J/g, which can be attributed to the melting transition of the crystal to the isotropic phase. However on cooling, two exothermic peaks from isotropic phase are observed at 113 °C and 86 °C with enthalpy values (ΔH) around 6.42 J/g and 15.25 J/g, respectively. The weakest transition, which appears first and only on cooling can be attributed to the transition to an additional metastable mesophase (M meta ) from the isotropic phase, prior to the reappearance of the crystalline phase at 86 °C. Note that this appearance of the metastable phase is due to the large hysteresis exiting for crystallization on cooling which develops with a delay of as more than 40 °C. This permits the transient formation of an additional phase (mesophase), unobserved upon heating and consequently monotropic in nature. In summary, the DSC and the POM results are consistent and demonstrate that the Dyad 1.1 presents no liquid crystal phase on heating and only a monotropic metastable mesophase (M meta ) on cooling.

DSC and POM of Triad 1.2

The DSC thermogram and POM photographs of Triad 1.2 are given in consistent with the appearance of a first liquid crystal phase (M 1 ). On further cooling, the second transition at 194 °C associated with a higher enthalpy (ΔH = 16.81 J/g) indicates the presence of a more ordered mesophase (M 2 ). Finally, the last broad peak observed at 72 °C (ΔH =15.80 J/g) could be attributed to the transition to a highly ordered mesophase (M 2 ') or the crystalline phase (Cr). Therefore, on cooling from isotropic phase, the phase sequence of Triad 1.2 can be described as

Iso  M 1  M 2 
M 2 ' or Cr. 

Self-organization study (X-ray diffraction and Atomic force microscopy)

In this paragraph, the linear dyad and triad are analyzed by X-ray diffraction (XRD) and Atomic Force Microscopy (AFM), to study the self-organization properties.

X-ray Diffraction (XRD)

To assess the unambiguous mesophases formation and probe the effects of the intimate structural modifications onto the mesophase temperatures ranges, the Dyad 1. 

XRD of Dyad 1.1

The On cooling from the isotropic phase, the mesophase (M meta ) detected by DSC and POM was impossible to observe by X-ray diffraction due to its metastable character. Indeed, the pattern at 100 °C on cooling (Figure 2.5.1 c) presents a great number of sharp reflections indicative of threedimensional crystal lattice. However, compared with the pattern at 100 °C on heating, the cooling pattern gives more sharp peaks in the small-angle region, and their intensity ratio is also changed. That could evidence the presence of a new crystalline phase or the coexistence of different lamellar organizations such as the mestable mesophase and the crystalline phase for example. The latter assumption would be also consistent with the observations of M meta and crystalline phases by POM.

Based on these results we can propose a possible schematic representation of Dyad 1.1 molecular arrangement (Figure 2.5.1 d) in crystalline state. The organization could be described as a multisegregated lamellar structure consisting of an alternate superposition of perylene and terthiophene sublayers. The large discrepancy between cross-sections of π-stacking units could only be compensated by large in-plane tilt of the terthiophene moieties within their sublayers. Note that the terthiophene tilt is energetically consuming and promotes easily isotropization (isotropization temperature of Dyad 1.1 at 127 °C) which also limits the mesomorphic properties as it is the case here.

Note also that this molecular arrangement is also consistent with the terrace nanostructure (heights of the terraces about 5 nm) observed on thin films of Dyad 1.1 by AFM (in following section).

XRD of Triad 1.2

The Figure 2.5.2 gives the X-ray typical patterns of the Triad 1.2 recorded at room temperature (pristine), at 150 °C on heating and at 20 °C on cooling. The X-ray diffraction pattern on heating/cooling between 200 °C and 250 °C is experimentally out of reach in our system.

The pristine state pattern at room temperature (Figure 2.5.2 a) presents three slightly broadened equidistant reflections in the small-angle region and several diffuse halos in the wide-angle region.

Thus, the small-angle broadened equidistant reflections indicate clearly that the molecules are arranged in a lamellar fashion. The repeat distances d associated with these reflections can be calculated in using the Bragg's law from the first reflection: λ = 2d sin θ, where λ is the wavelength of incident Xray and θ is the angle incidence. The corresponding layer spacing at around 49 Å, is compatible with a multi-lamellar structure. In the wide-angle region, the very broad halo centered at 4.5 Å (h ch ) indicates the molten state of the aliphatic chains and the other broad reflections evidences the short range ordered π-π stacking of the segregated terthiophene and perylene mesogens within their respective sublayers. This X-ray pattern suggests the 'amorphous' characteristic of the material with a multisegregated lamellar arrangement consisting of an alternate superposition of perylene and terthiophene sublayers with a short range order in the plane of sublayers.

On heating and just above the transition at 58 °C (detected by DSC), we can observe a sudden selforganization enhancement of the compound to a lamellar mesophase, resulting in a strong increasing of the small angle and wide angle reflections in the X-ray pattern (Figure 2.5.2 b). This pattern presents, in the small-angle region, a sharp and intense reflection assigned to (001) with a Bragg spacing of 49.4 Å, followed with a set of weak reflections with a d-spacing ratio of 1:2:3:4:5:6 corresponding to (001), (002), (003), (004), (005) and (006) reflections of the lamellar arrangement.

More interestingly, in the wide-angle region, the pattern presents the coexistence of the broad and sharp reflections: i) the broad diffuse halo centered at 4.5 Å (h ch ) corresponding to the liquid-like disordered of the aliphatic chains, the broad peak at around 3.5 Å (h PeDI ) corresponding to the stacking period of the perylene units, the broad peak around 3.8 Å (h tTh ) and 7.6 Å (h 2tTh ) corresponding to the stacking period of the terthiophene units and terthiophene dimer periodicity, respectively. ii) the sharp reflections indexed as (2 0), ( 210), (400), corresponding to a complex in-plane structure with high degree of long-range order with a 2D oblique symmetry (oblique 2D-sublattice parameters: a = 16. 2, the marginal difference between cross-section of tTh dimer and single PeDI unit permits an optimal organization of the π-stacking units with no detrimental tilt of one of the moieties, which is consistent with the rich polymorphism exhibited by the compounds (specifically defined as LamO', LamO and LamA mesophase in this thesis) and the very high isotropization temperature at 245 °C.

Atomic force microscopy (AFM)

The morphology of Dyad 1. Lacaze.

The sample of Dyad 1.1 was prepared by dropping a chloroform solution of material (0.1 % w/w) on a cleaned glass substrate at room temperature. The sample of Triad 1.2 was prepared by drop-coating from a chloroform solution of material (0.1 % w/w) on OTS substrate, which is an excellent measurement for materials with lamellar smectic A-like phase. 

AFM of Dyad 1.1

AFM of Triad 1.2

Conclusions

In this chapter, a family consisting of one linear dyad and triad architecture based on discotic perylene and calamitic terthiophene moieties was designed, synthesized and characterized.

On one hand, the Dyad 1.1 combining one perylene diimide and one terthiophene linked by an alkyl chain spacer exhibited no liquid crystalline phase on heating and only a metastable monotropic mesophase on a short range of temperature on cooling as demonstrated by DSC and POM. This mesophase could not be investigated further by XRD because of its metastable character, and the structural and film morphology studies only suggested a lamellar arrangement of the material resulting from the possible nano-segregation of perylene and terthiophene in sublayers.

On the other hand, the Triad 1.2, combining one perylene diimide and two terthiophenes linked by alkyl chain spacers exhibited a rich polymorphism with three mesophases on heating and cooling. As observed by DSC and POM, on cooling from isotropic phase, the first mesophase is a LamA phase.

This mesophase present a multi-segregated lamellar structure consisting of an alternate superposition of perylene and interdigited terthiophene sublayers as demonstrated by XRD. The two other mesophases at lower temperature exhibit also the same alternated lamellar structures but in addition, the sublayers present a very long-range 2D order characteristic of an ordered lamellar mesophase. This ordered lamellar arrangement is maintained until room temperature on cooling as evidence by XRD and thin film AFM studies. purified by the silica gel column chromatography (using a mixture of DCM/petroleum as eluent with a ratio of 2/1). A material was isolated as a light yellow solid (500 mg, 56%). 

Experimental

N,N'-di(1-Heptyloctyl)-perylene-3,4,9,10-tetracarboxylic bisimide (C4) :

A mixture of 1-Heptyloctylamine (C3, 6.11 g, 26.4 mmol) and imidazol (40 g, which's used as solvent) was heated at 160 °C under nitrogen and was vigorously stirred, followed by an addition of zinc acetate (1.94 g, 10.56 mmol) and perylene-3,4,9,10-tetracarboxylic dianhydride (5.18 g, 13.2 mmol). After 2 hours the reaction was quenched by HCl solution (5% in water), and was extracted with chloroform. After drying over MgSO 4 and removal of solvent in vacuo, the mixture was purified by silica gel column chromatography using chloroform. A red solid product was obtained (6.94 g, 65 %). 

Chapter 3 Linear Dyad and Triad Based on Perylene diimide/BTBT moieties

In this chapter, we will study a second series of liquid crystalline compounds combining πconjugated discotic and calamitic mesogens. Here, perylene diimide was also chosen as the discotic moiety and the terthiophene calamitic mesogen used in chapter 2 has been replaced with the [1]Benzothieno [3,2-b][1]benzothiophene (BTBT) moiety. Indeed, the BTBT derivatives are well known to exhibit good mesomorphic properties and very good hole transport abilities, for example arising a mobility of 3 cm 2 • V -1 •S -1 measured by OFET [158,159,160] . This series consists of a linear dyad (Dyad 2.1) and of a triad (Triad 2.2) in which the discotic perylene diimide and calamitic BTBT entities are linked by alkyl chain spacers as shown in Figure 3.1. In particular, we will describe and discuss the synthesis, the optical and the mesomorphic properties of these compounds. In addition, the self-organization properties in bulk will also be detailed. 

Synthesis

The Dyad 2.1 and Triad 2.2 based on discotic perylene diimide and calamitic BTBT moieties were prepared according to the synthetic strategy detailed in Chapter 2. However, in addition of the swallow-tail N-substitutied mono-anhydride mono-imiide perylene precursor (C5) already synthesized in the previous chapter, we also prepared the key BTBT building block bearing an amine-terminated lateral chain.

Synthesis of [1]Benzothieno[3,2-b][1]benzothiophene (BTBT) precursor

The synthesis of the precursory BTBT building block K8 is given in Figure 3.2.1. It is prepared through a multi-steps strategy according to adapted procedures of the literature [163,161] .

The first step of the synthesis is the obtaining of BTBT aromatic core K2. This derivative is prepared in a one-step synthesis from the commercially available 2-chlorobenzaldehyde K1 in ammonium chloride solution with an acceptable yield of 30%. In this reaction, the mechanism involves the initial nucleophilic sulfuration with NaSH• xH 2 O reagent to give o-mercaptobenzaldehyde and its subsequent dimerization, followed by a cyclization and a final aromatization [163] . Note that by this simple one-step method, it is possible to prepare multi-gram scale of the starting derivative K2 [158,162] .

The second step is the synthesis of the unsymmetrical BTBT key intermediate K6, bearing a bromine group at the end of one of the two lateral alkyl chains. Its synthesis is given in Finally, the preparation of target BTBT precursor K8 bearing an amine functional group is realized according to the procedure described in Chapter 2, in two steps from the key intermediate K6 through a Gabriel reaction. Thus, K6 is first treated by an excess of potassium phthalimide to give the intermediary K7 with a "pre-Gabriel" functional group. Then, K7 is treated by an excess of hydrazine hydrate to complete the Gabriel synthesis to lead to the BTBT precursor K8 bearing an amine terminated lateral chain with a quantitative yield. 

Synthesis of linear Dyad 2.1

The synthetic route of linear Dyad 2.1 based on one BTBT and one perylene diimide moieties is given in Figure 3.2.2. The synthesis is carried out by the coupling between the amino-alkyl functionalized BTBT K8 and the mono-anhydride mono-imide perylene C5 through a nucleophilic substitution with a yield of 53%. The Dyad 2.1 is well soluble in the usual chlorinated solvents such as chloroform, chlorobenzene and dichlorobenzene, due to the presence of the swallow-tail chain, and it can be purified and characterized by the conventional methods. 

Synthesis of linear Triad 2.2

The synthetic route of the linear Triad 2.2 based on two BTBTs and one perylene diimide moieties is given in Figure 3.2.3. It is carried out by the same procedure as the synthesis described for the precedent Dyad 2.1, i.e. by coupling two BTBT building blocks K8 with the commercial perylene dianhydride C3. The reaction gives an acceptable yield of 29%. It is worth mentioning that the linear Triad 2.2 presents a very low solubility in most of the organic solvents. However, we were able to purify (Soxhlet, column chromatography, recrystallization) and characterize this compound at high temperature using high boiling point chlorinated solvents such as chlorobenzene and dichlorobenzene.

For example, the 1 H NMR characterization of Triad 2.2 was proceeded in diluted dichlorobenzene solution at 120 °C, but its [START_REF] Clark | The PI electronic structure of thieno[3,4]thiophene[END_REF] C NMR could not be experimentally obtained due to the very low solubility. 

Optical properties (absorption and emission)

For the absorption and emission properties in solution, anhydrous chloroform was used as solvent and the concentrations were 1 × 10 -6 M at room temperature. The film samples were fabricated by spin-coating at room temperature or drop-casting at high temperature from chloroform solution (1% w) on fused silica substrates.

Absorption and Emission of BTBT and perylene diimide model compounds

The The absorption spectrum of the symmetric BTBT shows a structured absorption transition with a maximum peak located at 313 nm and two vibronic peaks at 320 and 329 nm. The emission (excitation at 313 nm wavelength) spectrum shows also a structured transition with a maximum peak located around 357 nm. Such absorption and emission spectra with vibronic progressions indicate that there is no aggregation of the BTBT in diluted solution [162] . The absorption spectrum of the Dyad is composed of the sum of the individual BTBT and perylene diimide absorption spectra.

Absorption and Emission of Dyad 2.1

More precisely, at wavelengths shorter than 375 nm, the absorption band is due to the BTBT unit, while in the visible region of the spectrum the absorption is due to the perylene diimide unit with a maximum peak located at 526 nm. The maximum of the absorption from the BTBT unit appears at around 313 nm, which is the same value with the individual BTBT (see in the absorption peaks at 526 nm, 491 nm and 469 nm correspond to the (0,0), (0,1) and (0,2) electronic transitions, respectively. Moreover, these peaks are exactly at the same position as the peaks of isolated perylene diimide unit (Figure 3.3.1 b), and the peak-to-peak ratio between the (0,0) and (0,1) peak intensities is around 1.62, which indicates that there is no aggregation between the perylene diimide moieties in the diluted solution as described in chapter 2 [155] . This perfect overlapping between the spectrum of the dyad and the spectra of the individual BTBT and perylene diimide components evidences the absence of aggregation between the two moieties.

Regarding the emission properties, this dyad is strongly fluorescent (orange) in chloroform solution.

The emission spectrum excited at 313 nm is dominated by the emission of perylene diimide moiety as shown by the presence of three peaks at 537 nm, 576 nm and 626 nm, which can be attributed to the perylene unit. In addition of the perylene diimide emission, the emission spectrum also shows a significant band located around 354 nm, which is attributed to the BTBT moiety. The presence of this BTBT peak can be explained by the weak overlapping of BTBT (donor) emission with perylene (acceptor) absorption inducing a less efficient energy transfer than in the case of the Dyad 1.1 with terthiophene (donor) and perylene moieties (See compared with the solution absorption spectrum in CHCl 3 (dash line). It can be observed that in film, the peaks from both BTBT and perylene diimide moieties are 6-16 nm red-shifted, suggesting π-π intermolecular interactions due to the packing of both moieties. In the case of BTBT unit, the slight red-shift is concomitant with a band broadening and a slight decrease intensity of absorption peak, suggesting the formation of π-π interaction in the solid state. In the case of the perylene diimide unit, the band broadening in the visible region also clearly occurs. Moreover, the intensities of the three characteristic vibronic absorption absorption decrease and the peak-to-peak ratio between the (0,0) and (0,1) vibronic peak intensities is calculated to be around 0.70. All those observations suggest a sliding of the perylene aromatic planes with the respect to each other, corresponding to J-type aggregation [155] . due to the BTBT/perylene ratio of 2/1, an additional band can be clearly seen at low energy at 575 nm (which does not appear in isolated perylene or other dyads). In addition, the usual absorption peaks of perylene diimide unit at 526 nm, 491 nm and 469 nm corresponding to the (0,0), (0,1) and (0,2) electronic transitions, respectively, are slightly red-shifted of a few nanometers in comparison with the isolated perylene (Figure 3.3.1 b). These three peaks also show a slight broadening, and the peak-topeak ratio between the (0,0) and (0,1) peak intensities is around 1.27. This peak-to-peak ratio even decreases to around 0.95 from more concentrated solutions as show in Figure 3.3.3 b .This result, associated with the appearance of the new band, reveals that aggregation occurs with such triad and evidences the aggregation of the perylene diimide unit even in diluted solutions.

Absorption and Emission of Triad 2.2

Concerning the emission properties, the Triad 2.2 is also fluorescent (orange) in chloroform solution. The emission spectrum excited at 313 nm is dominated by the emission of perylene diimide moiety as shown by the presence of three peaks at 537 nm, 576 nm and 626 nm. As also observed in the previous section for Dyad 2.1, the emission spectrum shows a significant emission located at 354 nm belonging to the BTBT unit resulting from the weak overlapping of the BTBT emission with perylene diimide absorption. More interestingly, when excited at 575 nm, a broad and weak signal is observed at 650 nm, which is the emission signature of the aggregated perylene in the solution (Jaggregate) [154] . Note that the propensity of the Triad 2.2 to aggregate in solution is consistent with the very low solubility observed during the synthesis, purifications and chemical characterizations.

The As also observed for Dyad 2.1, both terthiophene and perylene diimide absorption bands in the thin film absorption spectrum of Triad 2.2 are red-shifted as compared to that measured in diluted solution.

In addition of this bathochromic shift, the broadening of the BTBT band is consistent with a stronger aggregation of BTBT moiety in the triad film.

In the case of the perylene diimide moiety, the strong broadening, the bathochromic shift of the perylene band and the appearance of an additional peak at 575 nm are also a direct signature of strong molecular π-π stacking interactions between the perylene diimide units in the solid state. Such spectral changes also clearly evidence a J-type aggregation of the perylene diimide moiety (i.e. appearance of a band at low energy, 575 nm) in thin film, with a sliding of the perylene aromatic planes probably more important than in the case of Dyad 2.1.

Mesomorphic properties

The mesomorphic properties of the Dyad 2.1 and Triad 2.2 were studied by differential scanning calorimetry (DSC) on heating and cooling cycles and polarized optical microscopy (POM). All the samples for POM were prepared on cleaned or octadecyltrichlorosilance (OTS) treated glass sides, and all the photographs were captured upon cooling from isotropic phases.

DSC and POM of Dyad 2.1

The DSC thermogram and POM photographs of Dyad 2.1 are given in J/g, 4.85 J/g and 4.53 J/g, respectively. In the absence of additional transitions at higher temperature, the last peak at 130°C can be attributed to the transition to the isotropic phase. On cooling, reversible transitions are observed and the thermogram presents three exothermic peaks at 129 °C (ΔH = 5.43 J/g), 97 °C (ΔH = 4.75 J/g) and 32 °C (ΔH = 2.80 J/g). On cooling from the isotropic phase, the first transition at 129 °C with an enthalpy value about 5.43 J/g is consistent with the appearance of a first mesophase (M 1 ). On further cooling, the second transition at 97 °C associated with an enthalpy ΔH = 4.75 J/g indicates the presence of a more ordered mesophase (M 2 ). Finally, the last broad peak observed at 32 °C (ΔH = 2.80 J/g) could be attributed to the transition to the crystalline phase (Cr) or to a highly ordered mesophase (M 2 '). Therefore, on cooling from isotropic phase, the phase sequence of Dyad 2.1 can be described as Iso  M 1  M 2  Cr or M 2 '. To investigate more precisely the mesophase nature, the POM study was also performed on OTS treated glass substrates. When cooling from the isotropic phase, no birefringent texture is observed under crossed polarizer below 127°C confirming the presence of an untilted lamellar mesophase smectic A-like (LamA hereafter) with a homeotropic orientation between the glass slides (Figure 3.5.1 d, note that the birefringent area is caused by an orientation defect at the edge of the sample).

Based on DSC and POM studies, the polymorphism can be refined and the following phase sequence on cooling can be proposed: Iso  LamA M 2  Cr or M 2 '.

DSC and POM of Triad 2.2

The DSC thermogram and POM photographs of Dyad 2.2 are given in Figure 3.5.2.

The DSC traces of Triad 2.2 on heating and cooling recorded with a rate of 2 °C/min present a rich polymorphism with several reversible transitions. On heating from the solid state until 340 °C, the DSC trace shows four endothermic peaks at 73 °C (ΔH = 6.47 J/g), 168 °C (ΔH = 20.51 J/g), 226 °C (ΔH = 24.52 J/g) and 307 °C (ΔH = 13.16 J/g). Since no additional transition is recorded at higher temperature, the last peak at 307 °C can be attributed to the transition to the isotropic phase. On cooling, the reversible transitions are observed and the thermogram also presents four exothermic peaks at 302 °C (ΔH = 13.32 J/g), 193 °C (ΔH = 24.56 J/g), 166 °C (ΔH = 18.43 J/g) and 52 °C (ΔH = 13.81 J/g). The first transition on cooling from isotropic phase at 302 °C associated with the relatively small enthalpy (13.3 J/g) is consistent with the appearance of a first liquid crystal phase (M 1 ). On further cooling, the second exothermic peak at 193 °C with a higher enthalpy of 24.6 J/g indicates the presence of a more ordered mesophase (M 2 ). The two additional transitions on further cooling at 166 °C (ΔH = 18.43 J/g) and 52 °C (ΔH = 13.81 J/g) could be attributed to the transition to highly ordered (meso)phases (M 3 , M 3 ', Cr 3 , Cr 3 ') impossible to assign based on simple DSC measurements.

Therefore, the phase sequence of Triad 2.2 can be described on cooling from isotropic phase as Iso  Based on the DSC and POM studies, the polymorphism can be refined and the following phase sequence Iso  LamA  M 2  M 3 or Cr 3  M 3 ' or Cr 3 ' . can be proposed (on cooling). A summary of the the mesomorphic properties of Dyad 2.1 and Triad 2.2 are reported in Table 3.1. It is worth noticing that in comparison with the Dyad 2.1, the mesomorphic range (LamA) of the Triad 2.2 is considerably enlarged ( Triad 109 °C vs Dyad 31 °C) and the isotropization temperature is also largely shifted towards higher temperatures (T LamA-Iso = Triad 307 vs Dyad 131 °C). That indicates an important enhancement of the molecular packing in the case of the triad and suggests an optimized arrangement of both BTBT and perylene moieties in bulk.

Self-organization study (X-ray diffraction)

To assess the unambiguous mesophases formation and to probe the effects of the intimate structural modifications onto the mesophase temperatures ranges, the Dyad 2. On cooling from the LamA phase, the pattern at 20°C presents a great number of sharp reflections indicating of a three-dimensional crystal lattice and the crystallization of the material (Figure 3

.4.1 c).

However, it is worth noticing that some disorder still remains in the structure as evidence by the presence of a residual diffuse scattering at 4.5 Å characteristic of the partially molten alkyl chains in addition of sharp reflections in the wide angle region.

A schematic representation of the Dyad 2.1 molecular arrangement is proposed in Figure 3.4.1 d according to the previous observations. The organization can be described as a multi-segregated lamellar structure consisting of an alternate superposition of perylene and BTBT sublayers. The large discrepancy between cross-sections of π-stacking units can only be compensated by large in-plane tilt of the BTBT moieties within their sublayers, without correlation of the tilt between layers. This tilt is also consistent with the discrepancy between the layer spacing calculated from the pristine or LamA phase patterns (around 47 Å) and the length of the Dyad 2.1 evaluated from modeling (around 52 Å).

It is energetically consuming and easily promotes isotropization (isotropization temperature of Dyad 2.1 at 131 °C) which also limits the mesomorphic properties (LamA range of 18 °C).

XRD of Triad 2.2

The X-ray typical patterns of Triad 2.2 are given in 

Conclusions

New liquid crystalline linear dyad and triad based on discotic perylene diimide and calamitic BTBT mesogens were designed, synthesized and characterized.

The Dyad 2.1 combining one perylene diimide and one BTBT linked by an alkyl chain spacer exhibited reversible mesophases on heating and cooling as demonstrated by DSC and POM. These mesophases were investigated by XRD and the structural study evidences the nano-segregation of perylene and BTBT sublayers leading to a multi-segregated lamellar arrangement with diffuse sublayer order of π-stacking units. This study also showed a large in-plane tilt of the BTBT moieties within their sublayers in order to compensate the large discrepancy between cross-sections of BTBT and perylene units which is energetically consuming and limits limited the mesomorphic properties (low isotropization temperature).

The Triad 2.2 combining one perylene diimide and two BTBTs linked by alkyl chain spacers exhibited a rich polymorphism with several reversible mesophases on heating and cooling. As observed by DSC and POM, on cooling from isotropic phase, the first mesophase is an untilted lamellar mesophase smectic A-like (LamA) corresponding to a multi-segregated lamellar structure and consisting of an alternate superposition of perylene and interdigited BTBT sublayers. The mesophase at lower temperature exhibits also the same alternate lamellar structures but in addition, the sublayers present a very long-range 2D order characteristic of an ordered lamellar mesophase (LamO). In comparison with the dyad architecture, the BTBT/PeDI 2:1 stoichiometry of the Triad 2.2 leads to marginal difference between cross-section of BTBT dimer and single PeDI unit, and permits an optimal organization of the π-stacking units explaining the rich polymorphism and the significantly high isotropization temperature.

In the comparison with the terthiophene/perylene series studied in Chapter 2, the exchange of terthiophene moiety by the BTBT one has also a large impact on the molecular packing of the derivatives. The strong - interactions existing between BTBT cores are strong enough to promote the mesophase formation even with the unfavorable dyad architecture, and stabilize the multisegregation of BTBT and perylene units until very high temperature (> 300°C).

Experimental

Materials and methods. Some starting materials have been mentioned in second chapter. But other starting materials were needed to synthesize this new family: thus, 2-chlorobenzaldehyde, sodium hydrosulfide hydrate, ammonium chloride solution, aluminium chloride, lithium aluminium hydride, 11-bromoundecanoic acide, thionyl chloride, phthalimide potassium, hydrazine, imidazol, zinc acetate, Perylene-3,4,9,10-tetracarboxylic dianhydride were purchased from Aldrich, Alfa and Acros or TCI and used without any further purification. The solvents, NMP (N-Methyl-2-pyrrolidone), THF, DCM, chloroform, petroleum ether, cyclohexane, acetone, ethanol, methanol and ethyl acetate were purchased from VWR Chemicals. The solvents for recrystallization and precipitation were purchased from Aldrich or distilled before using. The solvents for spectroscopic studies were of spectroscopic grade. Column chromatography was performed on silica gel. The sample temperature was controlled within ± 0.01 °C and typical exposure times were of 6 h.

Synthesis of precursory building blocks (BTBT building blocks)

The synthesis procedures to obtain K2-K6 compounds were adapted from refs [162-164]. -CH 3 ). [START_REF] Clark | The PI electronic structure of thieno[3,4]thiophene[END_REF] After the solvent removing from the chlorobenzene fraction, a dark red solid was obtained. The solid was purified by silica gel chromatography with hot dichlorobenzene as eluent, followed by a precipitation in cold methanol. Eventually, the final product was isolated as dark red powder (340 mg, 29%). 1 In the two previous chapters, we studied two new series of liquid crystalline conjugated derivatives based on linear dyad and triad architectures combining discotic perylene diimide and calamitic terthiophene or [1]Benzothieno [3,2-b][1]benzothiophene (BTBT) moieties.

In this chapter, we will study a third series of liquid crystalline compounds combining π-conjugated discotic and calamitic mesogens based on a new branched molecular architecture. In these structures, one discotic and two calamitic mesogens are linked via long alkyl spacers to a central benzene core forming branched triads.

For this series, we chose triphenylene and perylene diimide moieties as discotic mesogens and terthiophene and pyromillitic diimide moieties as calamitic mesogens. Based on these entities, we prepared four branched triads in mixing together each discotic and calamitic moieties as shown in In particular, we will describe and discuss the synthesis, the optical and mesomorphic properties of these compounds. In addition, the self-organization properties in bulk as well as the film morphology will be detailed. Finally, these perylene, pyromillitic, triphenylene or terthiophene moieties presenting interesting individual electronic properties such as electron or hole transport abilities as well, the preliminary charge transport properties will be also studied for some of these branched triads.

Synthesis

Synthesis of building blocks

Two of the different building blocks needed for the synthesis of the branched triads, i.e. the swallow-tail N-substituted mono-anhydride mono-imide perylene (C5) and the bromine-terminated terthiophene (D8) have been already described in the chapter 2. Therefore, in this section, we will only describe the synthesis of monohydroxyl-functionalized triphenylene (A4) and mono N-substituted pyromellitic diimide (B2) building blocks.

Synthesis of the triphenylene building block

The synthetic route of monohydroxyl triphenylene A4 is shown in , and we chose the simple "statistic cyclization" method described by Kong et al. [START_REF] Kong | Improved synthesis of monohydroxytriphenylenes (MHTs)important precursors to discotic liquid crystal families[END_REF] . This method allows a large scale synthesis from low-cost pyrocatechol, even though the last step shows drawbacks such as a low yield and a complex purification. The synthetic route for the preparation of A4 consists of two steps. In a first step, two building blocks A2 and A3 are prepared through classical Williamson reaction from the commercial catechol A1, by adjusting the ratio of bromopentane. The second step is a ferric chloride oxidatively catalyzed statistic cyclization, and its key point is to precisely maintain the ratio between A2 and A3 as 1:2, to reduce the byproduct (sysmetric, dihydroxy, trihydroxy, etc). As mentioned previously, even though the yield of the last step is quite low and the purification of compound A4 is tricky due to the presence of the multiple byproducts formed by the statistic cyclization (mainly the symmetric one), this method is more rapid than the "multi-step" way and more efficient than the "post-cleavage way" [163,164] .

Synthesis of the pyromellitic diimide building block

The mono N-substituted pyromellitic diimide (B2) was prepared in one step by a simple Mitsunobu reaction as displayed in Figure 4.2.2. More precisely, the commercially available pyromellitic diimide B1 is modified by 1 equivalent of 10-bromodecanol, leading to the target building block B2, with an acceptable yield of 30%, and allowing a large scale preparation. 

Synthesis of the four target branched triads

Synthesis of branched Triad 3.1

The synthesis of the branched Triad 3.1 with triphenylene and pyromellitic diimide moieties is described in 

Synthesis of branched Triad 3.2

The synthesis of the branched Triad 3.2 with perylene and pyromellitic diimide moieties is described in Figure 4.2.4, and is also based on several reactions taking place in basic conditions.

However, the N-alkyl substituted imide being more sensitive to basic medium for perylene diimide derivatives than for pyromellitic diimide ones [165] , we decided this time to use another synthetic route in order to graft the perylene diimide moiety in a last step. The first step of this synthesis is the preparation of the key intermediate compound F1 by the statistic grafting of two pyromellitic precursors B2 on the intermediary E2 described in the previous paragraph.

In parallel, the mono N-substituted mono-anhydride mono-imide perylene bulding block C5 is treated by the ammonium acetate (NH 4 OAc) in acetic acid to prepare the mono N-substituted perylene diimide derivative F2.

Finally the target branched Triad 3.2 is prepared with a good yield by coupling the perylene diimide derivative F2 with the key intermediary F1 under gentle basic condition. Note that in order to avoid using an excess of base which might attack the other imide groups, F2 was firstly reacted with K 2 CO 3 in stoechiometric conditions to form its potassium salt.

Synthesis of branched Triad 3.3

The synthesis of the branched Triad 3.3 with triphenylene and terthiophene moieties is described in For this synthesis, we were interesting in improving some steps in the synthetic route as for example the grafting step of calamitic moieties on the central benzene core, which is generally realized by a statistic substitution leading to low yield and tedious purifications. Here, we decided to use a protecting group on the central benzene in order to give more 'proper' coupling reactions.

More precisely, the key intermediate compound G3 is prepared by the reaction of two bromineterminated terthiophene D8 with the commercially available 5-methoxyresocinol G1, bearing a methoxy protecting group and two hydroxyl functions. This step gives the intermediary G2 with a high yield (> 70%), which is then simply deprotected by a LiPPh 2 treatment to remove the methyl group and to lead to the key intermediary G3 with a relatively high global yield. In parallel, the key intermediate triphenylene G4 is prepared with a good yield by the reaction of an excess of 1,10-dibromodecane onto the triphenylene derivative A4 through a Williamson reaction. Finally, the target branched Triad 3.3 is prepared by coupling the triphenylene derivative G4 with the key intermediary G1 through a

Williamson reaction with an acceptable yield of 27%. It is worth mentioning that, during our first trial of the reaction 10 (see Figure 4.2.5), we found that the bromine at the end of the lateral alkyl chains of terthiophene building block D8 reacts with the DMF solvent of the reaction in basic conditions (potassium carbonate), and leads to the formation of the methyl ester of the terthiophene as main product (See the structure and NMR at the end of the experimental part). Thus, after this finding, all Williamson etherification reactions have been launched

in other polar solvents such as acetone.

Synthesis of branched Triad 3.4

The synthesis of the branched Triad 3.4 with perylene and terthiophene moieties is described in 

Optical properties (absorption and emission)

For the absorption and emission properties in solution, anhydrous chloroform was used as solvent and the concentration was 1 × 10 -6 M at room temperature. In those conditions, these molecules can be considered as adequately isolated, i.e. the intermolecular interaction can therefore be neglected. The film samples were fabricated by spin-coating at room temperature from chloroform solution (1% w) on fused silica substrates.

Optical properties of isolated triphenylene, pyromellitic diimide, perylene diimide and terthiophene model compounds

The In the case of triphenylene, the absorption spectrum shows a band located at 279 nm ( All these absorption and emission spectra present vibronic progressions which indicate that there is no aggregation of four moieties in diluted solution.

Absorption and Emission of Triad 3.1

The More precisely, the band located at 279 nm is due to the triphenylene moiety which is same value with its individual triphenylene unit (see in 

Absorption and emission of Triad 3.2

The More precisely, the absorption peak in the region shorter than 400 nm is due to the pyromellitic diimide moiety, while the absorption in the visible region is attributed to the perylene diimide moiety with a maximum absorption peak located at 526 nm. In the case of pyromellitic diimide moiety, the absorption structured transition at 319 nm with same value of its isolated state evidences no aggregation for this unit. In the case of perylene diimide moiety, three characteristic peaks located at 469 nm, 491 nm and 526 nm are observed, attributed to its (0,2), (0,1) and (0,0) transitions respectively. The peak-to-peak ratio between the (0,0) and (0,1) transition intensities is around 1.64, indicating also no aggregation for perylene unit in diluted solution. The perfect overlapping between the spectrum of triad and the spectra of two moieties clearly shows the absence of the aggregation between the perylene and pyromellitic diimides.

In terms of the emission properties, this triad is strongly fluorescent (orange) in chloroform solution.

Both fluorescent spectra at 320 nm and 526 nm excitation wavelengths are dominated by the emission of perylene diimide moiety. More particularly, both spectra show the mirror images of the absorption of perylene diimide moiety, arising at 537 nm, 576 nm and 627 nm, with the same value of its isolated state (see Figure 4.3.1 c). When excited at 320 nm, a weak broad band in the range of 350-500 nm is also observed, corresponding to the isolated pyromellitic diimide. This also demonstrates that an energy transfer may occur between pyromellitic and perypene diimides moieties, due to the overlap of pyromellitic (donor) emission with perylene (acceptor) absorption.

The individual components as in solution, when the peak locating at 319 nm is attributed to pyromellitic diimide and the structured transition in the visible region is due to perylene diimide. It can be observed that in film, the peaks from both pyromellitic and perylene diimide moieties are 3-16 nm red-shifted, suggesting the π-π intermolecular interactions from the packing of both moieties. In the case of the pyromellitic diimide at 319 nm, the slight red-shift is concomitant with a broadening and a slight decrease intensity of absorption peak, suggesting the formation of π-π interaction in the solid state. In the case of perylene diimide unit, in the visible region, the band broadening in the visible region also clearly occurs. The peak-to-peak ration between the (0,0) and (0,1) vibronic peak intensities is calculated as around 0.72. All observations evidence a sliding of the perylene aromatic planes with the respect to each other, corresponding to J-type aggregation [154] .

Absorption and emission of Triad 3.3

The solution absorption and emission spectra of Triad 3. The solution absorption spectrum presents a superposition of two isolated components taken individually. The peak locating at 279 nm is attributed to the absorption of triphenylene moiety and the broad band locating at 369 nm is due to the absorption of terthiophene moiety. A new band at around 300 nm is due to the overlapping between two bands of two components. This spectrum indicates isolated molecules in the diluted solution.

Regarding the emission, the emission spectrum excited at 279 nm wavelength shows two signals of two moieties. More precisely, a sharp peak at 420 nm with a shoulder at 375 nm is attributed to the emission of triphenylene moiety with the same value of the emission of individual triphenylene unit, while the peak observed at 453 nm is due to the emission of terthiophene. A new sharp peak located at around 425 nm is also observed, due to the overlap of the emission spectra of two components.

Therefore those observations suggest that it may not exhibit an energy transfer between the moieties.

Absorption and emission of Triad 3.4

The solution absorption and emission spectra of Triad 3. To details, at wavelengths shorter than 435 nm, the absorption band is due to the terthiophene moiety, while at wavelengths higher than 435 nm the absorption is due to the perylene diimide moiety with a maximum absorption peak located at 526 nm. The maximum of the absorption from the terthiophene unit appears at around 369 nm, which is same value with the individual terthiphene (see in the solution. In the region higher than 435 nm, three characteristic vibronic peaks of isolated perylene diimide arising at 469 nm, 469 nm and 526 nm are observed, contributed to the (0,2), (0,1) and (0,0) transitions, respectively. The peak-to-peak ratio between (0,0) and (0,1) transition intensities is around 1.63, also indicative of the isolated state. The sum of absorptions of two moieties demonstrates that there is no interaction between two components and no aggregation for the triad in diluted solution.

Regarding the emission spectrum, this triad is strongly fluorescent (orange) in chloroform solution.

Both spectra at 369 nm and 526 nm excitation wavelengths are dominated by the emission of perylene moiety, in Figure 4.3.5 a. In the case of perylene diimide, the appearance of the structured transition locating at 537 nm, 576 nm and 627 nm also evidences the isolated state. In the case of terthiophene in the emission spectrum at 369 nm wavelength, a weak peak locating at 450 nm is clearly visible, attributed to the isolated terthiophene unit. The low intensity suggests that the energy transfer may occur between terthiophene and perylene diimide moieties, due to the overlap of terthiophene (donor) emission with perylene diimide (acceptor) emission.

The absorption in CHCl 3 (dash line). In the case of terthiophene at wavelengths shorter than 435 nm, the band shows a broadening and blue-shift with increased intensity. Those observations suggest the formation of π-π interaction with highly ordered arrangement of terthiophene in the solid state. In the case of perylene diimide moiety, its absorption band is red-shifted with significant band broadening.

The peak-to-peak ratio between (0,0) and (0,1) transition intensities is calculated as around 0.65. All observations indicate a sliding of the perylene aromatic planes with the respect to each other, corresponding to J-type aggregation [154] .

Mesomorphic behavior

The mesomorphic properties of the four triads were studied by Differential Scanning Calorimetry (DSC) on heating and cooling cycles and Polarized-light Optical Microscopy (POM). All the samples for POM were prepared on cleaned glass sides, and the photographs were captured under the crossed polarizer upon cooling from states. with an enthalpy (ΔH) of 11.63 J/g. In the absence of additional transitions at higher temperature, this last transition can be attributed to the transition to the isotropic phase. On cooling, the reversible peak at 81 °C with an enthalpy value about 14.18 J/g is consistent with a phase transition from the isotropic phase to a mesophase. According to the DSC and POM results, the polymorphism of Triad 3.1 can be consequently proposed on cooling as follow: Iso  Lam  Glassed Lam. The DSC and the POM results are consistent and demonstrated that Triad 3.2 exhibits a mesophase.

The following phase sequence on cooling can be proposed as: Iso  Lam  Glassed Lam. On cooling from the isotropic phase, the trace presents the two reversible exothermic peaks prior to the glass transition. The first transition at 87 °C (ΔH = 6.03 J/g) from isotropic phase is consistent with the appearance of a first mesophase (M 1 ) and, on further cooling, the second transition observed at 60 °C with a enthalpy of 6.06 J/g indicates the presence of a more ordered mesophase (M 2 ). A summary of the mesomorphic properties of the four branched triads are reported in Table 4.1.

X-ray Diffraction (XRD)

To assess the unambiguous mesophases formation and probe the effects of the intimate structural modifications onto the mesophase temperatures ranges, the branched triads were studied by and calculated volumes [166] . In that way, the amount of double-rows is here of 30-35%, which indeed compensates the discrepancy of cross-sections. between OTS glass slides by POM under crossed polarizer. It is worth noticing that the liquefying process combines with the propagation of the lamellar correlation to long-range and with the reduction of the periodicity to half, meaning that perylene diimide and terthiophene moities permute within lamellar domains [168] .

On cooling from the LamA phase, the differentiation of perylene diimide and terthiophene layers and the original lamellar periodicity are restored (65.4 Å at 20 °C). The final structure is however different from the initial one (pristine), since both in-plane arrangements now correlate over intermediate ranges (correlation lengths from D 2PeDI and D tTh signal widths using the Scherrer formula:

x 2PeDI ≈ 50 Å and x tTh ≈ 200 Å, i.e. ca. ten periodicities in both cases) [169,170] .

A schematic representation of the Triad 3.4 molecular arrangement is proposed in 

Atomic force microscopy (AFM)

The AFM topography, phase and 3D images of Triad 3.4 thin film are given in In such structure, the lamellar periodicity, i.e. the perylene and terthiophene sublayers, consists of both interdigitated non-tilted perylene and terthiophene units linked alternatively to each other from upper and lower rows in order to compensate the discrepancy between cross-sections of π-stacking units. 

Preliminary study of charge transport properties (OFET)

The multi-lamellar structure of the branched Triads 3.4 resulting in intertwined layers of donor (terthiophene) and acceptor (perylene dimide) moieties is very promising to provide distinct channels for holes and electrons. In this context, we investigated the charge transport properties of this compound in thin films transistor configuration (OFET) in collaboration with the Prof. J.-C. Ribierre in Kyushu University (OPERA, Japan). The devices fabrication is described in the experimental part.

Typical output and transfer characteristics for both hole and electron channels are given in Figure 4.6.

After annealing at 70 °C, the Triad 3.4 based on discotic perylene diimide and calamitic terthiophene moieties exhibited clear p-type and n-type conductions and the charge carrier mobilities in the saturation regime were found to be around 3.1 × 10 -6 cm 2 • V -1 • s -1 and 2.2 × 10 -3 cm 2 • V -1 • s -1 , respectively. Despite these mobility values are quite modest and unbalanced, this results are nevertheless promising regarding the ambipolar conduction. It also validates a concept that with an appropriate choice of the discotic and calamitic π-conjugated cores (p-type or n-type), this kind of multi-lamellar structures could present ambipolar charge transport properties, due to the spontaneous nanosegregation of p-type and n-type entities in bulk leading to well-defined distinct conductive channels for each type of carriers. It is worth mentioning that, unfortunately, we don't have any information to concern the preferential orientation of the lamellar system within the thin film of the transistor, which is an important parameter to address for the applications of such anisotropic materials. The Triad 3.2 combining one perylene and two pyromellitic diimides exhibited also one reversible mesophase (DSC and POM), and the structural study evidenced the nano-segregation of perylene and pyromillitic diimide units in sublayers leading to a multi-segregated lamellar mesophase (LamR), which consisted of an alternate superposition of interdigited perylenes and pyromillitic diimides. It was evidenced as well a long-range rectangular 2D order in the plane of both perylene and pyromellitic diimide sublayers, and in addition, a zipper-like arrangement of perylene cores due to the stack of these asymmetrically substituted moieties.

The Triad 3.3 combining one triphenylene and two terthiophenes exhibited two reversible mesophases, and one of them (at the highest temperature) was identified as an untilted lamellar mesophase smectic A-like (LamA) as evidenced by the DSC and POM studies. These first observations suggested the presence of a multi-segregated lamellar mesophase, unfortunatly, no further investigation by X-ray diffraction has been performed due to a small amount of this compound.

The last Triad 3.4 combining one perylene and two terthiophene exhibited two mesophases (DSC and POM). These mesophases were investigated by XRD and the structural study evidenced the nanosegregation of perylene and terthiophene moieties in sublayers leading to a multi-segregated lamellar mesophase (LamR), which consisted of an alternate superposition of interdigited perylenes and terthiophenes. The pristine mesophase was identified as a LamR phase presenting a long-range rectangular 2D order in the plane of the tertiophene sublayers and a local-range order in the plane of perylene aggregates. In the mesophase at high temperature, the X-ray diffraction evidenced the loss of in-plane arrangements, leading to a disordered untilted lamellar mesophase (LamA) with a permutation of perylene diimide and terthiophene moities between the layers. Finally, the annealed mesophase recovered at room temperature both in-plane arrangements with only intermediate range correlation lengths no farther than ten periodicities. The film morphology study (AFM) showed clearly nanostructured thin films with terrace structures consistently with the multi-lamellar organization.

Finally, preliminary charge transport studies demonstrated an ambipolar charge transport due to the spontaneous nanosegregation of p-type terthiophenes and n-type perylenes, leading to well-defined distinct conductive channels for each type of carriers.

Experimental

Materials and methods. The starting materials, catechol, 1-bromopentane, potassium carbonate, potassium iodide, Tetra n-butylammoniom bromide (TBAB), MgSO 4 , FeCl 3 , 1-decenol, pyromellitic diimide, triphenylphosphine (PPh 3 ), diisopropyl azodicarboxylate (DIAD), 1,10-dibromodecane, phloroglucinol, ammonium acetate, acetic acid, 5-methoxyresocinol, diphenylphosphine, nbutyllithium solution (2.5 M in hexane), 1,10-dibromodecane, 1-bromo-10-phthalimide decane, hydrazine, imidazole and zinc acetate were purchased from Aldrich, Alfa and Acros or TCI and used without any further purification. The solvents, ethanol, DCM, hexane, acetonitrile, methanol, DMF, ethyl acetate, petroleum ether, HCl solution and THF were purchased from VWR Chemicals. The solvents for recrystallization and precipitation were purchased from Aldrich or distilled before using.

The solvents for spectroscopic studies were of spectroscopic grade. Column chromatography was performed on silica gel. The organic phase was successively washed with water (3 × 50 mL), dried over anhydrous MgSO 4 , and the mixture was purified by silica gel column chromatography using 9/1 of DCM/ethyl acetate.

After two recrystallizations in cold ethyl acetate, the product was obtained as a snow-like white crystal (0.66 g, 30%). rotavapor. The crude product was purified by silica gel column chromatography using 20/1 of DCM/ethyl acetate and a second column using ethyl acetate/DCM in 1/50. After evaporation, the residue was obtained as a red solid (100 mg, 56%). Then the acetone was removed by rotavapor and the residue was extracted with anhydrous DCM/brine and the organic phase was successively washed with water (3 × 100 mL), dried over MgSO 4 and the solvent was removed in vacuo. The residue was purified by silica gel column chromatography using DCM/ petroleum ether (1/1). After two recrystallizations in petroleum ether, a white solid was obtained (9.91 g, 54 %). Intermediate H3: 1-(10-phthalimide decane)-3,5-di( 5-octyl-5''-(10-bromodecanyle)-2,2':5',2''terthiophene)-benzene (H2, 213 mg, 0.17 mmol) was added to 15 mL ethanol at 100 °C, followed an addition of hydrazine (3 mL). The mixture was kept refluxed overnight. The reaction was allowed to ambient temperature for 2 hours and was added with HCl solution (5 mL, 5%) at 80 °C for 30 minutes.

After a filtration at room temperature, the residue was extracted with anhydrous chloroform/KOH (5%). the organic phase was successively washed with water (3 × 50 mL), dried over MgSO 4 and the solvent was removed in vacuo. A light yellow material was obtained (165 mg, 84%). 1 H NMR (CDCl 3 ,

In this work, we focused on the design of a novel series of liquid crystalline compounds combining π-conjugated discotic and calamitic moieties in a unique molecular architecture. We prepared three different series of molecules based on a linear dyad, triad and branched triad and we studied the selforganization properties and liquid crystalline behaviors of such covalent disc-rod systems. This study evidences that theses architectures can form complex self-assemblies in bulk such as multi-lamellar arrangements, presenting as bilayered lamellar phases with in-layer organization of both calamitic and discotic species. In addition, based on the appropriate choice of the disk-and rod-like π-conjugated cores (p-type or n-type), we showed that this kind of self-organized materials could exhibit ambipolar charge transport properties in presenting a spontaneous nanosegregation of p-type and n-type entities in bulk, and then leads to well-defined distinct conductive channels for each type of charge carriers (hole and electron).

More precisely, we first synthesized a series consisting of a linear dyad and triad based on discotic perylene diimide and calamitic terthiophene moieties linked by alkyl chain spacers. Then, after developing an efficient chemical strategy, we determined and discussed the optical properties, thermal behaviors as well as the self-organizations of these new molecules. On one hand, we showed that the dyad architecture (Dyad 1.1) only exhibits a metastable mesophase on cooling, which was impossible to study by X-ray diffraction. On the other hand, the triad (Triad 1.2) exhibits a richer polymorphism than the dyad, and the presence of several mesophases (specifically defined as LamA, LamO in this thesis), presenting a multi-segregated lamellar structure, was evidenced. These mesophases consisted of an alternate superposition of perylene and interdigited terthiophene sublayers, and some of them exhibited also, in addition of the alternated lamellar structures, a very long-range 2D order within the sublayers, characteristic of ordered multi-lamellar mesophases (LamO). This mesophase structure was fully characterized by XRD and the thin film morphology was also studied by AFM.

Then, we synthesized a second series consisting of a linear dyad and triad based on discotic perylene diimide and calamitic an ambipolar charge transport (µ e-: 2.2 × 10 -3 cm 2 • V -1 • s -1 ; µ h+ : 3.1× 10 -6 cm 2 • V -1 • s -1 ) due to the spontaneous nanosegregation of each moiety, leading to well-defined distinct conductive channels for each type of charge carriers.

All the above architectures can form complex self-assemblies in bulk such as multi-segregated lamellar arrangements, presenting bilayered lamellar phases with in-layer organization of both calamitic and discotic species. These interesting self-organizations and the preliminary charge transport properties are promising. Indeed, they validate the possibility to use such well organized materials as a simple and versatile strategy for producing distinct conductive channels at the nanoscale, allowing the injection of holes and electrons from the same type of electrode. All these results could lead to a new class of supramolecular ambipolar materials, easily processable, potentially suitable for electronic and optoelectronic applications.
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 13 Figure 1.3 Molecular structures of some π-conjugated compounds.
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 14 Figure 1.4 Examples of different π-conjugated pathways.
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 16 Figure 1.6 Semiconducting devices based on π-conjugated organic materials, device configurations of OFET and a typical output spectrum of the semiconductor.
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 17 Figure 1.7 Molecular structures of some common p-type and n-type semiconducting materials.

Figure 1 .

 1 Figure 1.11 Schematic representation of the classifications of Liquid Crystals.
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 1 Figure 1.12 Different shapes of liquid-crystalline molecules.
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 1 Figure 1.13 Schematic representation of discotic and calamitic liquid crystalline materials.
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 1 Figure 1.14 Common mesophases of low mass molecular liquid crystals.
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 1 Figure 1.15 Schematic representation of nematic mesophases (reproduced from ref[49]).
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 1 Figure 1.16 Typical schlieren textures of nematic phases (reproduced from Website [1]).
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 1 Figure 1.17 Typical focal-conic textures of Smectic A phase (reproduced from Website[2]).

  layers they are aligned parallel to each other and slide freely when each molecule rotates rapidly, as described in Figure 1.18.

Figure 1 .

 1 Figure 1.18 Schematic representation of SmA alignment and its microsphotograph with corresponding explanation.(reproduced from Website[3]).
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 119 taken from the SmC phase of 4-(2'methylbutyl)phenyl 4'-(4''-methylhexyl)biphenyl-4-carboxylate. The brushes appear at the point singularities on the substrate surface, each point of singularity being able to attach four brushes.
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 120 Figure 1.20: the rod-like molecules closely pack hexagonally without interdigitation and tilting interlayer, but each molecule can freely rotate.
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 1 Figure 1.20 Schematic representation of SmB and its natural microphotographs (reproduced from Website[5]).
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 1 Figure 1.21 Schematic representation of columnar phase and its microsphotographs under polarizer (reproduced from ref[58]).

  they have the orientational order (examples in Figure 1.22). Or in ordered structure, the ordered comes from inter-columns or intra-columns, showing as oblique, plastic and helical columnar organizations we have mentioned in advanced.
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 1 Figure 1.22 Schematic representations of some columnar structures(reproduced from Website [6]).
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 23 Figure1.23 Schematic illustration of discotic liquid crystals applied for p-type OFET: a) charge transport in columnar organization; b) device configuration [84]; c) three p-type examples.
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 1 Figure 1.26 Schematic illustration of calamitic liquid crystals applied for OFET: a) charge transport in smectic organization; b) smectic phase applied for device configuration; c) some examples of calamitic liquid crystalline semiconductors.
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 1 Figure 1.27 Calamitic p-type semiconducting liquid crystalline small molecules.
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 128 Figure 1.28. In the diimide family, except pyromellitic diimide, anthracence diimide also presents electron transporting property and liquid crystalline properties, simultaneously. The anthracene diimide derivatives were first synthesized by Mark's group and obtained a charge mobility of 0.03
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 1134 Figure 1.28 Calamitic n-type semiconducting liquid crystalline small molecules
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 19 Figure 1.9 Design of liquid crystalline dimer.
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 1 Figure 1.30 Schematic interpretation of Linear, H-shape and T-shape dimeric models and corresponded examples.
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 1 Figure 1.31 Schematic representations of the dimeric molecular organisation in (a) the monolayer for symmetric liquid crystal dimers; (b) the intercalated SmA phases for symmetric liquid crystal dimers; (c) the interdigitated SmA phases for non-symmetric dimers; (d) the interdigitated SmA phases for non-symmetric dimers; (e) Sketch of the molecular organization in the intercalated SmC phase; (f) symmetric and non-symmetric molecules examples (reproduced from [117]).
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 1 Figure 1.32 Schematic structures of linear/branched trimers and corresponded examples.
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 1 Figure 1.33 Schematic trimeric models and the corresponded example compounds (reproduced from [128]).
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 1 Figure 1.34 Schematic representations of disc-rod like compound (reproduced from [130]).
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 1 Figure 1.35 Schematic representations of molecular structures and their mesophases (reproduced from [135]).
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 1 Figure 1.36 dendritic scaffold and polymers (reproduced from ref [133, 134])
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 1 Figure 1.37 Schematic representation of charge transport pathways in polymeric lamellar structure (backbone face-to-face assembly).
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 1 Figure 1.38 Schematic representations of the polymer and corresponded self-organization [140].
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 1 Figure 1.39 Schematic representation of liquid crystalline polymers and small molecules with their self-organizations.
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 1 Figure 1.40 Schematic illustration of the dyad and triad molecular architectures.
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 141 In this chapter we will detail the design and the synthesis of the materials and we will investigate their optical, thermal and structural properties by UV-visible spectrum (UV), Differential Scanning Calorimetry (DSC), Polarized Optical Microscopy (POM), X-ray diffraction (XRD) and Atomic-Forced Microscopy (AFM).
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 1 Figure 1.41 Chemical structures of the linear dyad and triad molecular architectures based on discotic perylene diimide and calamitic terthiophene moieties.
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 1140 Figure 1.42 Chemical structures of the linear dyad and triad molecular architectures based on discotic perylene diimide and calamitic BTBT moieties.
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 1 Figure 1.43 Chemical structures of the branched triad molecular architectures based on pyromellitic diimide or terthiophene derivatives as calamitic moieties and triphenylene or perylene diimideas discotic moieties.

Figure 1 .

 1 Figure 1.44 Schematic illustration of the charge transport passageways in simulated organization.

  1) and triad (Triad 1.2) in which the discotic perylene and calamitic terthiophene entities are linked by alkyl chain spacers as shown in Figure 2.1.

Figure 2 . 1

 21 Figure 2.1 Chemical structures of the linear dyad and triad architectures based on discotic perylene diimide and calamitic terthiophene moieties.

Figure 2 . 2 . 1

 221 Figure 2.2.1 Synthetic route of asymmetric terthiophene precursor. Conditions: 1) n-BuLi, -78 °C, 1h; ClSnBu 3 , THF, -78 °C, 30min; RT, 12h, quantitative, 99%; 2) 2-bromothiophene, Pd(OAc) 2 , PPh 3 , THF, DMF, 85 °C, 24h, 52%; 3) n-BuLi, -78 °C, 1h; ClSnBu 3 , -78 °C, 30min; THF, RT, 12h, quantitative, 99%; 4)1,10-dibromodecane, n-BuLi, THF, 0 °C, 3h; then RT, 12h, 60%; 5) NBS, chloroform, 12h, 99%; 6) Pd(OAc) 2 , PPh 3 , THF, 1,4-dioxane, 85 °C, 12h, 61%; 7) acetone, reflux, overnight, 56%; 8) hydrazine, methanol, 60 °C, overnight, 83%.

Figure 2 . 2 . 2

 222 Figure 2.2.2 Synthetic route of asymmetric perylene building block. Conditions: 9) NH 2 OH.HCl, EtOH, Pyridine, 100 °C, 2h; RedAl, Toluene, Reflux, 2h, quantitative; 10) Zn(OAc) 2 , imidazole, 160 °C, 4h, 65%; 11) KOH, t-BuOH, Reflux, 1.5h, AcOH/HCl, 15%.

Figure 2 . 2 . 3 .

 223 The synthesis is carried out by the coupling between the amino-alkyl functionalized terthiophene I2 and the mono-anhydride mono-imide perylene C5 through a nucleophilic substitution with a yield around 54%. Due to the presence of the swallow-tail chain, the Dyad 1.1 is well soluble in the usual chlorinated solvents such as chloroform and it can be purified and characterized by the conventional methods.

Figure 2 . 2 . 3

 223 Figure 2.2.3 Synthetic route of the Dyad 1.1 based on the terthiophene and perylene diimide moieties. Conditions: 12) Zn(OAc)2, imidazol, 140 °C, overnight, 54%.

Figure 2 . 2 . 4 .

 224 It is carried out by the same procedure used for the synthesis of the Dyad 1.1 in coupling two terthiophene building blocks I2 and the commercial perylene dianhydride C3 with an acceptable yield of 37%. It is worth mentioning that the linear Triad 1.2 presents a low solubility in most of the organic solvents. However we were able to purify and characterize this compound in using high boiling point chlorinated solvents such as chlorobenzene and dichlorobenzene.

Figure 2 . 2 . 4

 224 Figure 2.2.4 Synthetic route of the Triad 1.2 based on the terthiophene and the end-capping perylene moieties: 13) Zn(OAc)2, imidazole, 140 °C, overnight, 37%.

  Figure 2.3.1 shows the absorption and emission spectra in solution of terthiophene and perylene diimide moieties, individually.

Figure 2 .

 2 Figure 2.3.1 UV/Vis absorption and fluorescence spectra of: a) terthiophene in CHCl 3 (for fluorescence spectrum using 350 nm excitation wavelength and b) perylene diimide in CHCl 3 (for fluorescence spectrum using 469 nm excitation wavelength).

of Dyad 1. 1 Figure 2

 12 Figure 2.3.2 a) UV/Vis absorption and emission spectra of Dyad 1.1 in CHCl 3 (excitation wavelengths 369 nm and 526 nm); b) Comparison of UV/Vis absorption spectra of Dyad 1.1 in CHCl 3 solution and in solid state (film).

Figure 2 . 3 . 2 b

 232 gives the absorption spectrum of the Dyad 1.1 in solid state (solid line) compared with the absorption in solution (dash line).

Figure 2 .

 2 Figure 2.3.3 a) UV/Vis absorption and emission spectra of Triad 1.2 in CHCl 3 (excitation wavelengths 369 nm and 526 nm); b) comparison of UV/Vis absorption spectra in CHCl 3 solution and in solid state (film); c) comparison of film absorption spectra of Dyad 1.1 and Triad 1.2.

Figure 2 . 3 . 3 b

 233 shows the absorption spectra of the Triad 1.2 in solid state (solid line) and in solution (dash line).

Figure 2 .

 2 Figure 2.4.1 DSC thermogram (left) and POM microphotographs (under crossed polarizer, right) of Dyad 1.1. POM microphotographs obtained upon cooling from isotropic phase: a-b) spherulitic and batonnet coexisting textures at 110 °C and 31 °C on clean glass substrates. (*M meta : metastable mesophase)

Figure 2 . 4 . 2 .

 242 The DSC traces of Triad 1.2 recorded on heating and cooling with a rate of 5 °C/min are presented in Figure2.4.2 left. On heating until 280 °C, the DSC trace shows three endothermic peaks: at 58 °C (ΔH = 16.23 J/g), at 221 °C (ΔH = 16.58 J/g) and at 245 °C (ΔH = 6.38 J/g), respectively. On cooling, the reversible transitions are observed and the thermogram also presents three exothermic peaks at 238 °C (ΔH = 8.92 J/g), 194 °C (ΔH = 16.81 J/g) and 72 °C (ΔH = 15.80 J/g), respectively. The first transition on cooling from isotropic phase at 238 °C associated with the smallest enthalpy (8.92 J/g) is

Figure 2 .

 2 Figure 2.4.2 DSC thermogram (left) and POM microphotographs (under crossed polarizer, right) of Triad 1.2. POM microphotographs obtained upon cooling: a-c) the optical textures of Triad 1.2 at 230 °C, 190 °C and 55 °C, respectively on clean glass substrates; d-f) the optical textures of Triad 1.2 at 230 °C, 192 °C and 50 °C, respectively on OTS treated glass substrates.

  1 and Triad 1.2 were studied by temperature dependent X-ray diffraction (TDXRD). The measurements were carried out in collaboration with Dr. B. Heinrich and Dr. B. Donnio at Institut de Physique et de Chimie des Maté riaux de Strasbourg (IPCMS).

  Figure 2.5.1 gives the X-ray patterns of the Dyad 1.1 recorded at 100 °C on heating, at 150 °C on heating, at 100 °C on cooling and a model of the multi-segregated lamellar organization.The pristine state pattern at 100 °C (Figure2.5.1 a) presents numerous sharp peaks, indicating of a well-developed three-dimensional crystal lattice. Taking account of the presence of several intense reflections located at the small-angle region and the Dyad 1.1 architecture combining discotic perylene and calamitic terthiophene entities linked by alkyl chain spacers, we can reasonably suppose that the molecules are arranged in a lamellar fashion with an alternate superposition of perylene and terthiophene sublayers in the pristine crystalline phase. However, since we were not able to solve the crystalline structure, we can not claim with certainty such multi-segregated lamellar structure. On further heating above the transition detected by DSC at 127 °C, the crystalline phase melts to give an isotropic liquid phase (Iso), as shown by the X-ray pattern at 150 °C (Figure2.5.1 b). This pattern presents one intense broad scattering in the small-angle region and another one in the wide-angle region typically indicative of liquid state with long-range nanosegregation.

Figure 2 .

 2 Figure 2.5.1 X-ray diffraction patterns of Dyad 1.1: a) 100 °C on heating; b) 150 °C on heating; c) 100 °C on cooling; d) schematic representation of a possible a multi-lamellar arrangement in the crystalline phase.

  7 Å, b = 5.6 Å,  = 94.3°, Z tTh = 4, Z PeDI = 2). This ordered multi-lamellar mesophase is maintained on cooling until room temperature as proved by the X-ray pattern given in Figure 2.5.2 c. The only difference is re-broadening of the oblique 2D-sublattice reflections corresponding to a very slight reorganization of terthiophene and perylenes in their sublayers, leading to a rectangular 2D sublattice (parameters: a = 16.5 Å, b = 5.2 Å,  = 90°, Z tTh = 4, Z PeDI = 2).

Figure 2 . 5 . 2 X

 252 Figure 2.5.2 X-ray diffraction patterns of Triad 1.2: a) pristine; b) 150 °C on heating; c) 20 °C on cooling; d) schematic representation of the multi-segregated lamellae and lattice parameters.

  1 and Triad 1.2 thin films were studied by tapping mode Atomic Force Microscopy (AFM) at the Institut des NanoSciences de Paris (INSP) in collaboration with Dr. E.

Figure 2 . 6 . 1

 261 Figure 2.6.1 The AFM images of Dyad 1.1 thin film on glass substrate: a) Topography; b) Phase; c) 3D image of terrace structure; d) Terrace step profile of film determined from topography image; e) Schematic representation of film terrace structure of Dyad 1.1; f) Schematic representation of the molecular architecture of Dyad 1.1.

Figure 2 . 6 . 2

 262 Figure 2.6.2 The AFM images of Triad 1.2 on OTS substrate: a) Topography; b) Phase; c) 3D image of terrace structure; d) Terrace step profile of film determined from topography image; e) Schematic representation of film terrace structure of Triad 1.2; f) Schematic representation of the molecular architecture of Triad 1.2.

1 H

 1 Abbreviations used for splitting patterns are s=singlet, d=doublet, t=triplet, q=quintet, m=multiplet. MALDI-TOF data were recorded on a Bruker autoflex TM series instrument, using dithranol as the matrix. The UV/Vis spectra were taken on a spectrometer Varian Cary 300 scan spectrometer using 100 mm quarts cuvette, and the fluorescence spectrum were recorded on a Varian Cary Eclipse spectrofluorimeter; DSC measurement was performed on an Instrument DSC Q2000 V24.4 Build 116, using the Module DSC Standard Cell RC. Phase transitions (POM) were examined by a Leica microscope of Linkam TMS 94 with a Linkam LTS temperature-controlled hot stage and Nikon LWD 0.65 camera. The elementary analysis was performed at the Service de Microanalyse ICSN-CNRS (France) and at Service Central d'Analyse isa (France). AFM images were recorded on a Digital Instrument, DI3100 in tapping mode to analyze the surface density of the samples at INSP-UPMC (France). The SAXS measurement was carried out at the Institut de Physique et de Chimie des Maté riaux de Strasbourg (IPCMS) and the patterns were obtained with a transmission Guinier-like geometry. A linear focalized monochromatic Cu Kα1 beam (λ = 1.5405 Å) was obtained using a sealed-tube generator (600 W) equipped with a bent quartz monochromator. In all cases, the crude powder was filled in Lindemann capillaries of 1 mm diameter and 10 μm wall-thickness. The diffraction patterns were recorded with a curved Inel CPS120 counter gas-filled detector linked to a data acquisition computer (periodicities up to 90 Å) and on image plates scanned by STORM 820 from Molecular Dynamics with 50 μm resolution (periodicities up to 120 Å). The sample temperature was controlled within ± 0.01 °C and typical exposure times were of 6 h.
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 61 Synthesis of precursory building blocks (terthiophene and perylene building blocks) 5-octyl-2-tributylstannyl-thiophene (D2): In an atmosphere of argon, n-Butyllithium (21.3 mL, 53.50 mmol) was added to a solution of 2-octylthiophene (D1, 10.00 g, 51.00 mmol) in THF (60 mL) at -78 °C. The reaction mixture was stirred for one hour, followed by an addition of the tributyltin chloride (19.90 g, 61.20 mmol) for an additional hour. The reaction was allowed to come back to ambient temperature and kept 12 hours; the mixture was poured into saturated sodium chloride solution (brine) and was extracted with chloroform. After drying over MgSO 4 and removal of solvent in vacuo, a light yellow crude product (27.80 g, 99%) was given for next step without further purification. 1 H NMR (CDCl 3 , 300 MHz): δ H = 6.99 (1H, d, J = 3.0 Hz, H arom ), 6.91 (1H, d, J = 3.0 Hz, H arom ), 2.86 (2H, t, J = 6.0 Hz, H aliph ), 1.60 (2H, m, H aliph ), 1.55 (6H, m, H aliph ), 1.30 (16H, m, H aliph ), 1.07 (3H, t, J = 6.0 Hz, -CH 3 ), 0.86 (12H, m, -CH 3 ).5-octyl-2,2'-bithiophene (D3):Under argon, palladium (II) acetate (0.74 g, 3.29 mmol) and triphenylphosphine (PPh3, 3.46 g, 13.16 mmol) were dissolved in anhydrous THF (50 mL) at room temperature. After 10 minutes, the yellow suspension was quickly added to a mixture solution of 5octyl-2-tributylstannyl-thiophene (D2, 32.00 g, 65.80 mmol) and 2-bromothiophene (D5, 12.90 g, 79.00 mmol) in dried DMF (150 mL). The mixture was stirred overnight at 85 °C, and a dark solution was observed. The mixture was poured into brine and was extracted with chloroform. After drying over MgSO 4 , the solvents were evaporated and the residue was purified by distillation and then column chromatography on silica gel using DCM/petroleum ether (5/1). A light green solid product (9.20 g, 33.00 mmol, 52%) was obtained.1 H NMR (CDCl 3 , 200 MHz): δ H = 7.17 (1H, dd, J = 4.0 Hz, H arom ), 7.10 (1H, d, J = 4.0 Hz, H arom ), 6.99 (2H, m, H arom ), 6.66 (1H, d, J = 4.0 Hz, H arom ), 2.78 (2H, t, J = 7.4 Hz, H aliph ), 1.68 (2H, q, J = 8.0 Hz, H aliph ), 1.27 (10H, m, H aliph ), 0.88 (3H, t, J = 6.0 Hz, -CH 3 ); 13 C NMR (CDCl 3 , 75 MHz): δ = 145.38, 138.00, 134.75, 127.64, 124.67, 123.68, 123.38, 122.97, 31.87, 31.62, 30.16, 29.34, 29.23, 29.10, 22.67, 14.10.5-octyl-5'-tributylstannyl-2,2'-bithiophene (D4):In an atmosphere of argon, n-Butyllithium (4.50 mL, 2.5M in hexane, 11.25 mmol) was added to a solution of 5-octyl-2,2'-bithiophene (D3, 3.00 g, 10.80 mmol) in dried THF (60 mL) at -78 °C. The reaction mixture was stirred for 45 minutes, followed by an addition of the tributyltin chloride (3.86 g, 11.90 mmol). After one hour, the reaction was allowed to reach room temperature and stirred overnight, the mixture was then poured into brine and was extracted with DCM. After drying over MgSO 4 and removal of solvent in vacuo, a light yellow crude product (7.00 g, 99%) was obtained for next step without further purification.1 H NMR (CDCl 3 , 300 MHz): δ H = 7.21 (1H, d, J = 2.7 Hz, H arom ), 7.03 (1H, d, J = 3.4 Hz, H arom ), 6.97 (1H, d, J = 3.6 Hz, H arom ), 6.66 (1H, d, J = 3.5 Hz, H arom ), 2.78 (2H, t, J = 7.5 Hz, H aliph ), 1.66 (2H, dd, J = 14.2, 6.8 Hz, H aliph ), 1.53 (6H, t, J =7.7 Hz, H aliph ), 1.43-1.16 (16H, m, H aliph ), 1.16-1.02 (3H, m, -CH 3 ), 1.02-0.64 (9H, m, -CH 3 ). 2-(10-bromodecyl)-thiophene (D6): n-Butyllithium (72 mL, 0.18 mol) was added to a solution of 2-bromothiophene (D5, 29.40 g, 0.18 mol) in hexane (120 mL) at 0 °C under argon. After 20 min, THF (20 mL) was added and the stirring was continued for 3 hours, followed by an addition of 1,10dibromodecane (120 mL, 0.49 mol). The cooling bath was removed and the reaction mixture was stirred at room temperature overnight. The mixture was poured into brine and was extracted with DCM. After drying over MgSO 4 and removal of solvent in vacuo, the excess 1,10-dibromodecane (80 mL) was distilled. A yellow liquid (33.0 g, 60%) was obtained. 1 H NMR (CDCl 3 , 200 MHz): δ H = 7.10 (1H, d, J = 1.0 Hz, H arom ), 6.92 (1H, q, J = 3.4 Hz, H arom ), 6.77 (1H, d, J = 1.0 Hz, H arom ), 3.41 (2H, t, J = 6.8 Hz, H aliph ), 2.82 (2H, t, J = 7.4 Hz, H aliph ), 1.89-1.79 (2H, m, H aliph ), 1.75-1.68 (2H, m, H aliph ), 1.31 (12H, m, -CH 3 ); 13 C NMR (CDCl 3 , 75 MHz): δ = 145.76, 126.65, 123.94, 122.75, 33.95, 32.93, 31.87, 30.00, 29.59, 29.51, 29.49, 29.39, 29.17, 28.84, 28.26. 2-bromo-5-(10-bromodecyl)-thiophene (D7): To a solution of 2-(10-bromodecyl)-thiophene (D6, 15.20 g, 50.00 mmol) in chloroform (100 mL) was added a suspension of NBS (9.26 g, 52.00 mmol) in chloroform (170 mL), under argon, and the reaction mixture was stirred for one night at room temperature. The mixture was poured into brine and was extracted with DCM. After drying over MgSO 4 and removal of solvent in vacuo to get 18.61 g (99%) residue white solid without further purification. 1 H NMR (CDCl 3 , 200 MHz): δ H = 6.85 (1H, d, J = 3.6 Hz, H arom ), 6.54 (1H, d, J = 3.6 Hz, H arom ), 3.41 (2H, t, J = 3.6 Hz, -CH 2 Br), 2.74 (2H, t, J = 7.4 Hz, H aliph ), 1.89-1.79 (2H, m, H aliph ), 1.75-1.68 (12H, m, H aliph ). 5-octyl-5''-(10-bromodecanyle)-2,2':5',2''-terthiophene (D8): Under argon, palladium (II) acetate (58 mg, 0.26 mmol) and triphenylphosphine (PPh 3 , 0.27 g, 1.03 mmol) were added to anhydrous THF (5 mL) at ambient temperature. After 10 minutes, the yellow suspension was added to a mixture solution of 2-(10-bromodecyl)-thiophene (D6, 1.90 g, 5.14 mmol) and 5-octyl-5'tributylstannyl-2,2'-bithiophene (D4, 3.50 g, 6.17 mmol) in anhydrous 1,4-dioxane (50 mL). The mixture was stirred overnight at 85 °C, and then a dark solution was received. The mixture was poured into brine and was extracted with DCM. After drying over MgSO 4 the solvents were removed in vacuo and the residue was purified by column chromatography on silica gel using 1/9 of DCM/petroleum ether. A light yellow solid product (0.81 g, 61%) was obtained. 1 H NMR (CDCl 3 , 300 MHz): δ H = 6.96 (4H, m, H arom ), 6.67 (2H, d, J = 3.5 Hz, H arom ), 3.41 (2H, t, J = 6.9 Hz, -CH 2 Br), 2.78 (2H, t, J = 7.6 Hz, H aliph ), 2.03-1.76 (4H, m, H aliph ), 1.75-1.50 (22H, m, H aliph ), 0.87 (3H, t, J = 6.6 Hz, -CH 3 ). 5-octyl-5''-(10-phthalimide decane)-2,2':5',2''-terthiophene (I1): A solution of 5-octyl-5''-(10bromodecanyle)-2,2':5',2''-terthiophene (D8) (800 mg, 1.38 mmol) and phthalimide potassium salt in 100 mL acetone was stirred at 70 °C overnight, and then the acetone was removed by evaporation. The residue was extracted with DCM (3 × 50 mL). The organic phase was washed with water (3 × 50 mL), dried over anhydrous MgSO 4 and concentrated under reduced pressure. The crude product was

5-octyl- 5 '

 5 '-(10-aminodecane)-2,2':5',2''-terthiophene (I2): 5-octyl-5''-(10-phthalimide decane)-2,2':5',2''-terthiophene (I1) (H1, 350 mg, 0.541 mmol) was added to 50 ml ethanol before an addition of hydrazine (9 ml) at 65 °C. The reaction was kept at reflux overnight. The reaction was quenched with HCl solution (40 ml, 5%) at 100 °C for 30 minutes. After being cooled down and after a filtration, the residue was extracted with chloroform (3 × 50 mL). The organic phase was washed with KOH (5%) solution (3 × 50 mL), dried over anhydrous MgSO 4 and concentrated under reduced pressure. A light yellow powder was obtained (230 mg, 83%). This compound was applied as crude product for next step directly.1 H NMR (CDCl 3 , 200 MHz) δ H =6.96 (4H, m, H arom ), 6.68 (2H, d, J = 3.5 Hz, H arom ), 2.82-2.68 (6H, m, H aliph ), 1.68 (6H, m, H aliph ), 1.29 (22H, m, H aliph ), 0.88 (3H, t, J = 6.6 Hz, -CH 3 ). As the product was used for next step directly, therefore the further confirmation analyses were not supplied to this compound. The evidence of the product was that the signal of phthalimide group at 7.83 ppm and 7.74 ppm from the reactant disappeared completely.1-Heptyloctylamine (C2): 8-pentadecanone (C1, 18.00 g, 0.08 mol), hydroxylamine hydrochloride (11.20 g, 0.16 mol) and pyridine (120 ml) were mixed in 240 ml methanol. After being stirred at 100 °C for 2 hours, the mixture was extracted with hexane/HCl (5%), dried over anhydrous MgSO 4 and then concentrated. The available light blown product (18.50 g) was saved for next step.In following step, the light blown product (18.50 g, 0.077 mol) was put into 300 ml toluene under nitrogen, followed a quick addition of Red-Al sodium bis(2-methoxyethoxy)aluminum hydride solution (73.6 ml, 0.307 mol (65% in toluene)). The reaction was refluxed for 2 hours then quenched by HCl solution (5% in water). The extraction used hexane/NaOH solution (5%). After dring over anhydrous MgSO 4 and removing the solvents under vacuum, the compound was obtained as a light blown transparent liquid (9.00 g, 43%). 1 H NMR (CDCl 3 , 200 MHz): δ H = 2.68 (1H, m, -NCH-), 2.14 (2H, m), 1.20 (32H, m), 0.81 (6H, t, -CH 3 ).
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 262111 1 H NMR (CDCl 3 , 200 MHz): δ H = 8.64 (8H, m, H arom ), 5.20 (2H, m, -NCH-), 2.25 (4H, m, H aliph ), 1.86 (4H, m, H aliph ), 1.21 (40H, m, H aliph ), 0.85 (12H, m, -CH 3 ) N-(1-Heptyloctyl)-perylene-3,4,9,10-tetracarboxylic imide (C5) : To a mixture of C4 (2.50 g, 3.08 mmol) and t-BuOH (70 mL) was added with KOH powder (0.39 g, 6.96 mmol). The resulting mixture was refluxed at 90°C and the conversion was monitored via TLC (CHCl 3 /AcOH). After a complete disappearance of C4, the mixture was poured slowly (under stirring) into AcOH (80 mL) and stirred for 2 hours longer. Then HCl solution (6M in water, 30 mL) was added and the stirring was kept overnight. The resulting precipitate was collected by filtration, washed with water until the washings were neutral and dried at 80 °C in vacuum. The crude product was further purified by silica gel column chromatography with CHCl 3 /AcOH (9:1). The product C5 was obtained as a dark red solid (0.50 g, 27%). 1 H NMR (CDCl 3 , 200 MHz): δ H = 8.66 (8H, m, H arom ), 5.20 (1H, m, -NCH-, 2.25 (2H, m, H aliph ), 1.86 (2H, m, H aliph ), 1.21 (20H, m, H aliph ), 0.85 (6H, m, -CH 3 ). Synthesis of Dyad 1.In an atmosphere of N 2 , a mixture of 5-octyl-5''-(10-aminodecane)-2,2':5',2''terthiophene (I2, 250 mg, 0.49 mmol) and imidazol (used as solvent, 3 g) was melted at 140 °C. Then zinc acetate (86 mg, 0.47 mmol) and Anthra[2,1,9-def:6,5,10-d'e'f ']diisoquinoline-1,3,8,10(2H,9H)tetrone,2-(1-Heptyloctyl)-(C5, 351 mg, 0.58 mmol) were added individually. The reaction was kept stirring overnight before HCl solution (5%, 5 ml) was poured inside slowly, followed by an extraction with chloroform (3 × 50 mL).
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 63212 Synthesis of Triad 1.In an atmosphere of N 2 , a mixture of 5-octyl-5''-(10-aminodecane)-2,2':5',2''terthiophene (I2, 500 mg, 0.49 mmol) and imidazol (used as solvent, 3 g) was melted at 140 °C. Then zinc acetate (72 mg, 0.39 mmol) and perylene-3,4,9,10-tetracarboxylic dianhydride (190 mg, 0.97 mmol) were added individually. The reaction was kept stirring overnight before it was quenched by 5 ml HCl solution (5%), followed by an extraction with hot chloroform (about 60 °C, 3 × 100 mL
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 31 Figure 3.1 Chemical structures of the linear dyad and triad architectures based on discotic perylene diimide and calamitic BTBT moieties.
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 321 step 2 to 6). To prepare this derivative, the BTBT aromatic core K2 is firstly acylated through Friedel-Crafts acylation with the commercially available octyl acid chloride to give the unsymmetrical intermediate BTBT K3. Then, K3 is reduced to give the mono-alkylated BTBT K4. For the second acylation, the undecanoic acid chloride L2 is first prepared from the commercially available 11bromoundecanoic acide L1. Then, the mono-alkylated BTBT K4 is acylated again by the undecanoic acid chloride L2, to lead to the intermediate BTBT K5 bearing a terminal bromine group. K5 is finally reduce through a last reduction to give the key BTBT intermediary K6 bearing an alkyl chain on one side and a bromine-terminated alkyl chain on the other side.

Figure 3 . 2 . 1

 321 Figure 3.2.1 Synthetic route of the BTBT building blocks. Conditions: 1) NaSH . xH 2 O, ammonium chloride solution, 80 °C/1 hour then 155 °C for 3 days,30%; 2) octyl acid chloride, AlCl 3 , dichloromethane, RT, overnight, 77%; 3) LiAlH 4 , AlCl 3 , Et 2 O, DCM, RT, overnight, 85%; 4) SOCl 2 , RT, overnight, 99%; 5) AlCl 3 , -78 °C/RT, 1 hour/overnight, 87%; 6) LiAlH 4 , AlCl 3 , Et 2 O, DCM, RT, overnight, 77%; 7) phthalimide potassium salt, acetone, 4 days, 99%; 8) hydrazine, ethanol, 90 °C, overnight, 99%.
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 322 Figure 3.2.2 Synthetic route of Dyad 2.1 based on BTBT and perylene diimide moities. Conditions: 9) Zn(OAc) 2 , imidazol, 140 °C, overnight, 53%.
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 323 Figure 3.2.3 Synthetic route of Triad 2.2 based on BTBT and perylene diimide moieties. Conditions: 10) Zn(OAc) 2 , imidazol, 160 °C, overnight, 29%.
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 331 shows the solution absorption and emission spectra of BTBT (K4', the synthesis is given in the experiental section) and perylene diimide moieties in CHCl 3 , individually. The spectra of perylene diimide have been already described in chapter 2.

Figure 3 .

 3 Figure 3.3.1 UV/vis absorption and fluorescence spectra of: a) BTBT in CHCl 3 (excitation wavelength 313 nm) and b) perylene diimide in CHCl 3 (excitation wavelength 469 nm).

Figure 3 .

 3 Figure 3.3.2 a) UV/vis absorption and fluorescence spectra of Dyad 2.1 in CHCl 3 (excitation wavelength 313 nm); b) Comparison of UV/vis absorption spectrum of Dyad 2.1 in CHCl 3 solution and in solid state (film).
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 332 Figure 3.3.2 a presents the absorption and emission spectra in solution of the Dyad 2.1 in CHCl 3 .

Figure 3 . 3 .

 33 1 a) and which indicates the absence of interaction or aggregation in the solution of the BTBT units. Concerning the contribution from the perylene diimide moiety, already observed with Dyad 1.1 in the previous chapter,

Figure 2 .

 2 3.2 a).TheFigure 3.3.2 b presents the absorption spectrum of the Dyad 2.1 (solid line) in solid state

Figure 3 .

 3 Figure 3.3.3 a) UV/vis absorption and fluorescence spectra of Triad 2.2 in CHCl 3 (excitation wavelength 313 nm and 575 nm); b) Comparison of UV/vis absorption spectra of Triad 2.2 of concentrated and diluted solution in CHCl 3 and in solid state (film).
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 333 gives the absorption spectrum of Triad 2.2 in solid state (black solid line) compared with solution absorption spectra in CHCl 3 (blue and red solid lines).

Figure 3 . 5 . 1 .

 351 The DSC traces of Dyad 2.1 on heating and cooling recorded with a rate of 2 °C/min (Figure3.5.1, left) present a rich polymorphism with several reversible transitions. On heating until 160 °C, three endothermic peaks at 38 °C, 112 °C and at 131 °C are observed with enthalpy values (ΔH) around 3.27
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 351 Figure 3.5.1 DSC thermogram (left) and POM microphotographs (right) of Dyad 2.1. POM photographs obtained upon cooling from the isotropic phase: a-c) batonnet optical texture on clean glass substrates at 127 °C, 61 °C and 30 °C under crossed polarizer; d) homeotropic textures on OTS treated glass substrates at 127 °C under crossed polarizer and under uncrossed polarizer (insert image).

M 1 

 1 M 2  M 3 or Cr 3  M 3 ' or Cr 3 ' .
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 352 Figure 3.5.2 DSC thermogram (left) and POM microphotographs (under crossed polarizer except f, right) of Triad 2.2. POM photographs obtained upon cooling from the isotropic phase: a)the fan-shape focal-conic texture at 271 °C on clean glass substrate; b-d) the spherulitic texture at 185 °C, 100 °C and 25 °C on clean glass substrate; e-f) both homeotropic and focalconic textures at 270 °C (under crossed polarizer and uncrossed polarizer) on OTS treated glass subtrates; g) birefringent textures at 170 °C on OTS treated glass subtrates.

  1 and Triad 2.2 were studied by temperature dependent X-ray diffraction (TDXRD). The measurements were carried out in collaboration with Dr. B. Heinrich and Dr. B. Donnio at Institut de Physique et de Chimie des Maté riaux de Strasbourg (IPCMS).

3. 4 . 1 XRD of Dyad 2. 1 The Figure 3 . 6 . 1

 411361 gives the X-ray patterns of the Dyad 2.1 recorded at room temperature (pristine), at 120 °C on heating and at 20 °C on cooling.The pattern in the pristine state at room temperature presents two slightly broadened reflections with a d-spacing ratio of 2:1 in the small-angle region and several diffuse halos in the wide-angle region (Figure3.6.1 a). The small-angle broadened reflections indicate clearly that the molecules are arranged in a lamellar fashion and they can be assigned to (001) and (002) reflections. The repeat distances d associated with these reflections can be calculated at 47.8 Å in using the Bragg's law from the first reflection: λ = 2d sin θ, where λ is the wavelength of incident X-ray and θ is the angle incidence. In the wide-angle region, the very broad halo centered at 4.5 Å (h ch ) indicates the molten state of the aliphatic chains and the other broad reflections evidences the short range ordered π-π stacking and lateral stacking of the segregated BTBT and perylene mesogens within their respective sublayers (h BBThTh ≈ 3.8 Å and D BBThTh ≈ 4.5 Å; h PeDI ≈ 3.5 Å and D PeDI ≈ 10 Å). This X-ray pattern is typical of an 'amorphous' multi-segregated lamellar mesophase in which both BTBT and perylene units are arranged in separate layers alternating along the normal to the layers and presenting short range order in the plane of layers.On heating above the transition at 112 °C detected by DSC, we can observe in the X-ray pattern a significant self-organization enhancement of the lamellar arrangement resulting in a sharpening of the small angle reflections, the appearance of a third lamellar reflection, and the evanescing of the wideangle broad reflections melting to a unique broad scattering maximum (Figure3.6.1 b). These observations indicate that, in the fluid state of the mesophase, the layering correlates to a much longer range (well-developed lamellar structure) and the in-plane organizations become liquid-like. This description is typical of a disordered lamellar mesophase SmA-like (LamA) and is consistent with the homeotropic texture (black) observed between OTS glass slides by POM under crossed polarizers. Note that this liquefying occurring in the LamA phase preserves the differentiation in BTBT and perylene layers and the original lamellar periodicity (d = 47.5 Å at 120°C).

Figure 3 .

 3 Figure 3.6.1 X-ray diffraction patterns of Dyad 2.1: a) pristine; b) 120 °C on heating; c) 20 °C on cooling; d) schematic representation of the multi-segregated lamellae and a molecular modeling.
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 362 recorded at 140 °C and 180 °C on heating and at 20 °C on cooling. The X-ray diffraction patterns on heating/cooling between 200 °C and 340 °C are experimentally out of reach in our system.The pattern at 140 °C on heating (Figure3.6.2 a) contains numerous broadened reflections in the whole angular range typical of small crystallites. In addition, the presence of equidistant reflections in the small-angle region with a d-spacing around 50 Å suggests that the molecules are arranged in a lamellar fashion in the 3D structure.On further heating to 180 °C, above the phase transition at 168 °C detected by DSC, we can observe a sudden self-organization enhancement of the compound to a lamellar mesophase, resulting in a increasing and a sharpening of the small-angle and wide-angle reflections in the X-ray pattern (Figure3.4.2 b). This pattern presents, in the small-angle region, a sharp and intense reflection assigned to (001) with a Bragg spacing of 50.4 Å, followed by a set of weak reflections with a dspacing ratio of 1:2:3:4:5:6 corresponding to (001), (002), (003), (004), (005) and (006) reflections of the lamellar arrangement. More interestingly, in the wide-angle region, the pattern presents the coexistence of broad and sharp reflections: i) the broad diffuse halo centered at 4.5 Å (h ch ) corresponding to the liquid-like disordered of the aliphatic chains, the broad peak at around 3.5 Å (h PeDI ) corresponding to the stacking period of the perylene units, the broad peaks around 3.8 Å (h BTBT ), 5.7 Å (D) and 7.6 Å (h 2BTBT ) corresponding to the stacking period of the BTBT units, their lateral stacking and BTBT dimer periodicity, respectively. ii) the sharp reflections indexed as (110), (200), (2 0), (210), (400), corresponding to a complex in-plane structure with high degree of long-range order with a 2D oblique symmetry (oblique 2D-sublattice parameters: a = 16.6 Å, b = 5.7 Å,  = 93.6°, Z BTBT = 4, Z PeDI = 2). Note that this ordered multi-lamellar mesophase (hereafter named LamO) is similar to the ordered mesophase observed for the Triad 1.2 (terthiophenes/perylene) which is not surprising taking account the similarity of their molecular architecture. On cooling at room temperature, this multi-segregated lamellar organization is maintained but the system crystallizes and the pattern recorded (Figure3.4.2 c) is similar to the one recorded on heating (Figure 3.6.2 a) characteristic of small crystallite distributions.
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 362 Figure 3.6.2 X-ray diffraction patterns of Dyad 2.1: a) 140 °C on heating; b) 180 °C on heating; c) 20 °C on cooling; d) schematic representation of the multi-segregated lamellae and a molecular modeling.

1 H

 1 Abbreviations used for splitting patterns are s=singlet, d=doublet, t=triplet, q=quintet, m=multiplet. MALDI-TOF data was recorded on a Bruker autoflex TM series instrument, using dithranol as the matrix. The UV/vis spectra were taken on a spectrometer of Varian Cary 300 scan spectrometer, using 100 mm quarts cuvette, and the fluorescence spectrum was recorded on a Varian Cary Eclipse spectrofluorimeter; DSC measurement was performed on an Instrument DSC Q2000 V24.4 Build 116, using the Module DSC Standard Cell RC. Phase transitions (POM) were examined by a Leica microscope of Linkam TMS 94 with a Linkam LTS temperature-controlled hot stage and Nikon LWD 0.65 camera. The elementary analysis was examined in the Service de Microanalyse ICSN-CNRS (France) and in Service Central d'Analyse isa (France). The SAXS measurement was carried out in the Institut de Physique et de Chimie des Maté riaux de Strasbourg (IPCMS) and the patterns were obtained with a transmission Guinier-like geometry. A linear focalized monochromatic Cu Kα1 beam (λ = 1.5405 Å) was obtained using a sealed-tube generator (600 W) equipped with a bent quartz monochromator. In all cases, the crude powder was filled in Lindemann capillaries of 1 mm diameter and 10 μm wall-thickness. The diffraction patterns were recorded with a curved Inel CPS120 counter gas-filled detector linked to a data acquisition computer (periodicities up to 90 Å) and on image plates scanned by STORM 820 from Molecular Dynamics with 50 μm resolution (periodicities up to 120 Å).
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 12 Imino-6H,12H-dibenzo[b,f]-1,5-dithiocin (K2): To a solution of 2-chlorobenzaldehyde (K1, 50 g, 0.36 mol) in 100 mL NMP was added sodium hydrosulfide hydrate (NaSH• xH 2 O, 46 g, 0.92 mol) at 80 °C and stirred for one hour. Then, the temperature was increased to 155 °C. The mixture was stirred for 3 days at the same temperature, and then it was poured into saturated aqueous ammonium chloride solution (500 mL) and cooled with an ice-bath. The resulting precipitate was collected by filtration and and washed with water and acetone. The precipitate was dissolved in chloroform. The solution was extracted with a large quantity of chloroform. The combined extract was washed with water, dried over anhydrous MgSO 4 and concentrated under reduce pressure to get a crude BTBT, which was further purified by recrystallization from chloroform to pure BTBT as a white solid (12.64 g, 30%). 1 H NMR (CDCl3, 200 MHz): δ H = 7.95-7.87 (4H, qdq, H arom ), 7.51-7.37 (4H, m, H arom ).
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 12 Benzothieno[3,2-b][1]benzothiophene-2-octan-1-one (K3):Under argon,[1]Benzothieno[3,2- b][1]benzothiophene (K2, 6.0 g, 24.96 mmol) was disolved in anhydrous DCM (300 mL) at room temperature, followed by an addition of aluminum chloride (8.32 g, 62.4 mmol) at -10 °C. The solution was cooled down to -78 °C and octyl acid chloride (4.69 ml, 27.46 mmol) was dropwise added, the mixture being stirred for 1h. After one more night at room temperature, the reaction mixture was cooled down to 0 º C, quenched with ice water (40 mL), and diluted with cold methanol to give a precipitate. The precipitate was filtered and an extraction followed with chloroform. The organic phase was washed with brine, dried over anhydrous MgSO 4 and concentrated under reduced pressure to give a crude product, which was further purified by silica gel column chromatography (DCM/cyclohexane, 1/1 as eluent). A white solid (7 g, 77%) was obtained after being dried under vacuum.1 H NMR (CDCl 3 , 300 MHz): δ H = 8.59 (2H, dd, J = 15 Hz, 0.6 Hz, H arom ), 8.15-7.78 (4H, m, H arom ), 7.66-7.35 (2H, m H arom ), 3.24-2.81 (2H, m, -COCH 2 -), 1.94-1.62 (2H, m, H aliph ), 1.45-1.09 (8H, m, H aliph ), 1.06-0.72 (3H, t, J = 1.2 Hz, -CH 3 ).11-bromoundecanoyl chloride (L2): 11-bromoundecanoic acid (L1, 10.0 g, 37.7 mmol) and thionyl chloride (8.97 g, 75.4 mmol) were mixed into a round flask under argon, and then the mixture was stirred overnight at room temperature. The excess thionyl chloride and other impurities were removed under reduce pressure, and then a brown liquid (10.51 g) was isolated for next step without further purification. 2-Octyl-7-(11-bromoundecan-1-one)[1]benzothieno[3,2-b][1]benzothiophene (K5): To a solution of 2-Octyl-[1]benzothieno[3,2-b][1]benzothiophene (K4, 5.2 g, 14.8 mmol) in anhydrous DCM (400 mL) was added aluminum chloride (1.97 g, 14.8 mmol) at -10 °C under argon. After 20 minutes, the reaction was cooled down to -78 °C, followed by a dropwise addition of 11bromoundecanoyl chloride (L2, 4.2 g, 14.8 mmol). After one hour, the reaction was stirred at ambient temperature overnight. The mixture was quenched by ice-water at 0 °C, and then was extracted with DCM. The organic phase was washed with water (3 × 50 mL), dried over MgSO 4 and concentrated under reduced pressure. The crude product was purified through two successive silica gel column chromatography using DCM/cyclohexane (1/1) and DCM/ethyl acetate (10/1) as eluents respectively, to obtain a white solid (7.7 g, 87 %). 1 H NMR (CDCl 3 , 200 MHz): δ H = 8.53 (1H, d, J = 1.1 Hz, H arom ), 8.06 (1H, d, J = 1.5 Hz, H arom ), 7.92-7.66 (3H, m, H arom ), 7.30 (1H, dd, J = 8.2 Hz, 1.5 Hz, H arom ), 3.41 (2H, t, J = 6.8 Hz, H aliph ), 3.05 (2H, t, J = 7.3 Hz, H aliph ), 2.85-2.60 (2H, m, H aliph ), 1.82 (6H, dt, J = 12.7 Hz, 6.5 Hz, H aliph ), 1.29 (24H, m, H aliph ), 0.88 (3H, t, J = 6 Hz, -CH 3 ). 2-Octyl-7-(11-bromoundecane)[1]benzothieno[3,2-b][1]benzothiophene (K6): A suspension of aluminum chloride (2.78 g, 20.84 mmol) in dried Et 2 O (60 mL) was prepared at room temperature, under argon, followed by the dropwise addition of lithium aluminium hydride (20.83 mL, 1M in Et 2 O). A solution of 2-Octyl-7-(11-bromoundecan-1-one)[1]benzothieno[3,2-b][1]benzothiophene (K5, 5.0 g, 8.34 mmol) in 220 mL anhydrous DCM was added to the precedent mixture by dropping funnel, and then the mixture was stirred one night. The reaction was quenched by ice-water at 0 °C, and the pH was adjusted by HCl (1M in water) until acidic state. The crude product was extracted with chloroform. The organic phase was washed with brine (3 × 50 mL), dried over MgSO 4 and concentrated under reduced pressure, before purification by silica gel column chromatography (DCM/cyclohexane, 1/1) to get a white solid (3.8 g, 77%). 1 H NMR (CDCl 3 , 200 MHz): δ H = 7.92-7.61 (4H, m, H arom ), 7.29 (1H, d, J = 1.4 Hz, H arom ), 7.25 (1H, d, J = 1.3 Hz, H arom ), 3.40 ((2H, t, J = 6.9 Hz, -CH 2 Br), 2.76 (4H, t, J = 8 Hz, H aliph ), 1.83 (2H, dd, J = 14.6 Hz, 7.0 Hz, H aliph ), 1.68 (2H, dd, J = 24.1 Hz, 16.9 Hz, H aliph ), 1.30 (24H, m, H aliph ), 0.89 (3H, t, J = 6.3 Hz, -CH 3 ). 2-Octyl-7-(11-phthalimide decane)[1]benzothieno[3,2-b][1]benzothiophene (K7): In a threeneck round flask, 2-Octyl-7-(11-bromoundecane)[1]benzothieno[3,2-b][1]benzothiophene (K6, 1.30 g, 2.22 mmol) and phthalimide potassium salt (2.47 g, 13.32 mmol) were added in 100 mL refluxed acetone. The mixture was stirred for 4 days. After the acetone was removed in vacuo, the mixture was extracted with chloroform. The organic phase was washed with water (3 × 50 mL), dried over MgSO 4 and concentrated under reduced pressure to get the crude product, which then was purified through silica gel column chromatography (CHCl 3 /cyclohexane, 1/1). A white yellow solid (1.40 g, 99%) was obtained. 1 H NMR (200 MHz, CDCl 3 ): δ H = 7.85-7.73 (4H, m, H arom ), 7.73-7.57 (4H, m, H arom ), 7.30-7.18 (2H, m, H arom ), 3.65 (2H, t, J = 8 Hz, H aliph ), 2.73 (4H, t, J = 8 Hz, H aliph ), 1.67 (6H, m, H aliph ), 1.27 (24H, m, H aliph ), 0.86 (3H, t, J = 6.4 Hz, -CH 3 ). 13 C NMR (75 MHz, CDCl 3 ) δ = 168.58, 142.60, 140.23, 133.93, 132.72, 132.41, 131.38, 125.97, 123.47, 123.27, 121.21, 57.54, 38.25, 36.28, 32.04, 31.82, 29.65, 29.41, 29.31, 28.74, 27.02, 22.82, 14.22. Octyl-7-(11-aminodecane)[1]benzothieno[3,2-b][1]benzothiophene (K8): A mixture of 2-Octyl-7-(11-phthalimide decane)[1]benzothieno[3,2-b][1]benzothiophene (K7, 1.5 g, 2.3 mmol), hydrazine (N 2 H 4 • H 2 O, 30 mL) and 100 mL ethanol was stirred at 90 °C overnight. After being cooled down, a solution of HCl (20 mL, 5%) was added to the mixture at room temperature. The suspension was filtered, and the filtrate was extracted with chloroform. The organic phase was washed with water (3 × 50 mL), dried over MgSO 4 and concentrated under reduced pressure to give a slightly yellow material.

3. 6 . 2 1 Dyad 2 . 1 :

 62121 Synthesis of Dyad 2.In a three-neck round flask, 2-Octyl-7-(11-aminodecane)[1]benzothieno[3,2- b][1]benzothiophene (K8, 518 mg, 0.99 mmol) was dissolved in imidazol (8.00 g), under argon, at 140 °C, followed by the addition of zinc acetate (0.122 mg, 0.662 mmol). Then N-(1-Heptyloctyl)perylene-3,4,9,10-tetracarboxylic imide (C5, 500 mg, 0.828 mmol) was added. The mixture was vigorously stirred at 140 °C overnight. 5 mL water and 10 mL HCl (5%) were then added, the stirring being continued for one hour. The mixture was extracted with hot chloroform/brine. The organic phase was washed with water (3 × 50 mL), dried over MgSO 4 and concentrated under reduced pressure. The dark red crude product was purified by silica gel column chromatography (CHCl 3 (hot)/cyclohexane, 5/1).The material obtained was precipitated in cold anhydrous methanol, filtered and dried to obtain a red solid (480 mg, 53%).1 H NMR (CDCl 3 , 300 MHz): δ H = 8.87-8.15 (8H, m, H arom ), 7.61 (4H, dd, J = 8.3 Hz, 3.6 Hz, H arom ), 7.23-7.06 (2H, m, H arom ), 5.30-5.02 (1H, m, -NCH-), 4.29-3.97 (2H, t, J = 6 Hz, -NCH 2 -), 2.70 (4H, dd, J = 15.0 Hz, 6.2 Hz, H aliph ), 2.27 (2H, dd, J = 13.5 Hz, 9.1 Hz, H aliph ), 1.89 (4H, dd, J = 13.6 Hz, 5.8, Hz, H aliph ), 1.85-1.51 (8H, m, H aliph ), 1.51-1.05 (44H, m, H aliph ), 0.97-0.68 (9H, m,

3. 6 . 3 2 Triad 2 . 2 :

 63222 Synthesis of Triad 2.2-Octyl-7-(11-aminodecane)[1]benzothieno[3,2-b][1]benzothiophene (K8, 1.0 g, 1.92 mmol) was melted in imidazol (15 g) under argon at 160 °C, before successive addition of zinc acetate mmol). The mixture was vigorously stirred for two days. After cooling down, the mixture was extracted with chlorobenzene (hot)/brine. The organic phase was washed with water (3 × 50 mL), dried over MgSO 4 and concentrated under reduced pressure to give a crude product. The mixture was purified by Soxhlet processing with DCM (70 °C, one day) before chlorobenzene (160 °C, one day).

Figure 4

 4 Figure 4.1.

Figure 4 . 1

 41 Figure 4.1 Chemical structures of the branched triad architectures based on discotic triphenylene or perylene diimide and calamitic terthiophene or pyromillitic diimide moieties.

Figure 4 . 2 . 1 .

 421 Many methods have been reported in the literature to obtain the triphenylene building blocks with one hydroxyl group[163, 164] 

Figure 4 . 2 . 1

 421 Figure 4.2.1 Synthesis of building block A4. Conditions: 1) 1-bromopentane (1 equivalent), K 2 CO 3 , KI, TBAB, ethanol, reflux, 24h, 79%; 1') 1-bromopentane (2.2 eq), K 2 CO 3 , KI, TBAB, ethanol, reflux, 24h, 83%; 2) FeCl 3 , DCM/MeCN, 0°C, 1h, 5%.

Figure 4 . 2 . 2

 422 Figure 4.2.2 Synthetic route of mono N-substituted pyromellitic mono-diimide (B2) building block. Conditions: 3) 10bromodecanol, DIAD, DMF, 40 °C , 20h, 30%.

Figure 4 . 2 . 3 ,

 423 and is based on several Williamson etherification reactions taking place in basic conditions (potassium carbonate). Due to the sensitivity of N-alkyl subtituented imide to basic medium[165] , leading to the opening of the imide ring and the removing of the alkyl-amine chains, we decided to use a synthetic route allowing the grafting of the pyromellitic diimide moiety in a last step. The first step of this synthesis is the preparation of the intermediate 1,3,5-trialkoxylbenzene building block E2 bearing three bromine terminated lateral chains, by a reaction of the commercially available 1,3,5-Trihydroxybenzene E1 (phloroglucinol) with a large excess of 1,10-dibromodecane, through a Williamson reaction. This building block E2 is then grafted with one monohydroxyl triphenylene precursor A4 through a statistic etherification to give the key intermediate triphenylene derivative E3. Finally the target branched Triad 3.1 is prepared in coupling two pyromellitic precursors B2 with the key intermediate (E3) in gentle basic conditions with a good yield.

Figure 4 . 2 . 3

 423 Figure 4.2.3 Synthetic route of branched Triad 3.1 based on triphenylene and pyromellitic diimide moieties. Conditions: 4) 1,10-dibromodecane, K 2 CO 3 , DMF, 160 °C, 24h, 14%; 5) K 2 CO 3 , DMF, 40 °C, 24h, 23%; 6) K 2 CO 3 , DMF, 40 °C, 3d, 56%.

Figure 4 . 2 . 4

 424 Figure 4.2.4 Synthetic route of branched Triad 3.2 based on perylene and pyromellitic diimide moieties. Conditions: 7) K 2 CO 3 , DMF, 40 °C, 12h, 17%; 8) ammonium acetate, acetic acid, 150 °C, 14h, 69%; 9) K 2 CO 3 , DMF, 40 °C, 12h, 56%.

Figure 4 .

 4 Figure 4.2.5. For this synthesis, we were interesting in improving some steps in the synthetic route as

Figure 4 . 2 . 5

 425 Figure 4.2.5 Synthetic route of branched Triad 3.3 based on triphenylene and terthiophene moieties. Conditions: 10) K 2 CO 3 , KI, acetone, reflux, 2d, 70%; 11) HPPh 2 /n-BuLi, THF, HCl (5%), 70 °C,2.5d, 65%; 12) 1,10-dibromodecane, K 2 CO 3 , KI, acetone, 65 °C, 12h, 55%; 13) K 2 CO 3 , KI, acetone, 65 °C, 12h, 27%.

Figure 4 . 2 . 6 ,

 426 Figure 4.2.6, and is based on a Gabriel reaction to introduce an amino-terminated alkyl chain before an imidification reaction already used for the synthesis of dyads and triads in chapter 2 and 3.In this synthetic route, the molecule H1 bearing a "pre-Gabriel" functional group is first prepared in large quantity by reaction between one equivalent of 1,10-dibromodecane and one equivalent of potassium phthalimide. Then compound H1 is grafted onto the key intermediate derivative G3 by Williamson etherification: here, H1 is used in large excess to optimize the nucleophilic attack on the precious derivative G3 and to obtain the compound H2 with a high yield. H2 is finally treated by

Figure 4 . 2 . 6

 426 Figure 4.2.6 Synthetic route of branched Triad 3.4 based on perylene and terthiophene moieties. Conditions: 14) K 2 CO 3 , acetone, 70 °C, 48h, 53%;15) NH 2 NH 2 (aq), EtOH, HCl (5%), 100 °C, 4h; then 65 °C, 12h, 84%; 16) Zn(OAc) 2 , imidazole, HCl (5%), 160°C, 2h, 68%.

Figure 4 . 3 . 1

 431 shows the solution absorption and emission spectra in solution of triphenylene, pyromellitic diimide, perylene diimide, and terthiophene models, individually.

Figure 4 .

 4 Figure 4.3.1 UV/Vis absorption and fluorescence spectra of a) triphenylene in CHCl 3 (for fluorescent spectrum using 280 nm excitation wavelength); b) pyromellitic diimide in CHCl 3 (for fluorescent spectrum using 280 nm excitation wavelength); c) perylene diimide in CHCl 3 (for fluorescent spectrum using 469 nm excitation wavelength); d) terthiophene in CHCl 3 (for fluorescent spectrum using 350 nm excitation wavelength).

Figure 4 . 3 . 1 a

 431 ). The emission spectrum (excitation at 280 nm wavelength) shows a structured transition whose maximum peak locates at 385 nm with two lower intensities shoulders at around 375 nm and 425 nm.In the case of pyromellitic diimide, the absorption spectrum shows a structured absorption transition located at 319 nm, and the fluorescence spectrum (excitation at 280 nm wavelength) shows a band at 420 nm (see in Figure 4.3.1 b). Regarding perylene diimide and terthiophene compounds (Figure 4.3.1 c and d), we have already described their optical properties in chapter 2.

Figure 4 . 3 . 2 a

 432 shows the solution absorption and fluorescence spectra of Triad 3.1 based on triphenylene and pyromellitic diimide moieties in CHCl 3 . The solution absorption spectrum is composed of the superposition of the isolated triphenylene and pyromellitic diimide absorption spectra taken individually.

Figure 4 .

 4 Figure 4.3.2 a) UV/vis absorption and emission spectra of Triad 3.1 in CHCl 3 (excitation wavelengths 279 nm); b) Comparison of UV/vis absorption spectra of Triad 3.1 in CHCl 3 solution and in solid state (film).

  Figure 4.3.1 a), and the broad band centering at 319 nm is attributed to the absorption of pyromellitic diimide moiety. The perfect overlapping between the spectrum of the triad and the spectra of the triphenylene and pyromellitic diimide evidences the absence of interactions and aggregation between two moieties. Concerning the emission properties, the Triad 3.1 is fluorescent (light violet) in chloroform solution. . The spectrum excited at 279 nm presents a structured transition centering at 385 nm with two low intensity shoulders at 375 nm and 425 nm, which is the same value that for the emission of individual triphenelene (see Figure 4.3.1 a). Due to the overlapping between the emission spectra of individual triphenylene and pyromellitic moieties, the structured transition of pyromellitic diimide moiety is covered by the emission of triphenylene, however the induced intensity of the shoulder at 425 nm still evidences the emission of the pyromellitic moiety. Regarding the film absorption spectrum (solid line) in Figure 4.3.2 b, two bands located at 279 nm and 319 nm are observed, corresponding to the absorption of triphenylene and pyromellitic diimide moieties, respectively. Compared with the solution absorption spectrum in CHCl 3 (dash line), the two peaks of film spectrum are broadened, indicative of the formation of π-π interaction in the solid state.

Figure 4 . 3 . 3 a

 433 gives the solution absorption and emission spectrum of Triad 3.2 based on perylene diimide and pyromellitic diimide moieties CHCl 3 . The solution absorption spectrum of the triad is composed of the superposition of the isolated pyromellitic diimide and perylene diimide spectra taken individually.

Figure 4 .

 4 Figure 4.3.3 a) UV/vis absorption and emission spectra of Triad 3.2 in CHCl 3 (excitation wavelengths 320 nm and 526 nm); b) Comparison of UV/vis absorption spectra of Triad 3.2 in CHCl 3 solution and in solid state (film).

Figure 4 . 3 . 3 b

 433 gives the film absorption spectrum (solid line) of Triad 3.2 compared with its solution absorption spectrum (dash line). The film absorption spectrum presents a sum of two

  3 based on triphenylene and terthiophene moieties in CHCl 3 are shown in Figure 4.3.4. Note that the film absorption of Triad 3.3 has not been performed due to the too small amount of remaining compound.

Figure 4 .

 4 Figure 4.3.4 UV/vis absorption and emission spectra of Triad 3.3 in CHCl 3 (excitation wavelengths 279 nm).

  4 based on terthiophene and perylene diimide moieties in CHCl 3 are presented in Figure 4.3.5. In Figure 4.3.5 a, the solution absorption spectrum of Triad 3.4 is composed of a sum of the absorption spectra of terthiophene and perylene diimide taken individually.

Figure 4 .

 4 Figure 4.3.5 a) UV/vis absorption and emission spectra of Triad 3.4 in CHCl 3 (excitation wavelengths 320 nm and 526 nm); b) Comparison of UV/vis absorption spectra of Triad 3.4 in CHCl 3 solution and in solid state (film).

Figure 4 . 5 .

 45 Figure 4.5.1 d) and it indicates the absence of interaction and aggregation between terthiophene units

Figure 4 . 3 . 5 b

 435 gives the film absorption of Triad 3.4 (solid line) compared with its solution

4. 3 . 1

 31 DSC and POM of Triad 3.1 The DSC thermogram and POM photographs of the Triad 3.1 based on discotic triphenylene and calamitic pyromellitic diimide moieties are given in Figure 4.4.1. The DSC traces of Triad 3.1 recorded on heating with a rate of 20 °C/min, and on heating and cooling with a rate of 5 °C/min are presented in Figure 4.4.1 left. These traces are quite typical of high-molecular weight compounds, containing characteristic signals of glass transitions and endothermic/exothermic transitions. Indeed, on heating, the traces give clearly a glass transition (T g ) at around 11 °C (more visible with a rate of 20 °C/min) and an endothermic transition at around 82 °C

Figure 4 . 4 . 1

 441 Figure 4.4.1 DSC thermogram (left) and POM photographs (under crossed polarizer, right) of Triad 3.1. POM photographs obtained upon cooling from isotropic phase: a-b) the sanded texture at 80 °C and 30 °C.

4. 3 . 2 2 The

 322 DSC and POM of Triad 3.DSC thermogram and POM photographs of the Triad 3.2 based on discotic perylene diimide and calamitic pyromellitic diimide moieties are given in Figure 4.4.2. The DSC traces of Triad 3.2 recorded on heating at 20 °C/min, and on heating and cooling at 5 °C/min are presented in Figure 4.4.2 left. This thermogram is very similar to the Triad 3.1 thermic behvior, and it clearly shows a glass transition at 71 °C and an endothermic peak at 133 °C (ΔH = 17.95 J/g) attributed to a phase transition to the isotropic phase. On cooling, the reversible exothermic transition is observed at 121 °C (ΔH = 18.08 J/g), corresponding to the transition from the isotropic phase to a possible mesophase.

Figure 4 .

 4 Figure 4.4.2 DSC thermogram (left) and POM photographs (under crossed polarizer, right) of Triad 3.2. POM photographs obtained upon cooling from isotropic phase: a-c) focal-conic-like texture at 100 °C, 80 °C and 50 °C.

4. 3 . 3

 33 DSC and POM of Triad 3.3 The DSC thermogram and POM photographs of Triad 3.3 based on discotic triphenylene and calamitic terthiophene moieties are given in Figure 4.4.3. 10 °C/min are presented in Figure 4.4.4 left. The thermogram presents a rich polymorphism with several phase transitions. More precisely, on heating with a rate of 20 °C/min, the trace exhibits a clear inflection point at around 46°C, attributed to a glass transition. Upon heating, two endothermic peaks are also observed at 79 °C (ΔH = 12.53 J/g) and 100 °C (ΔH = 9.50 J/g), respectively, and the last peak at 100°C can be attributed to the isotropization temperature due to the absence of additional transition.

Figure 4 . 4 . 4

 444 Figure 4.4.4 DSC thermogram (left) and POM photographs (under crossed polarizer, right) of Triad 3.4. POM photographs obtained upon cooling from isotropic phase: a) fan-shape focal-conic texture at 85 °C; b-c) paramorphic fan-shape focalconic texture at 60 °C and at 30 °C.

4 . 4 . 1 . 1 XRD of Triad 3. 1 1 .

 441111 temperature dependent X-ray diffraction (TDXRD). The measurements were carried out in collaboration with Dr. B. Heinrich and Dr. B. Donnio at Institut de Physique et de Chimie des Maté riaux de Strasbourg (IPCMS). The X-ray diffraction patterns of Triad 3.1 based on discotic triphenylene and calamitic pyromellitic diimide moieties are presented in Figure 4.5.The pristine state pattern at room temperature (Figure4.5.1 a) presents five slightly broadened equidistant reflections in the small-angle region and several diffuse halos in the wide-angle region.The small-angle broadened reflections indicate clearly that the molecules are arranged in a lamellar fashion and they can be assigned to (00l) reflections. The repeat distances d associated with these reflections can be calculated at 73.1 Å in using the Bragg's law from the first reflection. In the wideangle region, the very broad halo centered at 4.5 Å (h ch ) indicates the molten state of the aliphatic chains and the three other broad reflections evidence: i) the short range ordered π-π stacking of the segregated triphenylene (h T ≈ 3.5 Å) and pyromellitic diimide (h PyDI ≈ 4.9 Å) within their respective sublayers, and ii) the d-spacing of columns (D T ≈ 17 Å) inside the triphenylene layers. This X-ray pattern is typical of a multi-segregated lamello-columnar mesophase in which both triphenylene and pyromellitic diimide units are arranged in separate layers alternating along the normal to the layers and presenting short range order in the plane of layers.On heating, we can observe a self-organization enhancement of the lamellar mesophase, resulting in a sharpening of the small angle reflections and the appearance of the sixth and seventh lamellar reflections (Figure4.5.1 b). Note that this enhancement of the lamellar arrangement after the T g does not affect the repeat distances d which can be calculated at 73.3 Å (at 70 °C). More interestingly, compared with the previous pristine pattern, the one at 70 °C presents additional sharp reflections in the wide-angle region: this sharp reflections indexed as (200), (110), (210) corresponding to an inplane structure with long-range order and a 2D rectangular symmetry (2D-sublattice parameters at 70 °C: a = 9.8 Å, b = 5.7 Å, Z T = 1, Z PyDI = 2). This ordered multi-lamellar mesophase is maintained on cooling until room temperature as proved by the X-ray pattern given in Figure 4.5.1 c. The only difference is the re-broadening of the rectangular 2D-sublattice reflections corresponding to a very slight reorganization of triphenylenes and pyromellitic diimides in their sublayers, leading to new 2D sublattice parameters (2D-sublattice parameters at 20 °C: a = 9.7 Å, b = 5.7 Å,  = 90°, Z T = 1, Z PyDI = 2).

Figure 4 . 5 . 1 X

 451 Figure 4.5.1 X-ray diffraction patterns of Triad 3.1: a) pristine; b) 70 °C on heating; c) 20 °C on cooling; d) schematic representation of the multi-segregated lamellae and lattice parameters.

  periodicity of perylene dimers. In the wide-angle region, in addition of the very broad halo of the molten aliphatic chains (h ch ≈ 4.5 Å) and the broad reflection of short range π-π stacking of perylene mesogens (h PeDI ≈ 3.5 Å), the X-ray pattern contains three sharp and intense reflections indexed as (110), (200), (210) and ranging with d-spacings in the ratio 1:√3:√4. These peaks reveal the existence of a long-range rectangular p2gg 2D lattice resulting of the regular stacks of terthiophene units (2Dsublattice parameters: a = 7.70 Å, b = 5.44 Å, Z tTh = 2, Z PeDI = 1).

Figure 4 .

 4 Figure 4.5.3 X-ray diffraction patterns of Triad 3.4: a) pristine; b) 85 °C on heating; c) 20 °C on cooling; d) schematic representation of the multi-segregated lamellae and lattice parameters.

Figure 4 . 5 . 3 d

 453 according to the previous observations. The organization can be described as ordered multi-lamellar mesophase (hereafter named LamR) consisting on an alternate superposition of perylene diimide and terthiophene sublayers. More precisely, this lamellar organization presents: i) a d-spacing of 65.4 Å, ii) a long-range rectangular 2D order in the plane of the terthiophene sublayers (top-view of the Figure 4.5.3 d) with 2D parameters: a = 15.4 Å, b = 5.44 Å, Z tTh = 2, Z PeDI = 1, and iii) a short-range zipperlike arrangement of the perylene cores within their sublayers as displayed in the side-view of the

Figure 4 .

 4 Figure 4.5.3 d.

Figure 4 . 5 .

 45 5 a-c. They show a nanostructured film with obvious terraces indicating of extended flat lamellae oriented parallel to the silicon substrate. The heights of the terraces determined from topography image (Figure 4.5.5 d) are about 4 nm or multiples of 4 nm which are consistent with a multi-segregated lamellar arrangement of perylene and terthiophene units. However, this value is much smaller than the periodicity of 65 Å determined by Xray diffraction and the length of the triad, around 64 Å as displayed in Figure 4.5.5 f. This difference is explained by the peculiar arrangement of the branched triads in which, contrary to the linear triad cases, the molecules self-organize with a head-to-head interdigitated fashion due to their asymmetrical substitutions (Figure 4.5.5 e).

Figure 4 . 5 . 5

 455 Figure 4.5.5 The AFM images of Triad 3.4 on OTS substrate: a) Topography; b) Phase; c) 3D image of terrace structure; d) Terrace step profile of film determined from topography image; e) Schematic representation of film terrace structure of Triad 3.4; f) Schematic representation of the molecular architecture of Triad 3.4.

Figure 4 . 6

 46 Figure 4.6 Output and transfer characteristics for holes (a) and for electron (b) of Triad 3.4 (OFET).

4. 5 Conclusions

 5 In this chapter, new liquid crystalline compounds combining π-conjugated discotic and calamitic mesogens based on a new branched molecular architecture were designed, synthesized and characterized. Their chemical structures consist of one discotic and two calamitic mesogens linked via long alkyl spacers to a central benzene core forming branched triads. The mesogenic moieties were chosen between triphenylene or perylene diimide as discotic mesogens and terthiophene or pyromillitic diimide as calamitic mesogens.The Triad 3.1 combining one triphenylene and two pyromellitic diimides exhibited only one reversible mesophase on heating and cooling as demonstrated by DSC and POM. This mesophase was investigated by XRD, and the structural study evidenced the nano-segregation of triphenylene and pyromillitic diimide units in sublayers, leading to multi-segregated lamello-columnar mesophase (LamR Col ) which consisted of an alternate superposition of triphenylene column and aggregated pyromellitic sublayers. It was also evidenced a long-range rectangular 2D order in the plane of the pyromellitic sublayers and a local-range columnar order in the plane of triphenylene sublayers. In addition, the refolding and undulation of the triphenylene column rows was demonstrated to balance the discrepancy between the triphenylene and pyromellitic molecular area, leading to arrangement intermediate between single-row and double-rows of the triphenylene sublayers.

1 H 4 . 6 . 1 1 , 2 - 3 , 6 , 7 , 10 , 11 -

 1461123671011 Abbreviations used for splitting patterns are s=singlet, d=doublet, t=triplet, q=quintet, m=multiplet. MALDI-TOF data was recorded on a Bruker autoflex TM series instrument, using dithranol as the matrix. The UV/vis spectra were taken on a spectrometer of Varian Cary 300 scan spectrometer, using 100 mm quarts cuvette, and the fluorescence spectrum was recorded on a Varian Cary Eclipse spectrofluorimeter; DSC measurement was performed on an Instrument DSC Q2000 V24.4 Build 116, using the Module DSC Standard Cell RC. Phase transitions (POM) were examined by a Leica microscope of Linkam TMS 94 with a Linkam LTS temperature-controlled hot stage and Nikon LWD 0.65 camera. The elementary analysis was examined in the Service de Microanalyse ICSN-CNRS (France) and in Service Central d'Analyse isa (France). AFM images were recorded on a Digital Instrument, DI3100 in tapping mode to analyze the surface density of the samples in INSP-UPMC (France). The SAXS measurement was carried out in the Institute de Physique et de Chimie des Maté riaux de Strasbourg (IPCMS) and the patterns were obtained with a transmission Guinier-like geometry. A linear focalized monochromatic Cu Kα1 beam (λ = 1.5405 Å) was obtained using a sealed-tube generator (600 W) equipped with a bent quartz monochromator. In all cases, the crude powder was filled in Lindemann capillaries of 1 mm diameter and 10 μm wall-thickness. The diffraction patterns were recorded with a curved Inel CPS120 counter gas-filled detector linked to a data acquisition computer (periodicities up to 90 Å) and on image plates scanned by STORM 820 from Molecular Dynamics with 50 μm resolution (periodicities up to 120 Å). The sample temperature was controlled within ± 0.01 °C and typical exposure times were of 6 h. The OFET devices were fabricated in a glovebox (N 2 ) by spin-coating from a chloroform solution (1%W) of Triad 3.4 on a bottom gate bottom contact OFETs fabricated on OTS-treated silicon wafers with thermally grown 380 nm SiO2

20 .

 20 Benzo[1,2-c:4,5-c']dipyrrole-1,3,5,7(2H,6H)-tetrone, 2-decyl-(9CI) (B2): Under argon, those reagents of 1-decenol (1.10 g, 6.92 mmol), pyromelitic diimide (B1, 2.03 g, 9.89 mmol) and triphenylphosphine (PPh 3 , 1.82 g, 6.92 mmol) was mixed in DMF (90 mL) at room temperature. The DIAD (1.40 g, 6.92 mmol) was added slowly. The reaction was stirring at room temperature for 20 hours. The solvent was removed by rotavapor and the residue was extracted with anhydrous DCM.

1 Benzene, 1 , 3 , 5 -Triad 3 . 1 :

 113531 1 H NMR (CDCl 3 , 200 MHz): δ H = 8.30 (2H, s, H arom ), 8.00 (1H, s, -NH-), 3.74 (2H, t, J = 7.0 Hz, -NCH 2 -), 1.70 (2H, t, J = 7.1 Hz, H aliph ), 1.73-1.25 (14H, m, H aliph ), 0.89 (3H, t, J = 7.0 Hz, -CH 3 ).4.6.2 Synthesis of Triad 3.tris[(10-bromodecyl)oxy]-(E2): A solution of 1,10-dibromodecane (7.10 g, 23.65 mmol) in 10 mL DMF was prepared, followed by an addition of K 2 CO 3 (3.27 g, 23.65 mmol) at 40 °C. A solution of phloroglucinol (E1, 0.60 g, 4.73 mmol in 10 mL DMF) was added to the suspension. The mixture was stirring at 40 °C for 24 hours, filtered and extracted with anhydrous DCM (100 mL). The organic phase was successively washed with water (3 × 50 mL), dried over anhydrous MgSO 4 , concentrated in vacuo and purified by silica gel column chromatography using 2/1 of petroleum ether/DCM as eluent. The compound was obtained as a viscous liquid and solidified into white solid at room temperature (0.50 g, 14%). 1 H NMR (CDCl 3 , 200 MHz): δ H = 6.05 (3H, s, H arom ), 3.90 (6H, t, J = 6.5 Hz, -OCH 2 -), 3.41 (6H, t, J = 6.8 Hz, -CH 2 Br), 1.92-1.68 (12H, m, H aliph ), 1.30 (36H, m, H aliph ). Intermediate E3: A solution of 2-Triphenylenol (A4, 368 mg, 1.00 mmol in 10 mL DMF) was added to a suspension of 1,3,5-tris[(10-dibromodecane)oxy]-benzene (E2, 478 mg, 1.00 mmol) and K 2 CO 3 (691 mg, 5.00 mmol) in 10 mL DMF. The reaction mixture was stirred at 40 °C. After 24 hours, the mixture was extracted with anhydrous DCM (100 mL). The organic phase was successively washed with water (3 × 50 mL), dried over anhydrous MgSO 4 , concentrated in vacuo, followed by silica gel column chromatography using petroleum ether/DCM of 1/5. After being concentrated, the product was obtained as light yellow viscous oil (280 mg, 23%). 1H NMR (CDCl 3 , 200 MHz): δ H = 7.84 (6H, s, H arom ), 6.06 (3H, s, H arom ), 4.23 (14H, t, J = 4.4 Hz, -OCH 2 -), 3.90 (4H, t, J = 6.5 Hz, -OCH 2 -), 3.90 (4H, t, J = 6.8 Hz, -CH 2 Br), 2.02-1.64 (22H, m, H aliph ), 1.54-1.26 (56H, m, H aliph ), 0.97 (18H, t, J = 7.1 Hz, -CH 3 ). A suspension of Benzo[1,2-c:4,5-c']dipyrrole-1,3,5,7(2H,6H)-tetrone, 2-decyl-(9CI) (B2, 255 mg, 0.76 mmol) and K 2 CO 3 (66 mg, 0.44 mmol) in 5 mL DMF was prepared and then was added a solution of , 1-(2-Triphenylenol)-3,5-di[(10-bromodecyl)oxy]-benzene (E3, 150 mg, 0.11 mmol in 12 mL DMF). The mixture was stirred at 40 °C for 3 days. The reaction was stopped and the mixture was filtered, and the solvent was removed in vacuo. The residue was extracted with anhydrous DCM. The organic phase was successively washed with water (3 × 50 mL), dried over anhydrous MgSO 4 and the solvent was removed under reduced pressure. The crude product was purified by silica gel column chromatography using 5/1 of petroleum ether/ethyl acetate as eluent. Finally, a brown-red solid was collected (117 mg, 27%).

4. 6 . 3

 63 Synthesis of Triad 3.2 Intermediate F1: A solution of Benzo[1,2-c:4,5-c']dipyrrole-1,3,5,7(2H,6H)-tetrone, 2-decyl-(9CI) (B2, 300 mg, 1.42 mmol) in 20 mL DMF was added slowly to a stirred suspension of Benzene, 1,3,5tris[(10-bromodecyl)oxy]-(E2, 582 mg, 0.72 mmol) and K 2 CO 3 (200 mg, 1.44 mmol) in 20 mL DMF. Through one night at 40 °C, the mixture was concentrated, extracted with DCM/dilute HCl (5%). The organic phase was successively washed with water (3 × 50 mL), dried over anhydrous MgSO 4 and the solvent was removed under reduced pressure. The crude product was purified by silica gel column chromatography using DCM. A white solid was obtained (170 mg, 17%). 1 H NMR (CDCl 3 , 200 MHz): δ H = 8.26 (4H, s, H arom ), 6.04 (3H, s, H arom ), 3.91 (6H, t, J = 6.4 Hz, -OCH 2 -), 3.73 (8H, t, J = 7.2 Hz, -NCH 2 -), 3.40 (6H, t, J = 7.0 Hz, -CH 2 -Br), 1.89-1.60 (16H, m, H aliph ), 1.42-1.25 (64H, m, H aliph ), 0.87 (6H, t, J = 6.9 Hz, -CH 3 ). N-(1-Heptyloctyl)-perylene-3,4,9,10-tetracarboxylic bisimide (F2) : A mixture of N-(1-Heptyloctyl)-perylene-3,4,9,10-tetracarboxylic bisimide (C5, 1.00 g, 1.66 mmol), ammonium acetate (13.00 g, 168.6 mmol) and 50 mL acetic acid was refluxed at 135 °C for 18 hours. The mixture was extracted with DCM. The organic phase was successively washed with water (3 × 50 mL), dried over anhydrous MgSO 4 and the solvent was removed in vacuo. The material was obtained as a red solid (0.93 g, 94 %). 1 H NMR (CDCl 3 , 300 MHz): δ H = 9.05 (1H, s, H arom , -NH), 8.84-8.27 (8H, m, H arom ), 5.40-4.93 (1H, m, -NCH-), 2.26 (2H, dd, J = 13.5, 9.2 Hz, H aliph ), 1.99-1.59 (2H, m, H aliph ), 1.54-1.03 (20H, m, H aliph ), 0.82 (6H, t, J = 6.7 Hz, -CH 3 ).

Triad 3 . 2 :

 32 A solution of Benzene, 1-(10-bromodecyl)-3,5-di[Benzo[1,2-c:4,5-c']dipyrrole-1,3,5,7(2H,6H)-tetrone, 2-decyl] oxy]-(F1, 111 mg, 0.08 mmol) was added to a suspension of F2 (82 mg, 0.13 mmol) and K 2 CO 3 (33 mg, 0.24 mmol) in DMF (10 mL). The mixture was stirred at room temperature overnight. The mixture was filtered, extracted with DCM. The organic phase was successively washed with water (3 × 50 mL), dried over MgSO 4 and the solvent was removed by

3 Intermediate G2: 5 -

 35 73; H, 8.25; N, 4.40; O, 12.76. MALDI-TOF: Calcd for C 115 H 148 N 6 O 15 +H + : 1855.4, Found: 1855.227; C 115 H 148 N 6 O 15 +Na + : 1877.4, Found: 1877.117. Tg: 71.1 °C. UV/vis (CHCl 3 ): λ max = 526 nm, 491 nm, 469 nm, 320 nm. 4.6.4 Synthesis of Triad 3.Methoxyresocinol (151 mg, 1.08 mmol), 5-octyl-5''-(10-bromodecanyle)-2,2':5',2''-terthiophene (D8, 1.50 g, 2.59 mmol) and K 2 CO 3 (596 mg, 4.32 mmol) were added into 60 mL acetone with a little potassium iodide at room temperature, then refluxed at 75 °C. After 2 days, the acetone was removed in vacuo and the residue was extracted with anhydrous DCM, washed with water (3 × 50 mL), dried over anhydrous MgSO 4 and concentrated in vacuo, followed by the purification on silica gel column chromatography (1:1, DCM/petroleum ether). A yellow solid was anhydrous DCM/brine. The organic phase was successively washed with water (3 × 50 mL), dried over anhydrous MgSO 4 and the solvent was removed in vacuo. The purification was silica gel column chromatography using DCM/ petroleum ether (1/1) as eluent. A white solid (300 mg) was obtained with a 55% yield. 1 H NMR (CDCl 3 , 200 MHz): δ H = 7.83 (6H, s, H arom ), 4.23 (12H, t, J = 6.6 Hz, -OCH 2 -), 3.40 (1H, t, J = 6.9 Hz, -CH 2 Br), 2.31-1.70 (14H, m, H aliph ), 1.70-1.09 (32H, m, H aliph ), 0.97 (15H, t, J = 7.1 Hz, -CH 3 ); 13 C NMR (CDCl 3 , 75 MHz): δ = 148.99, 123.64, 107.36, 69.68, 33.89, 32.87, 29.56, 29.50, 29.43, 29.22, 28.81, 28.44, 28.20, 26.22, 22.62, 14.14. Triad 3.3: A mixture of 3,5-di( 5-octyl-5''-(10-bromodecanyle)-2,2':5',2''-terthiophene)phenol (G3, 90 mg, 0.08 mmol) and 3,6,7,10,11-Pentakis(pentyloxy)-2-(10-bromodecane)triphenylene (G4, 200 mg, 0.16 mmol) in 20 mL acetone was added by potassium acetate (33 mg, 0.24 mmol) at 65 °C. After 3 days the reaction was stopped, removed the solvent and extracted with anhydrous DCM. The organic phase was successively washed with water (3 × 50 mL), dried over anhydrous MgSO 4 and concentrated in vacuo. The residue was purified on silica gel column chromatography using DCM/ petroleum ether (1/1

4. 6 . 5

 65 Synthesis of Triad 3.4 1-bromo-10-phthalimide decane (H1): Phthalimide potassium salt (9.26g, 50 mmol) and 1,10dibromodecane (30.00 g, 100 mmol) were mixed in acetone (100 mL) and heated at 70 °C for 24 hours.

  1 H NMR (CDCl 3 , 200 MHz) δ H = 7.84 (2H, m, H arom ), 7.71 (2H, m, H arom ), 3.68 (2H, t, J = 14.5 Hz, H aliph ), 3.40 (2H, t, J = 13.6 Hz, H aliph ), 1.87-1.63 (4H, m, H, H aliph ), 1.43-1.28 (4H, m, H, H aliph ).

Intermediate H2 :

 H2 In a three necked flask a mixture of 3,5-di( 5-octyl-5''-(10-bromodecanyle)-2,2':5',2''-terthiophene)phenol (G3, 80 mg, 0.07 mmol), 1-bromo-10-phthalimide decane (H1, 80 mg, 0.21 mmol) and potassium acetate (29 mg, 0.22 mmol) in acetone (13 mL) was prepared at 70 °C, and stirring overnight. Then the acetone was removed by rotavapor and the residue was extracted with anhydrous DCM/brine and the organic phase was successively washed with water (3 × 50 mL), dried over MgSO 4 and the solvent was removed in vacuo. The residue was purified by silica gel column chromatography using DCM/ petroleum ether (1/1) as eluent. The material was received as light yellow solid (40 mg, 53%). 1 H NMR (CDCl 3 , 200 MHz) δ H = 8.10-7.51 (4H, m, H arom ), 6.95 (8H, d, J = 3.3 Hz, H arom ), 6.66 (4H, d, J = 3.6 Hz, H arom ), 6.05 (3H, s, H arom ), 3.90 (6H, t, J = 6.5 Hz, -OCH 2 -), 3.79-3.56 (2H, m, -NCH 2 -), 2.78 (8H, t, J = 7.4 Hz, H aliph ), 1.62 (16H, dt, J = 19.5, 8.4 Hz, H aliph ), 1.31 (56H, m, H aliph ), 0.88 (6H, t, J = 6.4 Hz, -CH 3 ).

[ 1 ]

 1 Benzothieno[3,2-b][1]benzothiophene (BTBT) moieties, with same molecular architectures as the previous series. Interestingly, the replacement of the previous terthiophene calamitic moiety by the BTBT one significantly enhanced the mesomorphic properties of the series, and both compounds exhibited a rich polymorphism with several liquid crystalline phases.In addition, due to the strong - interactions existing between BTBT cores, these mesophases were stabilized on a large range of temperature (up to 100 °C). The Dyad 2.1 combining one perylene diimide and one BTBT linked by an alkyl chain spacer exhibited two reversible mesophases including a smectic A-like (LamA) phase as demonstrated by DSC and POM. The structural study evidenced the nano-segregation of perylene and BTBT in sublayers leading to a multi-segregated lamellar arrangement with diffuse sublayer order of π-stacking units. This study also showed a large in-plane tilt of the BTBT moieties within their sublayers in order to compensate the large discrepancy between cross-sections of BTBT and perylene units. The Triad 2.2 combining one perylene diimide and two BTBTs linked by alkyl chain spacers exhibited a richer polymorphism with several reversible mesophases on heating and cooling as observed by DSC and POM. The structural study showed that these mesophases presented a multi-segregated lamellar structure and consisted of an alternate superposition of perylene and interdigited BTBT sublayers (LamA, LamO). In addition, some of them exhibited also, a very long-range 2D order within the sublayers, characteristic of ordered multilamellar mesophases (LamO).We finally designed and synthesized a new series of liquid crystalline compounds combining πconjugated discotic and calamitic mesogens based on a new branched molecular architecture. Their chemical structures consist of one discotic and two calamitic mesogens linked via long alkyl spacers to a central benzene core forming branched triads. The mesogenic moieties were chosen between triphenylene or perylene diimide discotic mesogens and terthiophene or pyromillitic diimide calamitic mesogens. All compounds revealed liquid crystal properties with multi-segregated lamellar structures.Depending on the mesogens, these branched triads could form: i) a lamello-columnar mesophase (specifically defined as LamR col in this thesis) with long-range correlated rectangular in-plane arrangement for the calamitic moiety sublayers and local-range columnar arrangement for the discotic moiety sublayers as in the case of the triphenylene/pyromillitic diimide derivative (Triad 3.1), and ii) a multi-lamellar mesophase (specifically defined as LamR in this thesis) with long-or medium-range correlated rectangular in-plane arrangement for both calamitic and discotic moiety sublayers as in the case of perylene/pyromillitic diimide and perylene/pyromillitic diimide derivatives (Triad 3.2 and Triad 3.4). The film morphology of one of these derivatives (Triad 3.4) was studied by AFM, and well nanostructured thin films with terrace structures were evidenced. Finally, preliminary charge transport studies on the branched triad combining p-type terthiophenes and n-type perylenes (Triad 3.4) showed
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		Process	T (°C)	ΔH (J/g)	Transition	T (°C)	ΔH (J/g)	Transition	T (°C)	ΔH (J/g)	Transition
	Dyad	Heating	-	-	-	127	31.5	Cr  Iso	-	-	-
	1.1	Cooling	113	6.4	Iso  Mmeta	86	15.3	Mmeta Cr	-	-	-
	Triad	Heating	58	16.2	M2' or Cr  M2	221	16.6	M2  LamA	245	6.4	LamA  Iso
	1.2	Cooling	238	8.9	Iso  LamA	194	16.8	LamA  M2	72	15.8	M2  M2' or Cr

.1.

Table 2 .

 2 1 Mesomorphic properties of Dyad 1.1 and Triad 1.2.

  Materials and methods.The starting materials, n-Butillithium solution in hexane, 2octylthiophene, tributyltin chloride, triphenylphosphine, palladium (II) acetate, 2-bromothiophene, 1,10-dibromodecane, NBS, phthalimide potassium salt, magnesium sulfate (MgSO 4 ), hydrazine, potassium hydroxide (KOH), potassium carbonate, 8-pentadecanone, hydroxylamine hydrochloride, Red-Al ® sodium bis(2-methoxyethoxy)aluminum hydride solution, Perylene-3,4,9,10-tetracarboxylic dianhydride, zinc acetate, imidazole were purchased from Aldrich, Alfa and Acros or TCI and used without any further purification. The solvents, THF, DCM, DMF, chloroform, petroleum ether, hexane, cyclohexane, acetone, ethanol, methanol, t-butanol, pyridine and toluene were purchased from VWR Chemicals. The solvents for recrystallization and precipitation were purchased from Aldrich or distilled before using. The solvents for spectroscopic studies were of spectroscopic grade. Column chromatography was performed on silica gel.

  1 H NMR (CDCl 3 , 200 MHz): δ H = 7.83 (2H, m, H arom ), ), 7.70 (2H, m, H arom ), 6.96 (4H, d, J = 6 Hz, H arom-thiophene ), 6.67 (2H, d,

	J = 3 Hz, H arom ), 3.67 (2H, t, J = 12 Hz, -CH 2 N-), 2.78 (2H, t, J = 15 Hz, H aliph ), 1.66-1.61 (6H, m,
	Haliph), 1.30-1.25 (22H, m, Haliph ), 0.87 (3H, t, J = 15 Hz, -CH3). 13 C NMR (75 MHz, CDCl 3 ) δ =
	168.46, 145.37, 136.10, 134.62, 133.80, 132.19, 124.75, 123.43, 123.13, 38.06, 31.85, 31.60, 31.57,

30.18, 29.41, 29.32, 29.28, 29.21, 29.14, 29.09, 29.03, 28.58, 26.84, 22.66, 14.10. 

  The organic phase was washed with water (3 × 50 mL), dried over anhydrous MgSO 4 and concentrated under reduced pressure. The crude product was submitted to silica gel column chromatography using chloroform as eluent. A red powder (290 mg, 54%) was obtained after precipitated in ethyl acetate, washed by cold methanol and dried under vacuum overnight.1 H , 30.14, 29.52, 29.36, 29.30, 29.21, 29.08, 28.98, 28.05, 27.01, 22.63, 22.59, 14.03. Elementary analysis (%): Calcd for C 69 H 82 N 2 O 4 S 3 : C, 75.23; H, 7.69; N, 2.54; Found: C, 74.05; H, 7.26; N, 2.40. MALDI-TOF: Calcd for C 69 H 82 N 2 O 4 S 3 +H + : 1099.60, Found: 1099.14; C 69 H 82 N 2 O 4 S 3 +Na

	NMR (1,2-Dichlorobenzene-d 4 , 300 MHz) δ H = 8.61-8.44 (8H, m, H arom-pery ), 5.25-5.17 (1H, m, -CHN-
	), 6.18 (2H, d, J = 15 Hz, H arom-thio ), 4.18 (2H, t, J = 15 Hz, H aliph ), 2.80-2.75 (4H, m, H aliph ), 2.29-2.25
	(2H, m, H aliph ), 1.76-1.60 (6H, m, H aliph ), 1.40-1.24 (42H, m, Haliph), 0.92-0.82 (9H, m, -CH3). 13 C
	NMR (75 MHz, CDCl 3 ) δ = 163.20, 145.35, 136.07, 134.57, 134.44, 134.20, 131.16, 129.45, 129.21,
	126.19, 124.71, 123.34, 123.09, 122.91, 122.82, 77.41, 76.99, 76.57, 54.81, 40.62, 32.39, 31.80, 31.56,
	31.49

+ : 1122.6, Found: 1122.01. Mp: 78.0 °C. UV/Vis (CHCl 3 ): λ max = 526 nm, 491 nm, 469 nm, 369 nm.
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1 Mesomorphic properties of Dyad 2.1 and Triad 2.2.

  .52, 126.13, 123.62, 121.35, 42.58, 36.43, 34.20, 32.19, 31.99, 29.92, 29.80, 29.63, 27.21, 22.96, 14.38. 

1 H NMR (CDCl 3 , 200 MHz): δ H = 7.83-7.61 (4H, m, H arom ), 7.27 (2H, d, J = 5.0 Hz, H arom ), 2.75 (4H, t, J = 4 Hz, -CH 2 NH 2 ), 2.67 (2H, t, J = 6.8 Hz, H aliph ), 1.86-1.59 (6H, m, H aliph ), 1.59-0.97 (22H, m, H aliph ), 0.88 (3H, t, J = 6.6 Hz, -CH 3 ). 13 C NMR (75 MHz, CDCl 3 ) δ = 142.73, 142.26, 140.39, 132.86, 131

  C NMR (75 MHz, CDCl 3 ) δ = 163.28, 142.44, 140.19, 134.41, 134.21, 132.55, 131.11, 129.19, 126.17, 125.86, 123.27, 123.14, 122.88, 120.99, 54.96, 40.79, 36.23, 32.57, 32.04, 31.98, 

31.80, 31.71, 29.64, 29.49, 29.41, 28.20, 27.22, 27.08, 22.81, 22.77, 14.21

. Elementary analysis: Calcd for C 72 H 86 N 2 O 4 S 2 : C, 78.08; H, 7.83; N, 2.53. Found: C, 78.00; H, 7.61; N, 2.50. MALDI-TOF: C 72 H 86 N 2 O 4 S 2 +H + : 1105.60, Found: 1106.4; C 72 H 86 N 2 O 4 S 2 +Na + : 1127.6, Found: 1129.1. T m (First transition temperature on heating): 32.1 °C. UV/vis (CHCl 3 ): λ max = 526 nm, 491 nm, 469 nm, 313 nm.

  H NMR (C 6 D 4 Cl 2 , 120 °C , 500 MHz): δ H = 8.72 (4H, d, J = 7.9 Hz, H arom ), 8.48 (4H, d, J = 8.0 Hz, H arom ), 7.97-7.73 (8H, m, H arom ), 7.38 (4H, d, J = 3.4 Hz, H arom ), 4.48 (4H, t, J = 5.0 Hz, -NCH 2 -), 2.92 (8H, t, J = 5.0 Hz, H aliph ), 2.15-1.97 (4H, m, H aliph ), 1.90 (8H, m, H aliph ), 1.77-1.65 (4H, m, H aliph ), 1.65-1.41 (28H, m, H aliph ), 1.08 (6H, t, J = 6.9 Hz, -CH 3 ). Elementary analysis: Calcd for C 90 H 100 N 2 O 4 S 4 : C, 77.10; H, 7.19; N, 2.00; O, 4.56; S, 9.15. Found: C, 75.78; H, 6.91; N, 1.93; O, 4.88; S, 8.97. MALDI-TOF: C 90 H 100 N 2 O 4 S 4 +H + : 1399.60, Found: 1400.30; C 90 H 100 N 2 O 4 S 4 +Na + : 1422.60, Found: 1423.20. T m (First transition temperature on heating): 51.5 °C. UV/vis (CHCl 3 ): λ max = 526 nm,

  23, 149.08, 148.90, 148.83, 145.94, 145.35, 124.03, 123.78, 123.72, 123.65, 123.32, 123.08, 107.6, 107.42, 107.25, 106.51, 104.39, 69.97, 69.94, 69.68, 69.21, 69.17, 29.30, 19.25, 29.16, 29.12, 28.51, 28.48, 28.45, 28.42, 22.71, 22.68, 22.67, 14.26, 14.23, 14.

  1 H NMR (CDCl 3 , 300 MHz): δ H = 8.17 (4H, s, H arom ), 7.78 (6H, s, H arom ), 6.04 (3H, s, H arom ), 4.22 (12H, t, J = 6.6 Hz, -OCH 2 -), 3.88 (6H, m, -OCH 2 -), 3.70 (8H, t, J = 7.0 Hz, -NCH 2 -), 1.95 (12H, m, H aliph ), 1.71 (14H, m, H aliph ), 1.44-1.30 (74H, m, H aliph ), 0.98 (15H, t, J = 7.0 Hz, -CH 3 ), 0.88 (6H, t, J = 7.0 Hz, -CH 3 ); 13 C NMR (CDCl 3 , 75 MHz) δ = 166.60, 161.30, 149.33, 139.82, 137.46, 133.83, 123.86, 118.28, 70.03, 32.20, 29.84, 29.77, 29.61, 29.50, 28.73, 27.77, 27.15, 23.24, 23.01, 22.93, 21.08, 14.46. Elementary analysis: Calcd for C 119 H 170 N 4 O 17 : C, 74.11; H, 8.88; N, 2.90; O, 14.10; Found: C, 73.54; H, 9.31; N, 2.67; O, 14.47. MALDI-TOF: Calcd for C 119 H 170 N 4 O 17 +H + : 1929.3, Found: 1929.3; C 119 H 170 N 4 O 17 +Na + : 1151.3, Found: 1151.242. Tg: 10.6 °C. UV/vis (CHCl 3 ): λ max = 319 nm, 279 nm.

  1 H NMR (CDCl 3 , 200 MHz): δ H = 8.64 (8H, m, H arom ), 8.23 (4H, s, H arom ), 6.02 (3H, s, H arom ), 5.18 (1H, m, -NCH-), 4.20 (2H, t, J = 7.5 Hz, -NCH 2 -), 3.87 (6H, t, J = 6.4 Hz, -OCH 2 -), 3.71 (8H, t, J = 7.2 Hz, -NCH 2 -), 2.30 (2H, m, H aliph ), 1.85 (2H, m, H aliph-N ), 1.70 (14H, m, H aliph-O ), 1.31-1.21 (84H, m, H aliph ), 0.86-0.80 (12H, m, -CH 3 ); 13 C NMR (CDCl 3 , 75 MHz) δ = 206.81, 166.27, 160.93, 137.23, 118.05, 93.79, 67.96, 38.72, 32.63, 31.84, 30.87, 29.68, 29.47, 29.43, 29.35, 29.23, 29.09, 28.41, 26.90, 26.81, 26.01, 22.64, 14.06. Elementary analysis: Calcd for C 115 H 148 N 6 O

15 : C, 74.48; H, 8.04; N, 4.53; O, 12.94; Found: C, 74.

  ). A light yellow solid was obtained (40 mg, 27%).1 H NMR (CDCl 3 , 300 MHz) δ H = 7.83 (6H, s, H arom-triphenylene ), 7.05-6.81 (8H, m, H arom-thiophene ), 6.66 (4H, d, J = 3.6 Hz, H arom-thiophene ), 6.06 (3H, s, H arom-benzene ), 4.23 (12H, t, J = 6.6 Hz, -OCH 2 -), 3.89 (6H, t, J = 6.6 Hz, -OCH 2 -), 2.77 (8H, t, J = 7.5 Hz, -H aliph ), 2.02-1.83 (2H, m, H aliph ), 1.68 (2H, ddd, J = 22.3, 14.8, 6.4 Hz, H aliph ), 1.59-1.12 (14H, m, H aliph ), 0.97 (2H, t, J = 7.2 Hz, -CH 3 ), 0.88 (1H, t, J = 6.7 Hz, -CH 3 ); 13 C NMR (CDCl 3 , 75 MHz): δ = 160.97, 149.01, 145.37, 145.33, 136.13, 134.64, 124.75, 123.65, 123.43, 123.15, 107.43, 93.84, 69.73, 68.01, 31.86, 31.58, 30.17, 29.62, 29.52, 29.45, 29.32, 29.26, 29.21, 29.16, 29.09, 29.06, 28.38, 26.22, 26.05, 22.65, 22.57, 14.09. Tg: 8.6 °C. UV/vis (CHCl 3 ): λ max = 369 nm, 279 nm.

Chapter 4 Branched triads Based on Triphenylene/Pyromellic diimide/Perylene diimide/terthiophene moieties

The DSC traces of Triad 3.3 recorded on heating at 20 °C/min, and on heating and cooling at 5 °C/min are presented in Figure 4.4.3 left. The thermogram presents a rich polymorphism with several phase transitions. More particularly, on heating recorded with the rate with 20 °C/min, the trace exhibits a weak point at around 9°C, attributed to a glass transition. On further heating above the T g , the trace presents two endothermic peaks at 55 °C (ΔH = 7.94 J/g) and 65 °C (ΔH = 9.05 J/g), respectively. In the absence of additional transitions at higher temperature, the last peak at 65°C can be attributed to the transition to the isotropic phase. On cooling, reversible transitions are observed and the thermogram presents two sharp exothermic peaks. The first transition from isotropic phase at 58 °C (ΔH = 14.88 J/g) is consistent with the appearance of a first mesophase (M 1 ). On further cooling, the second transition observed at 46 °C with a smaller enthalpy of 9.82 J/g indicates the presence of a more ordered mesophase (M 2 ). Based on DSC and POM studies, the polymorphism of Triad 3.3 can then be refined and the following phase sequence on cooling can be proposed as:

DSC and POM of Triad 3.4

The The next paragraph on the structural characterizations should provide precious complementary information on the molecular packing of these derivatives.

Self-organization study (X-ray diffraction and Atomic force microscopy)

In this paragraph, the branched triads Triad 3.1, Triad 3.2 and Triad 3.4 are analyzed by X-ray diffraction (XRD) and Atomic Force Microscopy (AFM), to study the self-organization properties.

Note that these studies have not been performed with the Triad 3.3 based on discotic triphenylene and calamitic terthiophene moieties, due to the too small amount of remaining compound.

XRD of Triad 3.2

The mesogens within their respective sublayers. This X-ray pattern suggests the 'amorphous' characteristic of the material with multi-segregated lamellar mesophase with π-stacking units.

On heating and just above the glass transition at 71 °C, we can observe a sudden self-organization enhancement of the lamellar mesophase, resulting in a sharpening of the small angle reflections and the appearance of numerous additional lamellar reflections in the X-ray pattern ( according to the previous observations. The organization can be described as an ordered multi-lamellar mesophase (hereafter defined as LamR in this thesis) consisting of an alternate superposition of perylene and pyromellitic diimide sublayers. More precisely, this lamellar organization presents: i) a d-spacing of 57.4 Å (at 120 °C) and ii) a long-range rectangular 2D order in the plane of the perylene diimide and pyromellitic diimide sublayers. Note that, as it has been already observed [167] , the stack of asymmetrically substituted perylene diimide units should induce a zipper-like arrangement of the aggregated perylene cores as displayed in the side-view of the 

XRD of Triad 3.4

The 

Supplementary data

The NMR spectrum of the byproduct: terthiophene ester

CONCLUSIONS AND PERSPECTIVES