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During the past decades, the synthesis of organic donor-acceptor (D/A) "push-pull" chromophores has been of considerable interest because of their potential use in nonlinear optics, LEDs, field effect transistors, and photovoltaics (PV). Most often, the molecules have traditionally a 1-D structure in which a D/A pair is connected via a πconjugated spacer. Among the different known π-conjugated systems, thiophene-based structures have led to a wide range of applications in materials science due to their synthetic flexibility and easiness of fine tuning of both their optical and electrochemical properties. Meanwhile, self-assembling properties of "push-pull" chromophores onto surface for such applications are not well studied. As a part of the design of the PV cells, these molecular structures correctly arranged on a surface should improve the donor/acceptor interface, the optical absorption, and increase the volume of the active layer. These last two points could be achieved by the insertion of noble metal nanoparticles allowing organic multilayer stacks, opening the way for tandem or multijunction solar cells and the appearance of plasmonic effects.

In this context, we have developed a multi-step synthesis of new "push-pull" molecules bearing a thiol reactive group enabling to form self-assembled monolayers (SAM) on gold or ITO surfaces. Combining various donor, acceptor, and spacer moieties we could tune the "push-pull" optical and electronic properties as shown by cyclic voltammetry and UV-Visible absorption spectroscopy. In particular, the LUMO position could be controlled by the choice of the acceptor.

The obtained "push-pull" products exhibit a high light absorption (λmax near 550 nm and 610 nm) and can thus be effective in PV applications. SAMs with gold nanoparticle layers were prepared on gold and ITO surfaces and growth kinetics of successive layers was followed using cyclic voltammetry and UV-visible absorption. Final SAMs with and without nanoparticles were studied mainly by contact angles, UV-vis, IR and XPS spectroscopy, ellipsometry and near-field microscopy (STM and AFM). As-obtained organic layers were then electrically and optically characterized to assess their potential use in the field of PV energy conversion.

Résumé

Au cours des dernières décennies, les chromophores organiques "push-pull" (c'est-{dire donneur-espaceur-accepteur) ont vu leur intérêt grandir en raison de leurs applications potentielles dans les domaines des transistors { effet de champ, de l'optique non linéaire, des OLEDs, et du photovoltaïque. Parmi les différents systèmes piconjugués connus, les structures basées sur le thiophène ont conduit { une large variété d'applications en science des matériaux en raison notamment de la flexibilité de leur synthèse permettant de modifier aisément leurs propriétés optiques et électrochimiques. En revanche, { ce jour les couches auto-assemblées des chromophores "push-pull" sur une surface et leurs applications n'ont pas fait l'objet d'études approfondies. Dans le cadre de la conception de cellules photovoltaïques, ces structures moléculaires correctement organisées sur une surface devraient permettre d'améliorer l'interface donneur/accepteur, l'absorption optique, et d'augmenter le volume de la couche active. Ces deux derniers points peuvent bénéficier de multicouches organiques, qui ouvrent la voie aux cellules PV tandem ou multi-jonctions, et d'effets plasmoniques par l'insertion de nanoparticules de métaux nobles.

Dans cette perspective nous avons développé une synthèse en plusieurs étapes de nouvelles molécules "push-pull" comportant une tête réactive thiol autorisant la formation de monocouches moléculaires auto-assemblées (SAM) sur surfaces d'or ou d'ITO. En variant les groupements donneur, accepteur, et l'espaceur il a été possible de moduler les propriétés optiques et électroniques des "push-pull" comme le montrent la voltampérométrie cyclique et la spectroscopie d'absorption UV-Visible. En particulier, la position de la LUMO peut être contrôlée par le choix de l'accepteur.

Les produits obtenus possèdent une forte absorption de lumière (λmax près de 550 nm et 610 mn) et peuvent donc être efficaces pour le photovoltaïque. Les SAMs incorporant des nanoparticules d'or ont été préparées sur or et ITO et la cinétique de croissance des couches successives a été suivie par voltampérométrie cyclique et par spectroscopie d'abosrption UV-Vis. Les monocouches moléculaires finales des chromophores avec ou sans nanoparticules d'or ont été étudiées principalement par angles de contact, techniques de spectroscopie IR, UV-Vis, XPS, et par microscopie { sonde locale (STM, AFM). Les matériaux ainsi obtenus { base de SAMs de chromophores "push-pull" et de nanoparticules de métaux nobles ont ensuite caractérisés électriquement et optiquement pour évaluer leur utilisation potentielle pour la conversion de l'énergie photovoltaïque.
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Introduction

The finest control of bulk composition and molecular organization is critical for the development of novel materials. The nature inspires us by monomolecular manipulation in living cells, but such accurate processes are far to be accessible for human-made devices. The closer look at biological living reactors, transporting or data storage systems demonstrate that they are functioning thanks to the self-assembling processes based on hydrogen, metal-ligands bonds, hydrophobic and other interactions. The selfassembly approach is the way to ameliorate artificial materials also. Contrary to bulk voluminous materials, the 2D organization can be easily obtained by surface-based selfassembly. Starting from the 90's, the domain of self-assembled monolayers is confidently growing and enriching with new applications. In particular, this approach appeared in electronic development, notably in organic transistors, light-emitting diodes or photovoltaics.

Meanwhile, the newest applications ask for more and more complicated and sophisticated constituents. Among others, the donor-acceptor or "push-pull" molecules attract a lot of attention thanks to their remarkable optical and electrical properties, dipolar structure and synthetic diversity. In particular, they found a large number of applications in the preparation of organic solar cells. For this application, aspects of the organization are crucial influencing critical steps of the exciton separation and charge transport. That is why we became interested in studying the self-assembly of "push-pull" chromophores on surface.

In the first chapter, "push-pull" molecules and main features and applications of selfassembled monolayers are presented. First of all, we detail what the "push-pull" πconjugated molecule is. This kind of structure can be found in a very large number of works. Meanwhile, an exact engineering depends strongly on the targeted application. All those aspects are reviewed in part 1.1. Further, the concept of self-assembly on surface is expanded in part 1.2 and examples of possible devices based on "push-pull" SAMs are mentioned in part 1. 3. In chapter 2 we present different experimental technics used for SAM preparation and characterization.

At the beginning of chapter 3, the often used synthetic methods for the construction of π-conjugated structures are described. Based on this information we developed our synthetic approach to the donor-acceptor molecules possessing additional reactive sites for surface modification. Those molecules were characterized by UV-visible absorption spectroscopy and electrochemical methods.

The last part (chapter 4) is dedicated to the SAM preparation from solution of thiolbased molecules on the gold or indium-tin oxide samples and characterization of obtained films.

Chapter 1. "Push-pull" chromophores and molecular layers 1.1 General characteristics of donor -acceptor structures

Donor-acceptor π-conjugated molecules, also referred to "push-pull chromophores", are currently of crucial interest due to their potential uses for next-generation electronic and optical applications 1 such as in data storage, signal-processing, energy and telecommunication technologies. Both theoretical and experimental investigations have provided the main guidelines for a rational design of such molecules Scheme 1.1. General structure of a "push-pull" chromophore.

Thus "push-pull" chromophores typically comprise a π-conjugated framework (e.g., polyenic, polyaromatic, polyheteroaromatic chain acting as an electron relay) endcapped by electron-donating (D) and electron-withdrawing (E) groups in order to increase the polarizability (Scheme 1.1). The degree of the ground-state polarization strongly depends on the relative contribution of the two limit forms 1.1.1 (neutral and aromatic) and 1.1.2 (dipolar and quinoid) (Scheme 1.2).

Scheme 1.2. Structure of a "push-pull" chromophore (neutral 1.1.1 and dipolar 1.1.2).

Based on the polyenic archetype, molecular engineering of one-dimensional 1-D, 2-D or 3-D scaffolds featuring intense intramolecular charge transfer (ICT) interactions have been extensively studied as an active component in nonlinear optical materials (NLO). Indeed, in such chromophores the dominant first hyperpolarizability component is along the direction of charge transfer. In addition, most of the work on charge transfer in organic systems has been motivated by the search for organic materials that exhibit -conjugated relay Donor Acceptor

1.1.1 1.1.2
conductive or photoconductive properties and by the aim to understand the mechanism of electron transport in molecular systems.

ICT is a photophysical process in which an excited state of the donor is deactivated to a lower-lying state by transferring the energy to the acceptor, which is thereby raised to a higher energy state. It formally corresponds to the low-energy transition between the highest occupied molecular orbital (HOMO) and the lowest unoccupied (LUMO) molecular orbital. In addition, a variety of investigations have been focused on planar intramolecular charge transfer (PICT) or twisted intramolecular charge transfer (TICT) in donor-acceptor substituted polyaromatics.. As expected, the energies of the ICT excited stated vary significantly with the nature of the donor and acceptor. Indeed in "push-pull" molecules the HOMO level is mostly related to the nature of the donor group while the LUMO level is associated with the acceptor group. This implies that small modifications on the donor or acceptor part would lead to a more or fewer predictable changes in MO energy levels and consequently in the ICT.

Generally speaking, the optimization of ICT encompasses with the control of the energy bandgap (Eg) in π-conjugated systems. 2 The bandgap control has been extensively studied and is determined by five energetic contributions (Scheme 1.3) namely, the energy related to the bond length alternation BLA (BLA i.e., the average difference in length between single and double bonds in the molecule, E Bla ), the mean deviation from planarity (E  ), the aromatic resonance energy of the cycle (E Res ), the inductive or mesomeric electronic effects of eventual substitution along the πconjugated backbone (E Sub ) and the intermolecular or interchain coupling in the solid state (E Int ) Eg = E Bla + E

 + E Res + E Sub + E int (Eq. 1.1) Scheme 1.3. Energetic contributions determining the bandgap Eg.

Thus, from equation 1.1 it is clear that any structural modification has to be mastered in order to control the electrooptical properties of the "push-pull" chromophores. Taking into consideration that specific criterion molecular engineering leads to optimize structures that could find a use not only in nonlinear applications but also as active components in organic solar cells (OSCs), dye-sensitized solar cells (DSSCs) and organic light emitting diodes (OLEDs).

For instance, introduction of aromatic or heteroaromatic cycle along the π-conjugated backbone leads to an improvement of their environmental stability compared to the polyenic archetype but reduces the electron transfer due to their nondegenerate ground state. Nevertheless, use of fewer aromatic units such as thiophene unit might constitute a satisfactory compromise between stability and efficiency as an electron relay compared to the polyenic backbone.

Hence, theoretical studies performed on "push-pull" chromophores confirm the expected results as evidenced in the paper of Mandal. 3 Calculations based on simple structures used as models were carried out and some representative molecular hardness parameters η (η = (ELUMO -EHOMO)/2) and BLA values are presented in Table 1.1. These data clearly show that the thiophene-based structures 1.1.4a-f possess the molecular hardness parameter η (and respectively energy gap; Eg = 2η) which is the most closer to the polyenic 1.1.5a-f structures and is significantly lower than for the benzenic 1.1.3a-f ones. The reduced bandgap for compounds 1.1.4a-f leads to a bathochromic shift of the maximum of absorption compared to 1.1.3a-f and concomitantly a 40% decrease of the BLA versus 1.1.5a-f. Taking into consideration these facts thiophene units represent a good compromise between efficiency and stability as electron relay and makes them suitable for the development of π-conjugated organic materials.

In addition, from Table 1.1 it is notably noticed that the bandgap can be easily adjusted and modulated, throughout a defined series, by changing either the acceptor and/or the donor groups. For instance, changing the N,N-dimethylamino donor group by the methoxy group (from a-c to d-f) increases the η parameter due to the lowering HOMO level caused by lower donor strength for the methoxy group. Similarly, increasing the acceptor strength in tricyanovinyl (TCV) end-caped structures related to the dicyanovinyl (DCV) leads to a lowered LUMO level and consequently a reduced Eg bandgap. This effect is always considered for the development of new "push-pull" molecules and, the use of amino derivatives as donor and di-, tricyanovinyl groups as acceptor have found a large dissemination in different works.

Hence, the main electrooptical properties including the HOMO and LUMO levels can be fine-tuned by varying both the nature and strength of donor or acceptor end-groups, the -conjugated skeleton and its length. Moreover, packing and intermolecular interactions in the solid state should be also considered and for main applications soluble structures have to be designed and synthesized.

By varying all these parameters, a myriad of new "push-pull" chromophores can be designed and synthesized. The electrooptical properties have to be adjusted regarding the foreseen applications and will be discussed in the next section.

D-A molecules in materials engineering

During the last decades, the design and synthesis of "push-pull" chromophores became the spotlight of scientific interest owing their intrinsic properties useful in numerous optoelectronic applications. From chronological point of view, "push-pull" molecules have been firstly envisioned as active component in the field of nonlinear optics before finding their interest in others fields such as field effect transistors, lightemitting diodes, photovoltaic cells, sensors and so on.

Non-linear optics materials

Since the pioneering work of Davydov 4 in the 70s and further developed by Chemla, 5- 7 the field of organic nonlinear optics became of crucial interest and is now being applied in emerging electronic and photonic technologies. Indeed, in the modern optical communication systems, tailored organic NLO (organometallic, molecular and polymeric systems) are replacing the existing technology based on inorganic single crystals, which are expensive to produce and difficult to incorporate into devices due to poor processability. The interaction via a molecular dielectric response of an electromagnetic field with a non-linear material can give rise to the creation of the radiation different to the source-one. The incident field can be derivatived from an electrical current (used in electrooptic devices) or from a high-field laser (used in the optical device). The properties of nonlinear optical materials can be applied in a host of applications including frequency doubling (second-harmonic generation (SHG)), optical rectification, optical imaging, etc… When an electromagnetic field is applied to a molecule, the resulting polarized species behaves as an oscillating dipole producing its radiation. The molecule will, therefore, emit energy of the same frequency and phase as that which has been applied. Nevertheless, under certain criteria the molecule can deviate from this behavior introducing additional terms that are responsible for the nonlinear effect as follow (Eq.

1.2):

PM= E + E 2 + E 3 + ….etc (Eq. 1.2) In equation 1.2, PM is the polarization of a single molecule and E is the linear response, where = 0 (0 is the permittivity of free space, linear susceptibility defined by r  (r is the relative permittivity) and E is the applied field. The terms responsible for non-linearity are β (first molecular hyperpolarizability) and γ (the second molecular hyperpolarizability) which are second-order and third-order effects respectively. The polarization of a molecule compared to that of a bulk material is somewhat different. Indeed, the local field effects of neighbouring molecules complicate the electric fields experienced by the single species in the bulk. Thus, the nonlinear optical behavior of a material at the macroscopic level is defined by the eq. 1.3 and introduces the terms  (1) ,  (2) and  (3) as follow:

PM=  (1) E +  (2) E 2 +  (3) E 3 + ….etc (Eq. 1.3) In Equation 1.3, χ (1) is the linear susceptibility; χ (2) is the second-order susceptibility, which describes processes such as second harmonic generation; and χ (3) is the thirdorder susceptibility, which describes processes such as third-harmonic generation and the intensity-dependent refractive index. [START_REF] Sutherland | Handbook of Nonlinear Optics[END_REF] During the past decades extensive research efforts into the synthesis of novel NLO systems has resulted in a myriad of "push-pull" chromophores (linear, or octopolar [START_REF] Ledoux | [END_REF] systems possessing orthorhombic (D2), hexagonal (D3h) or cubic (T) symmetry groups). The current state of the art is driven by the desire to increase the hyperpolarizability (Table 1.2), thermal and chemical stability, optical transparency and processability of the materials. However, in most cases it is seen that an improvement of one of these characteristics is accompanied by the breakdown of another. Nevertheless, recent reports have showed that the trade-off between these properties can be reduced by tuning the molecular structure (donor/acceptor strength, optimization of the conjugated link (rigid structures, introduction of more stable aromatic rings), introduction of groups promoting non-centrosymmetric packing etc…). Furthermore, the use of NLO active chromophores in polymers systems (embedded into the polymer matrix as part of a guest-host system, covalently linked as side chains to the polymer or incorporated as part of the main chain) has been developed to overcome the problem of macroscopic centrosymmetric packing. In each case, the chromophores are aligned during the polymer poling process giving rise to the bulk nonlinearity also referred to as 'merit' value. 11 Another way to align the NLOphores into the bulk can be achieved by fabricating layered Langmuir-Blodgett films architectures.

Over a relatively short period, researchers have elucidated several of the physicstructural relationships, which govern the level of NLO activity in "push-pull"-based materials. Accordingly, the incorporation of such chromophores into poled polymeric materials seems to be promising for industrial applications. Some improving trade-offs between thermal stability and transparency while maintaining high nonlinear activity appears to be also realistic. The future of organic NLO is promising, however, further progress needs to be made before these materials can be driven towards the commercial market. Hence, the on-going strategies needed to be improved as well the development of novel structural possibilities by the scientists.

Organic field-effect transistors

The concept of field-effect controlled current dates back to 1930. 12 Apart from a few preliminary works, the first organic-based transistor was reported in 1986. 13 This device has been using an electrochemically grown polythiophene film as a semiconducting material. A small molecule-based device has been firstly reported soon after in 1989. 14 Nowadays, a majority of small molecules used as semiconducting materials in this application are based on pentacene or oligothiophenes and their derivatives with the highest mobilities close to few cm 2 /V•s units. 15 Most OFETs use an insulator made of an oxide (mainly silicon oxide), on which the organic material is vacuum evaporated. The organization issues on oxide-organic interface is proved to be very important, good results were obtained by modifying the surface of the oxide with an organic monomolecular layer by the technique of self-assembled monolayers (SAM) of octadecyltrichlorosilane (OTS) 16 and hexamethyldisilazane (HMDS) 17 .

Besides oxides, more recently polarizable molecules such as "push-pull" compounds have been used as self-assembled nanodielectrics on Si, indium-tin oxide showing high values of the dielectric constant k 18 and are also envisioned as good alternatives to the poor quality oxides of germanium and III-V semiconductors. a For OFET applications, the charge mobilities are the most critical parameters. Different types of structures were tested, namely polyaromatic cycles, oligothiophenes, porphyrins, combinations of those, polymers and so on. 19,20 While the energy levels of molecules are not so important as conductivity properties, their small variations by addition of donor or acceptors part(s) were studied. This is, for instance, the case of oligothiophene series.

Organic light-emitting diodes

In a typical OLED architecture, a layer of organic electroluminescence materials is placed between two electrodes. Those organic molecules should possess an electrical conductance and thus conjugated π-structures are mostly used. Originally, first a ANR project SAGE III-V number ANR-11-BS10-0012: http://www.agence-nationalerecherche.fr/en/anr-funded-project/?tx_lwmsuivibilan_pi2%5BCODE%5D=ANR-11-BS10-0012 examples of OLEDs consisted of a single layer. Apart from conductive properties, both charge injection and blocking of the transverse current between the opposites electrodes should be considered. Many OLEDs incorporate a bilayer structure, consisting of a conductive layer and an emissive layer. In same time, recent developments in OLED architecture have improved quantum efficiency (up to 19%) by using a graded heterojunction in which the composition of hole and electron-transport materials varies continuously within the emissive layer with a dopant emitter. 21 In an operational device, a voltage is applied across the OLED. Electrons are injected into the LUMO of the organic layer at the cathode and holes are injected into the HOMO at the anode. After, they recombine forming an exciton, i.e., a bound excited state of the electron and hole. Its deactivation results in a relaxation of the energy, preferably in the form of light radiation. The wavelength can be controlled by the difference in energy between the HOMO and LUMO (Eg).

A lot of experimental research has been done on OLEDs' architecture, morphology, layer interfaces, stability, encapsulation and so forth. Herein, only organic materials for light-emission applications will be briefly overlooked.

Efficient OLEDs using small molecules were first developed by Tang et al. 22 based on organometallic chelate tris(8-hydroxyquinolinato)aluminium, Alq3. Among other materials like polymers 23 and phosphorescent species, fluorescent dyes are commonly used in OLEDs. Modern devices operate in low-current conditions with the lightluminescent molecules dispersed in a solid matrix of host molecules providing a good charge transport.

The donor-acceptor structures found their place in the OLED domain. Classical "pushpull" systems with strong acceptors and donors usually provide light emission in the red part of the spectrum. An instructive example of the optical property modulation was demonstrated on D-A-D series molecules with triphenylamine (TPA) fragments as donors (D) and benzothiadiazole (BT) as central electron withdrawing (A) group (Sch. 1.4). 24 

Scheme 1.4. Control of light absorption and emission (in brackets) maxima by variation of the chemical structure of D-A-D chromophores.

A well-considered change of donor groups and π-conjugated spacers permitted to change the absorption and, more importantly, the emission maxima from 389 nm to 529 nm and from 512 nm to 698 nm respectively. From OLED application point of view, this enables tailoring diode emission from green to red.

The need for solution processable technologies, as the spin-coating or the printing, promoted research in a domain of "push-pull" dyes that are usually more soluble than polyaromatic species. Once again, TPA-BT-based molecules were described in the work of Li's group (Sch. 1.5). 25 

Scheme 1.5. Structures of soluble chromophores 1.1.6 -1.1.8 for the preparation of red-emitting diodes

The branched structures were designed to avoid the luminescence quenching by aggregation. One of the highest performances for solution-processable devices in that time was achieved for linear 1.1.6 structure.

While red and green emitting diodes are very good examples of well-working devices with an efficacy close to 20%, the development of blue-emitting materials is still challenging. "Push-pull" concept also found its application here. To obtain the blue emission, i.e., a light absorption of high energy, it is better to construct a short structure with low-strength donor and acceptor separated by small conjugated chain. For example, such structure 1.1.9 based on bipyridine as acceptor, dialkoxybenzene as donor and only one double bond connecting them (Sch. 1.6) was prepared in the work of Berner et al. 26 and used for the preparation of blue emitting diode with λmax = 450 nm and 2% efficiency which is considered as a good value for blue-emitting devices. Scheme 1.6. Structure of blue-emitting "push-pull" dye 1.1.9.

In conclusion, even if "donor-acceptor" molecules are not playing first roles in the development of new electroluminescent devices, they have already demonstrated their utility in the domain.

Organic photovoltaic materials

Photovoltaic deals with the conversion of light into an electric current using the photoelectric effect. It can occur in a semiconducting material having valence (VB) and conduction bands (CB) with the energy gap (Eg) between them close to the energy of the solar spectrum (Fig. 1.1). The absorbed light photon can excite an electron from VB to CB promoting creation of a hole and electron pair. Subsequently, charge carriers can be separately extracted to the different two electrodes giving external electrical current. This concept was proved to work very well for the inorganic semiconductors; different devices were developed. The power conversion efficacies (PCE) are passed 40% values in space applications and more than 20% for mass-produced solar cells for solar plants or domestic installations. b However, these technologies mainly require crystalline silicon in the role of the doped semiconductor which is quite expensive.

Newest research aims at reducing the production cost. To achieve this, during the past decade, the organic-based photovoltaics (OPV) has risen rapidly. This kind of materials provides several advantages compared to silicon-based materials:

 higher light absorption providing possibility of application of very thin films; this also means that less material is needed and that cell's weight is lower;  organic synthesis could provide much cheaper materials than crystalline silicon;  fabrication of OPV by solution-processed methods is also cheaper than vacuumprocessed technologies for silicon-based devices;  possibility of cells construction on flexible support or/and in semitransparent design opens wider applications in urban conditions;

 while silicon cells in the conditions of the lower light flux and the high working temperature lose their performance, OPV usually gains even small rise of PCE.

Meanwhile, drawbacks of these technologies are very serious concerning mostly lower conversion efficacy due to much poorer electrical properties of organic semiconductors and also a lower stability of organic materials.

The classical approach to OPV cell engineering embraces the use of two compounds with different electronic energy levels. First one is mostly responsible for photon absorption and generating of an exciton, i.e., the connected electron (on LUMO level) and hole (at HOMO level) pair in one molecule. The main drawback of organic semiconductors is that this pair is strongly connected (the binding energy, EB is close to 0.1 -0.5 eV) and also that lifetime and diffusion length (around 5 -10 nm depending on material nature and crystallinity 27 ) of this exciton are very low. This was the reason for the low efficiency of the first devices based on a single product. 28 For the purpose of efficient dissociation of charges the second product is needed. Such approach was firstly demonstrated by Tang in 1985 by preparation of bilayer (PHJ) cell with 1% effectiveness. 29 This substance is playing the role of an acceptor of electrons and often the molecules based on fullerenes are used. Nevertheless, the need for the utilization of two different compounds creates the problem of the active layer morphology. The best performances were demonstrated in of bulk-heterojunction type (BHJ) cells providing maximal interface surface where exciton dissociation occurs. In this type of active layer design domains of so-called "donor" (mainly poly-hexyl-thiophene, P3HT) and "acceptor" (usually PCBM) materials are interpenetrating each other, creating favorable conditions for the charge separation. The organization of molecules or macromolecules in the active layer, the size of domains and their nature (crystalline or not) are the factors of great importance together with their optical and electrical properties.

The "donor" molecular structure is responsible for light absorption and can be very variable. However, the major part of small organic dyes tested in OPV can be attributed to "push-pull" type. D -A structures have also found wide application in the dyesensitized solar cells (DSSC), although those devices, having good performances, 30 use the liquid electrolytes and are not well suitable for massive applications. Further, a few examples of donor-acceptor dyes as OPV materials will be reviewed.

Characterization of working cell is usually made under standard 100mW/cm 2 1.5AM illumination conditions and is illustrated by current-voltage curve. Main parameters that could be extracted from this curve are short-circuit current (ISC), open-circuit voltage (VOC) and fill factor (FF) has been described in a lot of papers dedicated to device engineering. 31 ISC determines a maximal number of charge carriers that could be extracted, VOC corresponds to the maximal potential of a given cell and FF shows working effectiveness under conditions of maximum power produced by the device. Meanwhile, the correlation between those parameters and chemical structure of absorbing dye is not trivial. Some examples of the structure-properties relationships will be demonstrated further.

The simplest donor-acceptor chromophores consist of only one pair of a donor and acceptor. However, only last few years ago they obtained a significant rise of interest. First examples of such chromophores were based on oligothiophenes framed with donor and acceptor moieties in Wong's group. 32,33 However, those polyaromatic molecules suffered from a lack of solubility and so, photovoltaic cells were prepared only by vacuum-processed methods.

Small molecules, on the other part, possess better solubility and are also usually much easier to prepare. One of the teams to refer in this field is the group of Roncali at Moltech Anjou (Angers, France). They studied the structures based on triarylamine groups as donors, dicyanovinyl as acceptor and phenyl or thiophene rings for construction of conjugated bridges. They showed how the small molecular modifications permit to optimize molecular properties carefully.

The comparison of the simple dicyanovinyl (1.1.10) with the thieno-fuseddicyanoindene (1.1.11) derivatives demonstrated a significant 110 nm red-shift. 34 The exclusion of thiophene ring (from 1.1.10 to 1.1.12) results in a 55 nm hypsochromic shift while elimination of benzene ring (from 1.1.10 to 1.1.13, 1.1.14 or 1.1.15) gives only 27 nm hypsochromic shift proving once again that structures with benzene ring has higher resonance energy and are less suitable for PV application compared to thiophene-based analogues. 35 1.1.13, 1.1.14 or 1.1.15 has showed close PV performances with best values of VOC = 0.65 V, JSC = 6.80 mA•cm -2 and PCE = 1.92 %. Implication of Nitrogen atom in heterocyclic carbazole analogous 1.1.16 lowers accessibility of an electron pair on it and so, lower its donor power. In consequence, this decreases Eg and light absorption maximum leading to decrease of power conversion efficacy. (Sch. 1.7)

Scheme 1.7. Several examples of small D-A molecules used for PV applications

The variation of different acceptor groups often is the easiest way to modulate the optical and electrochemical properties of "push-pull" molecules. Especially this concerns LUMO energy level. This kind of study was performed in Würthner's group (Sch. 1.8). In their series, the best performances were achieved with compound 1.1.18 leading to PCE up to 3.0% in blended films with PC61BM 55 wt %. Upon devices optimization, even a higher value of 4.5% 36 was attained. The interesting particularity of this series concerns the structure 1.1.18 which showed better efficacy that 1.1.17c possessing the same chromophore system. Probably it can be explained by better film morphology in solid state but this kind of optimization by variation of alkyl substituents seems to be often unpredictable.

Scheme 1.8. Examples of small D-A molecules prepared by Würthner's group 36 The lowering of LUMO level could be a good way for the reduction of Eg and accession to less energetic light absorbers. Besides the introduction of the newest acceptor moieties, it could be also achieved by incorporation of second acceptor group in already existing structure. This way was nicely demonstrated in works of Lin et al. [37][38][39] by insertion of electron deficient heterocycles as the benzothiadiazole (BT) or pyrimidine units.

One of the basic types of chromophores in material chemistry is oligothiophene derivatives. 40 Within intermediate position between small molecules and polymers, these derivatives can present advantages of both: the easiness of synthesis as well as the ameliorated charges mobilities due to longer conjugated chain. Fine modulation of properties for this class is accessible in two ways -changing of framing acceptors groups or transformation of aromatic polycyclic core. While those acceptor groups in most cases are identical, Yin et al. demonstrated the effect of desymmetrization. In this context, three molecules based on a septithiophene core with two acceptors namely the dicyanovinyl (DCV) and the diethylthiobarbituric (DETA) acid were obtained (Sch. 1.9). Surprisingly, while a reduction of the band gap was attained, it results in a diminution of the power conversion efficiency for a PHJ configuration with a spin-coated donor layer and a vacuum deposited C60 layer (1.64% for 1.1.19, 1.21% for 1.1.21 and 0.36% for 1.1.20 respectively). 41 From these observations it appears that the molecule desymmetrization affects both the optical properties as well as the packing arrangement in the solid state. The latter seems to be responsible for the lowering effect on the PCE. Further investigations in BHJ solar cells, based on a blend of 1.1.19 and PC61MB (in 1:1.4 (w/w) ratio), led to an improvement of the PCE value up to 2.45% 42 and 3.7%. 43 Following developments were made by modification of the π-conjugated systems with various central aromatic rigid blocks. For instance, the dithienosilole (DTS) derivative demonstrated greater light harvesting efficiency. BHJ devices based on this chromophore showed a PCE of 5.84% along with a noticeably high fill factor of 0.64. 44 A series of work describes a benzodithiophene structure (BDT) as a central core. 45,46 The further research leads to the study of 2D structures expanded laterally by thiophenebased substituents (1.1.22b -1.1.22d, Sch. 1.10). 47 Solution-processed BHJ devices were fabricated from these chromophores and PC71BM as the electron acceptor in the optimal weight ratio 1:0.8 and with addition of PDMS as an additive (0.2 mg•mL -1 ). For instance, optimized device performance based on 1.1.22b showed an exceptional PCE value of 8.12% with a VOC= 0.93 V, JSC= 13.17 mA•cm -2 ) and a fill factor of 0.66. The last value seems to be the highest to date and as could be seen was obtained after a lot of optimization steps starting from chromophore molecular engineering and completing by the careful donor-acceptor ratio variations and the choice of a solvent additive. Scheme 1.10.

While oligothiophene molecules could be seen as structures with central donor core modified by acceptor groups, an inversion to this architecture can be also envisaged. A lot of aromatic systems were evaluated in the role of central acceptor, as examples, benzothiadiazole 48 , (dicyanomethylene)-pyran 49 , derivatives of thieno [3,4-c]-pyrrole-4,6-dione 50 , thiadiazoloquinoxaline 51 , thiazolothiazole 52,53 and diketopyrrolopyrrole [54][55][56] can be mentioned By combining of donor and acceptor heterocyclic fragments framed with bithiophenic moieties, a series of highly efficient chromophores were developed in the group of Bazan. They used DTS core as a molecular scaffold for the construction of chromophore for SMOSCs with D-A-D-A-D structure in association with thiadiazolo pyridine as acceptor and deeply studied the parameters affecting their photovoltaic performances. 57 The impact of the N atom and its position on thiadiazolo pyridine was deeply investigated in a works this group (Sch. 1.11). 58,59 The small molecules BHJ solar cells were fabricated with the structure of ITO/MoOx/1.1.23: PC71BM/Al and tested using 0.25% v/v DIO as solvent additive. High PCEs up to 6.70% were observed.

Scheme 1.11.

In conclusion, the structure-properties relationships for organic PV-active molecules are described by series of compromises. The open-circuit voltage is determined by an energy difference between LUMO level of the acceptor molecule and HOMO of donor one. Keeping in mind that as an acceptor in most cases fullerene derivatives are used, a low HOMO level of donor is responsible for high VOC. At same time, short circuit current depends on the light absorption properties and effectiveness of exciton separation. While amelioration of optical properties usually demands a lowering of bandgap, the effective charge separation cannot occur if LUMO of donor is less than ≈0.3 eV higher than LUMO of a fullerene-derivative. So, obviously, there is a competition to find an optimal donor molecule with a low enough HOMO level, a high enough LUMO and at the same time not large bandgap between them. The fill factor generally characterizes efficacy of cell structure. It could be dependent on very various factors between which the active layer morphology and charge carrier mobilities are very important. So, solubility properties of active compounds and their solid state electrical properties should be also taken into consideration during a molecular engineering of new organic materials for photovoltaic application. Usually, alkyl-chains substituents help to modulate those properties. However, the structure-property relations in those cases are not straight and should be studied individually for the every structural type.

Ultrathin organic films 1.3.1 Overview of deposition methods

In the last few decades, organic thin films found very broad applications in the development of new materials. [START_REF] Ariga | Organized Organic Ultrathin Films: Fundamentals and Applications[END_REF] Among others, remarkable progress was made in the domain of organic electronics and photoelectronic materials. The historical retrospective of electronics progress demonstrates the usual "top-down" approach: starting from bulk materials one is trying to develop devices making them smaller, more complex and more effective. At same time, "bottom-up" approach is still more in the stage of fundamental development. In this sense, monomolecular layer is among the smallest operational unit that can be used for bottom-up construction (Fig. 1.2) Although it is possible to prepare organic monolayers by vacuum evaporation [START_REF] Zhang | [END_REF] , it is believed that the solution-driven processes could lead to a wider circle of applications. Two methodologies are most known for this purpose: Langmuir-Blodgett (LB) films and self-assembled monolayers (SAMs). Both of them have special requirements on chemical structures of molecules to be organized at the surface. In the first case, an amphiphilic substance or surfactant is needed while in the second a SAM forming molecule should bear the special surface-reactive chemical group.

Self-assembled-monolayers are assemblies that are forming spontaneously once an appropriate substrate is placed into a solution of an active compound. Typically, this compound could be described having three basic parts: the head group which reacts with the substrate, the body of molecule responsible for intermolecular interactions in the layer and the end group determining the properties of the modified surface. (Fig. 1.3) 62 The head group helps to connect in a covalent way the molecule to the surface. A great number of different systems were studied. Among them should be outlined thiols (and derivatives) on gold, silver substrates, organosilicon products on oxidized substrates, alkenes on clear Si surface, carboxylic and phosphonic acids on metal oxides. Sometimes alcoholic and amino-groups can also be used as anchoring moieties.

The second part, a molecular body, is responsible for the intermolecular interaction inside a layer. The nature of such interactions could be very different. In classical SAMs formed by the products with long aliphatic chains, the van der Waals forces helped to obtain dense and well-packed structures. In more complex molecules, π-π or dipoledipole interaction as well as hydrogen bonds could interconnect molecules stronger. However, at the same time disorder may be introduced by steric hindrance.

The end group is in charge of obtained physical as well as chemical properties of the modified surface.

All together those different parts of the molecule can be modulated in order to get the well-organized, dense, and uniform molecular layer.

The main features of the self-assembled monolayer concept could be described as:  easiness of preparation;  tunability of surface properties is possible by a modification of the molecular structure and appropriate functional group design;  use of SAM as an elementary brick in a "bottom-up" construction and preparations of multilayers films with fine controlling of thickness; 63  designing of 2D structures could be controlled at the nanometer scale by the utilization of few different surface-active molecules creating separated domains with different properties. 64 All those characteristics open interesting perspectives for SAM applications in different fields from the surface treatment to the construction of microelectronics devices.

Preparation of self-assembled monolayers on gold as a model substrate

One of the first examples of the self-assembling monolayer formation of the sulfurcaped products on the gold surface was demonstrated in 1983 in a work by Nuzzo and Allara. 65 Although later it has been demonstrated that sulfur-derivatived compounds could react well not only with the gold surface but also with silver, copper and platinum, the first one remains as the model surface of choice for the study and comparison of different molecules or conditions of adsorption process. The main reason for this lies in the fact that gold does not form a stable oxide layer on its surface and could thus be used at ambient conditions.

Besides disulfides utilized in mentioned work, a lot of other sulfur-contained compounds were also used, like thiols, xantanes, thiocarbonates and so forth. Among non-sulfur classes, phosphines, amines, isocyanates and carboxylic acids have also shown a good affinity to the gold surface.

For the SAMs preparation, a freshly cleaned gold substrate is dipped into a dilute solution of a surface-active compound, usually with the millimolar concentration. For thiols, relatively short treatment times are needed, up to few hours. However, other groups could be less reactive and may require a day or more for completing the selfassembling process.

Bain et al. did an example of remarkable pioneer work on the influence of the head group nature. 66 As criteria of quality, the contact angles of water and hexadecane, as well as the thickness, were measured. The results are summarized in Table 1.3. Clearly, the sulfur and phosphorus headed molecules provide strong interaction with the gold substrate and the formation of a close-packed, ordered monolayer. The isonitrile, although with poorer quality, also demonstrated formation of packed monolayers with ΘH2O > 100° and thickness close to the predicted one.

In further discussion, thiols will be reviewed as the model compounds for the demonstrations of general features of SAMs' preparation and characterization.

Mechanism of SAM formation

It is usually proposed that SAMs are formed in a two-step mechanism: the first fast one represents physical sorption of molecules on the surface and their anchorage; the second slower one corresponds to the progressive organization of the layer. 67 It has been demonstrated that the molecules with longer alkyl chain length, although adsorbed slowly due to decreased diffusion rate, organize themselves faster because of stronger van der Waals interactions. The same tendency has also been demonstrated for nonaliphatic molecules. 68 The nature of chemical reaction undergoing on the surface remains unclear. It seems to be logical that in a SAM, sulfur-contained molecules such as thiols, disulfides or thioacetates exist as thiolate (RS -) species connected to Au + ions on the gold surface at an attachment site. Thus, remaining species should be gone in some non-determined way. For thiol, the remained atom H could be lost by a reductive elimination from the gold surface or an oxidation with a casual oxidant such as dissolved O2 (Sch. 1.11). Computed from ellipsometric data using n = 1.45. b Assumed that the chains are close-packed, trans-extended and tilted between 30° and 0° from the normal to the surface. c An ester group is too large to form a close-packed monolayer.

Scheme 1.11. The adsorption of thiol on the gold surface.

For more complicated species, participation of solvent or contaminant water molecules could be possible.

Calculations 69 of absorption features showed that the hollow site on the Au(111) surface is the more stable binding site. In parallel with adsorption, desorption processes can also occur. However, it has been shown that the exchange of a sorbed thiolate with an alkanethiol in solution is going slowly 67 . At the same time, a temperature boost can promote such processes and heating Au-thiolate based SAM under vacuum up to 200°C can result in complete desorption 65 . It is believed that the exchange process can play an important role in the quality of a monolayer helping to reach the most thermodynamically stable organization corresponding to the densest state with a maximum of the interchain interactions.

Important assembling parameters

The kinetics of organization and the quality of monolayer are very dependent on conditions during the assembling process. Different parameters can be listed.

Quality of substrate

Gold surface possesses a high surface energy and so often is can be quite polluted by organic molecules or water. However, due to very high affinity of sulfur atoms to gold ones, those contaminants can be easily replaced by the surface active compounds. So, they do not play a crucial role in assembling process but could slow it down. The main method for the samples cleaning consists in UV-ozone treatment that oxidizes all organic pollutants. At the same time, a formation of oxidized layer or an increasing of roughness can also occur. The oxide coating can be removed by an ethanol rinsing. Meanwhile, the increased roughness can result in the rise of the quantity of adsorbed molecules but also in the less organized layer formation. The SAMs' planarity is also important for nanoscale studies and is very dependent on the crystallinity of the primary gold surface. Usually, to promote molecular organization and low roughness, vacuum-evaporated atomically flat Au(111) surfaces are used (see Fig. 1

.4).

Solvent effects A lot of different solvents can be used for the SAMs' preparation. Usually, the choice is based on the solubility of the film-forming molecules. Bain et al. had studied hexadecanethiol monolayers formed in different solvents such as THF, DMF, ethanol, hexadecane, CCl4, toluene, acetonitrile and cyclohexane. 67 No much difference was observed between them, except the case of hexadecane that is believed to have an ability to be incorporated into the SAM due to its close chemical nature with hexadexanethiol. Lee et al. studied SAM formation of propanethiole and cystamine from water, ethanol, DMF and toluene solutions. Using STM they have demonstrated that the size of organized domains is bigger in aprotic solvents like DMF or toluene. Especially strong influence has been observed for an amine-terminated cystamine SAM. 71 Ulman and coworkers performed a remarkable work with a concurrent adsorption of two compounds on the gold surface. 72 They used mixtures of DDT and HUT and have demonstrated that in THF solution the ratio of adsorbed CH3-or OH-terminated species is related to their concentration in solution while use of ethanol as a solvent provides almost only CH3terminated assembly due to the stronger interaction between HUT and alcohol molecules via a formation of hydrogen bonds disturbing its incorporation into a layer.

In summary, solvent plays an important role in the SAMs' formation and it is essential to choose the most convenient one comprising either as a single component or as a mixture of different solvents. This should be made by checking on product solubility, solvent polarity and also by keeping in mind the possibility of a hydrogen bonding or hydrophobic interactions.

Concentration and kinetics effects.

In the most cases, it has been found that an adsorption on a surface pass by two steps. During the first one almost 80 -90% coverage is observed. It typically takes few minutes for usual millimolar concentrations. Subsequently, absorption occurs with the much slower rate. 67,73 Usually, this behavior is explained by occurrence of the severalsteps process. Firstly, the physical and chemical sorption occurs and is determined by the concentration of active compound in solution and the amount of active sites onto surface. Diffusion can also limit this step. The sorption process is then followed by the reorganization of the layer to most dense and stable phase. The study of alkanethiols as model substrates showed that the overall rate is decreasing with molecular weight. Later fact is usually interpreted by a lower mobility of big molecules.

The influence of alkylthiol concentration on the kinetics of SAM formation was found to be linear: higher concentration promotes sorption and provides the higher adsorption rate. Typically, for one millimolar concentration the first-rate value is measured in minutes against hundreds of minutes for micromolar 67 . However, the lack of the solubility can provide a deposition of uncontrolled multilayers or aggregates.

Temperature effects.

Temperature has been shown to be crucial too. As been mentioned before, not only the sorption but also the desorption process is important for the formation of a wellorganized layer. The second process can help to eliminate from the surface weaklypacked molecules and replace them with new ones helping to create larger organized domains. The desorption process is entropy driven and could be favored at higher temperatures. Clearly this fact was demonstrated by Yamada and co-workers in an example of decanethiol SAM prepared from ethanol solution in a wide range of temperatures from -20°C to 78 °C (Fig. 1.5). 74 While at low-temperature a poor quality of SAM was observed, the boiling ethanol solution provides large organized domains of decanethiol molecules. In addition to heating in solution, annealing of a SAM sample also favors organization reducing the density of defects such as etch pits or grains and increasing the surface of well-organized domains. 75 

Modification of indium-tin oxide

Indium-tin oxide (ITO) is a transparent conducting material. 76 It became universal material for transparent electrodes in large variety of applications including organic light-emitting diodes (OLEDs), liquid crystal displays, electroluminescent devices, sensors and photovoltaic cells. Many of these applications require a self-assembled monolayer (SAM) to be formed on ITO substrates as interfacial layer before deposition of organic active materials, with the aim to promote structural organization of the organic thin films and/or to adjust the electronic level difference between the active materials and the substrate. The typical product capable of forming SAM on ITO surface bears organosilane, carboxylic, phosphonic or thiol group.

While the bond formed between silanes, carboxylic acids and phosphonic acids on ITO seems to be created by condensation with surface hydroxyls, the interaction between thiols and ITO surface has not been clarified yet. Meanwhile, some comparative studies have been done. While Yan and co-workers 77 observed that fatty acids preferentially adsorb over thiols when both are present in the solution, the group of Golowitz 78 postulated that thiol surface group helps to obtain denser (accordingly to water contact angle measurements) and more stable (against sonication) layer. They concluded that the bond created between thiol molecules and surface is stronger but is forming more slowly that in the case of acid derivatives.

In the work of Brewer et al. 79 the thiol surface-active group was compared with phosphonic acid. Based on FTIR and XPS studies they made the conclusion that obtained monolayers had close-packed and ordered structures. However, thiol derivatives provide slightly stronger attenuation effect on indium 3d5/2, 3d3/2 and tin 3d5/ 

Application fields of SAM-functionalized surfaces

Self-assembled monolayer appears to be the excellent tool for controlling and fine tuning of the surface properties. Since first experiments with thiols adsorbed on a gold surface, it has been clearly demonstrated possibility to control surface hydrophilichydrophobic character by simply changing the nature of the terminal group from CH3 to OH. Further development brought a large variety of new functional groups introduced into the SAM as terminal ones. Those works described main horizons for SAM applications such as surface coating and nanopatterning, sensors, tribology, molecular devices. Herein, only a few examples will be mentioned to give an idea of the available applications for SAMs.

Passivation, surface coating, nano-patterning

Dense monomolecular layers are useful in the prevention of corrosion. While noble metals usually do not suffer from it, copper protection has a practical interest. A work by Azzaroni et al. 80 demonstrated that copper passivation by dodecanethiol could hinder copper oxide formation and copper dissolution in electrolyte solutions.

Superhydrophobic surfaces have attracted great attention due to their important applications in surface self-cleaning, stiction prevention and drag reduction. 81 They have also been suggested to improve tribological performances of various devices such as microelectromechanical systems (MEMS) 82 consisting of several moving parts. It has been proven that chemical modification of a smooth silicon surface can only lead to water contact angle value (WCA) of up to 120°8 3 . However, the combination of a surface topography modification with a formation of SAM on it gives an access to the WCAs values above 150°. This has been demonstrated in the work of Y. Song where superhydrophobic surfaces were fabricated by applying an octadecyltrichlorosilane (OTS) self-assembled monolayer (SAM) on silicon micro-or nanotextured surfaces produced by the aluminum-induced crystallization of amorphous Si. This technique helps to archive WCA of 155° while OTS SAM on smooth Si showed usual value of 112°. 84 The construction of novel molecular devices asks for well-defined two-dimensional structure. Due to strong covalent connection of molecules to a surface and relatively fast kinetics, the great utility of SAMs for microcontact printing process has been shown. The group headed by Whitesides used poly(dimethylsiloxane) (PDMS) stamp inked by a solution of different thiol molecules to create nanopatterned surface. They achieved to "print" hydrophilic areas of different size and shape separated by hydrophobic regions of CH3-terminated alkanethiols. 85 Then, the selective grows of calcite crystals have been demonstrated only in hydrophilic sites (Fig. 1.6).

Figure 1.6. Scanning electron micrograph (SEM) of the patterned surface with printed circles of HS(CH2)15CO2H in a background of HS(CH2)15CH3 and the calcite crystals grown

over hydrophilic areas 85 .

Crooks et al. reported patterning with a high resolution employing photoreactive SAMs. A photomask was placed on top of a close-packed HOOC-(CH2)10-C≡C-C≡C-(CH2)10-SH monomolecular layer on Au substrate. Such sample was subsequently exposed to UV light provoking a polymerization of unmasked molecules. Nonpolymerized molecules were desorbed leaving patterned surface of good quality. 86 The finest resolution was demonstrated when the probe of the AFM was used like a pen for nanolithography. This approach has demonstrated a capability to fix the molecules only in the sites scanned by the probe 87 or to catalyze a chemical reaction in a defined place. 88 

Sensor Applications

A SAM with a functionalized terminal group can be constructed and used for selective interaction with some molecules or ions. In such way a sensor system can be developed. One of the typical examples was demonstrated in the work of Rubinstein and coworkers. 89 The experiment has been carried out at the gold electrode modified with a mixed SAM of n-octadecyl mercaptan and 2,2′-thiobisethylacetoacetate (Fig. 1.7). This electrode has been immersed into an electrolyte solution containing Cu 2+ and Fe 3+ cations. While the electrochemical response of Fe 3+ was completely suppressed, the response of Cu 2+ was clearly observed due to selective chelation by functionalized SAM. The pH dependence of the redox reaction can be also evaluated by the alkanethiol SAM with the quinone/hydroquinone redox couple in its termination. Such functionalized surfaces can be used as electrochemical pH sensors. 90 

Luminescence

Luminescence from photoactive SAMs has been extensively studied. Fox and Wooten has constructed a SAM of anthracene-thiol linked molecules and measured the luminescent properties along with other characteristics. 91 Electrogenerated chemiluminescence was observed from Au and ITO electrodes modified with SAM of thiol molecules containing Ru(bpy)3 2+ complex. 92 During the current-driven electrochemical transformations the excited state of Ru(bpy)3 2+ was formed and can after relaxed with a photon emission.

Yamashita et al. used gold electrodes modified with SAMs of tripod-shaped thiophene-based π-conjugated thiols and disulfides 93 as the base for construction of OLED devices. After an evaporation of an active layer over these SAMs, enhanced hole injection was observed. The last property led to the higher conductivity and luminescence of SAM-based devices compared to those deposited on bare Au or ITO substrates.

Light-emitting diodes using SAMs as an active layer were also investigated. 94 It has been shown that chemical adsorption is a robust way to modulate electrode work function and to obtain enhanced hole-injection properties. At same time, improved stability and longer device lifetime has been achieved.

Photoinduced Electron Transfer

SAM architecture has been shown to be also useful for a construction of photoinduced electron transfer systems. Schematically, such system is depicted in Fig. 1.8. In an example of such system, a ferrocene (Fc) moiety was used as electron relay part and a porphyrin (Por) chromophore as photosensitizer connected together by alkyl chains. Modified in this way electrode was immersed into 5 mM methylviologen solution and demonstrated an important rise of cathodic current up to 250 nA•cm -2 at constant potential -200 mV with quantum efficiency 11%. 95 The use of Au nanoparticles for plasmonic enhancement of photoinduced electron transfer was described in the work of Ikeda et al. 96 Once again a porphyrin-ferrocene system was used. A gold electrode modified with the SAM of PorC8FcC11SH showed effective photocurrent action enhanced in factor of 3 -4 in blue and up to 20 in the red region by using gold nanoparticles (Fig. 1.9).

Figure 1.9. Photocurrent spectra of PorC8FcC10SH SAM on an Au electrode without AuNPs (I0) and with AuNPs (IAuNP), measured in 0.1m NaClO4 electrolyte solution at an applied potential of -200 mV (vs. Ag/AgCl

). 96 The photocurrent generation on the ITO electrodes was also observed by Yamada et al. who managed to construct multistack structures with altering porphyrin-based SAMs and Au nanoparticles. They evidenced the strong rise of the light absorption as well as the photocurrent with increasing number of SAMs -Au NPs layers. 97 To conclude, in this section the self-assembled monolayer conception was briefly discussed. The main types of substrate-molecule systems were reviewed, the electrode electron relay photosensitizer hv electron acceptor mechanism of formation, as well as kinetics aspects and influence of different condition parameters, were summarized. A very few examples of SAM applications were demonstrated, but the strong confidence that sophisticated and efficient functionalized surfaces are possible to obtain is evidenced. In particular, multiple studies in micro-and nanopatterning, multilayers designing incorporating nanoparticles, electronic and photoelectronic devices engineering has demonstrated the capability of utilization of assembled monolayers in the photovoltaic development thus supporting potential photovoltaic applications of the work developed in this thesis project.

Self-organized monolayers of donor-acceptor molecules.

As was demonstrated in the previous part, the preparation of advanced surfaces often requires functionalization by complicated molecules. While alkanethiol-based SAMs are well studied and could be prepared easily, needed films may contain electron donor or electron acceptor groups, chromophores, moieties with unpaired spins, and so on. For this reason, there is a need to construct and study monolayer films with progressively more complicated polar and planar bulky π-systems. Nevertheless, such complex molecular structures may hinder compact organization of their SAM.

Depending on expected applications, different types of π-conjugated molecules were elaborated for SAM preparations. Fullerenes, 98 diphenyldiacetylene 99 and porphyrin 100 derivatives have been described. Such systems usually provide different photoactive properties like photo-switching systems, 98 light detectors, 101 light-to-current energy convertors 100 or can be interesting in molecular electronics studies. 102 Between linearly conjugated molecules derivatives of oligothiophenes have attracted a lot of attention allowing to give SAM at same time molecular electronics 103 , as well as optical 104,105 properties.

The main goal of this thesis work is to study SAMs of "donor-acceptor" molecules. Meanwhile, there are not many efforts made in this field.

Inspired by works in the domain of Langmuir-Blodgett films 106 , a hemicyanine type donor-acceptor molecules were synthesized and used for preparation of SAMs in series of works made by Ashwell and co-workers. They proposed that such polar structures, once connected covalently to the metal surface, should provide diode-like behavior. In the beginning, a study of SAM obtained from bis The gold-coated highly oriented pyrolytic graphite (HOPG) was chosen as the substrate and after molecular deposition, the current-voltage behavior was recorded using STM. The authors have demonstrated a strong current rectification for SAMmodified gold surface.

[1-{(3-propyl)-4-(2-(4- dimethylaminophenyl)vinyl)quinolinium}]disulfide diiodide (1.
A higher current occurs when the gold-coated HOPG substrate is negatively biased. This corresponds to electron tunneling from the electrode to cationic acceptor at one end of the molecule (A + -> A o ) and from the donor part to the STM tip at the opposite end (D o -> D + ) with intramolecular electron transfer from A o to D + . In the opposite direction, the tunneling is limited by low accepting strength of the donor group (D o ) and low donor capability of acceptor group (A + ). The donor-acceptor architecture was demonstrated to be critical for the current rectification. For instance, its destruction upon SAM protonation above an acid vapor results in a low conductivity at positive as well as at negative potentials.

In order to ameliorate rectification properties, several structural modifications have been made. First of all, a longer aliphatic chain has been introduced and bisulfide group has been replaced by thioacetate (Sch. 1.12). 108 Scheme 1.12.

Once again, a clear current rectification has been achieved with factors around 50-150 for ±1 V. Further diode desymmetrization was made by the SAM structure involving ionic bond between positively charged chromophore and pre-treated negatively charged gold surface (Sch. 1.13).

Scheme 1.13. The structure of self-assembled diode structure incorporating ionic bond.

Such original approach permits to obtain higher rectification factors up to 100 -200 for ±1 V.

The steric effects were found to be very important. Thanks to AM1 calculations, Ashwell and co-workers have demonstrated that in order to obtain a good molecular rectifier, the donor and acceptor parts should not be conjugated. At the same time, replacing quinoline cycle by pyridine and naphthalene by benzene eliminates steric hindrances making the molecule well planar. This, by turn, delocalizes HOMO and LUMO orbitals and leads to a loss of rectifier properties.

In all above-discussed examples, an acceptor part was connected to the substrate. However, it is believed that inverted structure should also work with inverted rectification character. While it has not been demonstrated for SAMs, this principle works well for Langmuir-Blodgett films. 109 By a combination of the molecular dissymmetrical structure with the ionic-type junction, a further amelioration has been achieved. 110 Meanwhile, the use of wellconjugated structure demonstrates low ratios around 15 -20 units only. Much higher rectification ratio has been achieved when more sterically-hindered donor-acceptor structure 1.4.3 was used for preparation of SAM (Fig. 1.11). This acceptor-bidonor structure demonstrated rectification ratios more than 3000 at ±1 V and such values are among the highest ones for the organic films.

Reported hemicyanine molecules provide the rectification due to their asymmetrical structure. At the same time, the presence of a donor and an acceptor groups creates low energy ICT, which can be excited by visible light absorption. Those two factors are the major requirements for the generation of photocurrent.

A Meskers's group has demonstrated the possibility to use SAMs in PV application. 111 They studied a series of surface-active molecules 1.4.4 and 1.4.5 (Sch. 1.14). Schema 1.14.

SAM has been prepared on the gold surface and put into contact with transparent ITO electrode via an electrolyte solution with a redox couple electron transmitter. Similarly to the works of Ashwell, 110 quinolinium derivatives showed better performance than pyridinium-based ones and the variation of a donor terminus leads to highest quantum yield of 0.18% for the dimethylamino-quinolinium derivative 1.4.4.

In order to multiply the usefull property of an organized monolayer, multilayer construction can be applied. Several different approaches were developed. One of those applied to "push-pull" molecules has been described in the work of Facchetti et al. pull" molecule 1.4.8 bearing terminal OH groups. In the next step those groups were further used for the creation of SiO2 interlayer serving as a base for the second and following layers. In this way, five levels of the chromophore have been deposited. Although obtained samples have demonstrated a rising roughness, the light absorption enhances linearly with the number of iterations demonstrating the uniform character of deposition.

In conclusion, the functionalized surfaces for electronics and optics applications were demonstrated to be accessible by the self-assembly deposition of "push-pull" structures. Their characteristics could be significantly enhanced by the careful molecular engineering and/or multilayer structuration. However, the number of works in this domain remains small because they usually ask a multidisciplinary approach mixing the synthetic organic chemistry and the physical chemistry of surface. Meanwhile, looking forward to advanced applications like molecular electronics, ultra-thin film photovoltaics, luminescence or sensing, we believe this field of knowledge will be enriched quickly.

Chapter 2. Thin film characterization technics

Ellipsometry

Ellipsometry is a non-destructive optical analysis method using the plane-polarized light behavior. When such light beam interacts with the surface at some angle, it is resolved into parallel and perpendicular components (p-and s-respectively) relatively to the incidence plane. These components are reflected differently, i.e., the amplitude and phase of both components are changed and the resulting beam is elliptically polarized. Such phenomenon is used to estimate the thickness and/or optical characteristics of transition region between air and the surface of reflection by measuring the ratio r between rp and rs, the reflection coefficients of the p-and spolarized light, respectively. The polarization change is quantified by the amplitude ratio, tanΨ, and the phase difference, Δ.

In a typical ellipsometer (Figure 2.1), monochromatic light is emitted by a light source and linearly polarized by a polarizer (p = angle of polarization). It can pass through an optional compensator (retarder, quarter-wave plate) before and/or after interacting with the substrate surface. After reflection, the radiation passes a second polarizer, called an analyzer, and falls on the detector. where Δ = 2p +π/2 and ψ = a.

Since ellipsometry is measuring the ratio (or difference) of two values (rather than the absolute values), it is very robust, accurate, and reproducible. For instance, it is relatively insensitive to scatter and fluctuations, and requires no standard sample or reference beam.

Ellipsometry is an indirect method, i.e. in general, the measured ψ and Δ values cannot be converted directly into the optical constants of the sample. Normally, a model analysis must be performed. In most cases (except simplest ones) a layer model must be established, which considers the optical constants and thickness parameters of all individual layers of the sample including the correct layer sequence. Using an iterative procedure (least-squares minimization) unknown optical constants and/or thickness parameters are varied, and ψ and Δ values are calculated. Those which best match the experimental data provide the optical constants and thickness parameters of the sample.

There are different types of ellipsometers based on the above-described principles. In our work, two different ellipsometers were used.

The first one utilizes a monochromatic He-Ne laser as the light source with wavelength λ = 632.8 nm and works accordingly to the basic scheme depicted in Fig. 2.1. Plane-polarized light upon reflection becomes elliptically-polarized and is passing through the compensator to recover its plane-planarity. Further, analyzer is rotated to determine new polarization angle. Departing polarization angle together with the final one allows the calculation of the optical thickness of the layer. Measurements were done with Scentech SE400 ellipsometer with light incidence angle of 70° and data analyzing using the program "Ellipsometer". To calculate film thickness the optical characteristics of all layers composing the sample are needed. For the case of SAMs on the gold surface, the complex reflection index of gold n = 0.103 -3.45i was used, as for ITO n = 1.783 -0.003i was considered. For conjugated organic molecules, the value of n = 1.5 113 was assumed for the simulation. Measurements have been done several times in different places (at least five) of the sample surface and average thickness value was considered.

The second ellipsometer used in this work enables the spectral characterization of samples. The measurement was performed in the wavelength range between 310 nm and 950 nm using ellipsometer Sopra GES5 at incident angles between 60° and 75° for silicone-based samples and 55° and 70° for glass-based ones. After, the SEA software (Semilab company) was used to fit obtained results and extract wavelength depended on optical indices n and k. The valorization of those parameters was made by simulation of optical properties of the organic layer and its comparison with experimental data.

Contact angles measurements

Measurements of the contact angles (CA) probe the surface wettability towards the chosen solvent. This technique also allows to determine the free surface energy by the use of different solvents. In practice, often the solvent of choice is water and after CA analysis the hydrophilic or hydrophobic character of the surface can be estimated helping to understand better the nature of the film covering the substrate surface.

Once a water drop is deposited on the surface two situations are possible:

a drop does not spread and keeps the stable shape forming at borders the angle with support calling "contact angle" between 0 and 180°; this is a situation of partial wetting; Above the angle of 90° the surface is hydrophobic, whereas hydrophilic below. -a drop spontaneously spreads over the surface forming a liquid film; the wetting is complete, and contact angle is considered as 0°.

The wetting phenomenon is directly connected to surface tensions in all interfaces present in the system, notably, the solid-vapor, solid-liquid and liquid-vapor.

The theoretical underground of the drop form lies in thermodynamic equilibrium between three phases. If the solid-vapor interfacial energy is denoted by γSV, the solidliquid interfacial energy by γSL, and the liquid-vapor interfacial energy (i.e. the surface tension) by γLV, then the equilibrium contact angle θC is determined by Young's equation (Eq. 2.2 & Fig. 2.2): ⁄ (Eq. 2.2)

Figure 2.2. A liquid drop on solid surface.

The contact angle is the result of the balance between the cohesive forces in the liquid and the adhesive forces between the solid and the liquid. If there is no interaction between the solid and the liquid, the surface is superhydrophobic and the contact angle will be 180°. As the interaction between the solid and liquid increases, the liquid spreads until θC = 0°.

In the simplest method, the sessile drop is used for measuring the contact angle. A goniometer equipped with an optical subsystem can capture the profile of pure liquid on a solid substrate. The angle formed between the liquid/solid interface and the liquid/vapor interface is further calculated by specific software.

In the case of SAMs wetting properties of the substrate surface are strongly dependent on the nature of the terminal groups of the assembled molecules. While nonpolar groups such as -CH3 or -CF3 are making surface highly hydrophobic, the polar ones like -CN or -CO2CH3 give the surface hydrophilic properties. This effect is even greater if the polar group can promote the creation of hydrogen bond with water molecules (Table 2.1). 

HS(CH2)2(CF2)5CF3 118° 71° HS(CH2)21CH3 112° 47° HS(CH2)17CH=CH2 107° 39° HS(CH2)11Br 83° 0° HS(CH2)11Cl 83° 0° HS(CH2)11OCH3 74° 35° HS(CH2)10CO2CH3 67° 28° HS(CH2)8CN 64° 0° HS(CH2)11OH 0° 0° HS(CH2)15CO2H 0° 0°
Contact angles are very sensitive to contamination; values reproducible within less than very few degrees are only obtained under laboratory conditions with purified liquids and very clean solid surfaces. If the liquid is strongly adhesive to the solid sample, then the liquid drop will completely spread out on the surface, corresponding to a contact angle of 0°. While it is the case of water on bare metallic, ceramic, and oxide surfaces, in the presence of contaminants the contact angle can significantly increase.

Measurement of the contact angle helped us to probe the status of the modified surface. To obtain its value, we have used goniometer Krüss DSA10-Mk2. In practice, a few microliter drop of deionized water was deposited on the surface by a microsyringe and was photographed. Obtained image was therefore treated by the Drop Shape Analysis computing program giving notably, the values of contact angle and calculated drop volume.

As was said, water CA informs about the degree of hydrophilicity or hydrophobicity of the surface. In the case of SAMs, it is dependent on two factors: the nature of the head group and the organization degree. The smaller contact angle corresponds to the higher hydrophilicity that could be introduced by polar groups as -OH, -COOH, -NH2, and so on. At the contrary, non-polar groups such as -CH3 or -Ph, increase the contact angle values and hydrophobicity. However, in case of weakly-organized SAM, the surface can also be covered by bent molecules, and CA values can then differ from those expected for the terminal group.

So, we use CA measurements to characterize the quality of SAMs and to compare it to the expected one. The main advantage of this method consists in an easy and nondestructive handling. It permits to obtain characterization of the SAM composition and order over a millimeter range.

Scanning probe microscopy

Scanning probe microscope (SPM) uses a probe sensitive to some kind of physical force or property and a controlling system moving the probe relatively to the sample in X-Y plane for scanning the image, and in Z-direction. Modern scanning probe microscopes achieve the nanometric or even atomic scale resolutions thanks to very accurate piezoelectric elements of the position controlling system, sensitive probes and careful experimental conditions (low temperatures, vacuum setup). To form images microscope is moving the tip over the analyzing surface or the surface under the tip. At discrete points, some physical value is recorded (which depends on the type of SPM and the mode of operation). These recorded values are then displayed as a map producing images, usually using a color scale.

Tyically, SPM operating modes are divided into two major kinds.

In the first one, the force of interaction is fixed by the driving software and the feedback system is used to move physically the probe closer to or further from the surface using the piezoelectrics in the Z direction to achieve this desired value. In this way, a topographic image is formed by the value of the Z-displacement of the piezoelectrics at each (X,Y) point of the surface. In the second one, constant height is fixed, and the probe keeps the same Z-position at any point of the image. In this way, the value of interaction is recorded. Constant height imaging is more delicate than constant interaction because its case there is a possibility that the probe can crash into the sample if the surface is too rough and/or tilted.

While the nature of the probe is determining the physical interaction with sample and, appropriately, the type of SPM, the piezo-electrics X-Y and Z-moving system together with the feedback and the data collect electronics can be used. In our laboratory, we have used a Nanoscope IIIa and Nanoscope V Multimode system from Bruker Corp. enabling to perform low-current (picoamper range) scanning tunneling microscopy (STM) as well as atomic-force microscopy (AFM). Images were recorded and treated by Nanoscope and WSxM 5.0 114 software.

Scanning tunneling microscopy

After its development in 1981, scanning tunneling microscopy (STM) demonstrates resolution up to 0.1 nm laterally and 0.01 nm in the vertical direction. This permits to "see" individual molecules and even atoms. The STM microscope can be operated not only in the high vacuum but also in any gas (including air) or liquid conditions in a wide temperature range. However, STM is a challenging technique also, requiring clean and stable surfaces, sharp tips, vibration control, and sophisticated electronics.

The working principle of STM microscope is based on quantum tunneling. The conducting tip is placed very close to the studied surface and under application of a voltage the tunneling current flows between the tip and the surface through vacuum or air. It usually depends on various parameters such as the tip position, the applied bias, as well as on the local density of states of the sample.

Tunneling current (I) between the probe and the surface is decreasing exponentially with the distance (z) accordingly to the equation:

(Eq. 2.3) where k is the decreasing factor, depending on the electron energy (E) and the tunneling barrier (U): √ ⁄ (Eq. 2.4) Such an exponential decay with the tip-surface distance is responsible for the high sensitivity of STM technique in the Z direction.

In our studies we used the constant interaction mode meaning that desired tunneling current was fixed to some value forcing microscope to change the Z distance between the tip and the surface by the feedback mechanism through the piezoelectrics displacement. Then, cartography of Z values at each point (X, Y) of the scanned region constitutes the STM topographical image of the surface.

We have used "low-current" module from Veeco permitting to work in a picoampere regime with a tunneling resistance over 100 GΩ in order to reduce the possibility, the tip could enter the organic layer. Experiments were carried out at room temperature and in the air environment. Pt/Ir (95/5) cut tips were used. STM was operated applying the bias to the substrate relatively to the grounded the tip While the radius of curvature of such probe is considered to be large and close to 500 nm, only a few atoms in the end of it are responsible for the creation of tunneling current so that atomic resolution can be obtained in principle.

Except the imaging, the STM setup can also be used for the electrical characterization of obtained samples. At fixed (X, Y) position and Z distance determined by the bias and the current setpoint, the conductive tip can play the role of an electrode and the currentvoltage characteristics can be recorded. However, one should keep in mind that such characteristics depends strongly on the distance between the tip and the surface. So for the comparison of different samples, the same tunneling resistance (i.e. the ratio between the bias and the setpoint tunneling current) is strongly required. This method has the advantage to give access to local electronic characterization of only single or few molecules with a non-invasive top electrode.

As STM requires a highly planar sample surface, we used Au(111)/mica substrates purchased from Scientec. Those samples were cleaned and treated as described in the chapter 4.

Atomic force microscopy

Atomic force microscopy (AFM) exhibits good vertical resolution of few 0.01 nanometer but usually poorer lateral resolution not better than few nanometers. The latter is limited by the curvature radius of the tip (~10 nm) due to tip-sample convolution effects. Firstly developed by Binnig, Quate and Gerber in 1986 AFMmicroscope is based on the mechanical sensing of surface by the probe as depicted in the Figure 2.3 below. Once the probe is approached the surface, it becomes sensitive to the interaction forces with the surface. At large tip-surface distance, these forces are attractive, e.g. Van der Waals forces, while at small distance they become repulsive. These interaction forces bend the flexible cantilever supporting the AFM tip that is detected by a reflected laser beam on a four-quadrant photodetector. Working at a fixed interaction force corresponds to fix the impact position of the reflected beam on the photodetector as a setpoint.

Modification of relative lateral and vertical positions of the probe and the sample are operated once again by the piezoelectric system.

Few operating modes exist. Among them, a dynamic contact mode or a taping mode is gentle enough and well suitable for the study of organic layers like SAMs. In this method, the cantilever is forced to vibrate near its resonance frequency with amplitude typically between 100 and 200 nm. The interaction with surface causes decrease of the amplitude when the tip is getting closer to the surface. The electronic feedback system maintains a stable value of the amplitude, and thus of the tip-surface interaction force, by adjusting Z-height value at each (X, Y) position, and therefore the surface cartography can be constructed. In this way, possible damage to the studied organic layer can be minimized because the probe interacts very shortly with the surface.

Thus, in our study we performed AFM tapping mode using silicon tips with the resonance frequency close to 150 kHz.

UV-Visible absorption spectroscopy

Optical spectroscopy gives information on molecular structure in its "free" state in solution as well as on a solid surface by analyzing its interaction with light radiation. The basic principle of light absorption consists in that a photon can be absorbed only entirely. In order to this to happen, its energy (E = hν) should correspond to some excitation energy of the sample. Depending on the energy of the probe photons, different spectroscopic methods can provide different internal information.

When the radiation of UV-visible region is used, its energy corresponds to electronic transitions between energy levels in a molecule. From a theoretical point of view, the lowest frequency absorption corresponds to electron transition from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). This transition is very important for a large number of applications, so UV-visible absorption spectroscopy is often a major method of study.

Usually, spectroscopic measurements provide the value of absorbance witch is determined by the ratio between the light intensity of the beam passing through the sample (I) to the light intensity of the reference beam (I0).

(Eq. 2.5)

Accordingly to the Beer-Lambert law, for measurement made in homogenous and isotropic environment the absorbance could be expressed as:

(Eq. 2.6) Where A is the absorbance at wavelength λ, l is the length of the beam path inside the sample, c the concentration of absorbing analyte, and ελ the molar extinction coefficient of the latter. The last parameter is a characteristic constant for the chemical substance in fixed conditions.

Apart from the intensity, an absorption peak is characterized by its spectral position. While the chromophore chemical structure determines it, several factors can also have an influence on the absorption peak. One can speak about the bathochromic shift when maximum of absorption is shifting towards longer wavelength and the hypsochromic shift for the opposite case. Among the most important factors influencing the absorbance peak position is the environment in which the absorbing species are. Very clearly, it has been demonstrated for solutions of chromophores that the nature of the solvent can change the position of absorbance maximum. This phenomenon, called solvatochromism, is especially important for polar structures as "push-pull" dyes that usually demonstrate bathochromic shift upon rise of solvent polarity. 115 Usually, the strongest electronic transition during photon absorbance occurs from HOMO to LUMO. For "push-pull" structures, the HOMO is delocalized mostly on a donor and a π-conjugated parts while the LUMO on an acceptor part. This means that upon energy absorption an electron density is "moving" from the donor side to the acceptor and changing overall electronic density and molecular dipole. When there are several molecules close enough (in solid state, for example) the dipole-dipole interactions become important, and can influence on the excitation energy of a neighbor molecule. This brings spectral changes depending on the organization of the molecules on solid state. 116 In order to simplify the reflection, the model comportment of two close molecules could be considered presuming that in bulk material effects will have the same qualitative character. Few cases are possible:

 "head-to-tail" orientation of dipoles (J-aggregate) is making creation of the unidirectional ordering of dipoles more stable than if differently directed. While the second case is forbidden, the bathochromic shift is observed.

 parallel orientation of dipoles (H-aggregate) provides opposite case, the unidirectional ordering has higher energy than inverted orientation. Once again, the second case is also prohibited, and the hypsochromic shift is observed.  while two dipoles are oriented at some angle between them in "chevron"-type structure, both unidirectional and inversed orientations are possible leading to the splitting of absorption band.

The aggregation of molecules in a solid state usually also provokes an enlargement of the peak half-width due to intermolecular interactions and a reduction of the extinction coefficient in the maximal absorption point.

In this work, a Perkin Elmer Lambda 850 spectrometer was used to study absorption of solutions and ITO samples in transmission mode. It possesses a two-beam analyzing chamber with one light beam passing through the sample and another used as reference (passing through solvent in case of solutions or air for solid samples), and allowed to obtain spectra in the 200 -800 nm range.

For more precise study of optical parameters of organic bulk material, the UV-vis-NIR spectrometer Perkin Elmer Lambda 3000 with integration sphere was used. The recorded transmittance and reflection spectra of the range 200 -3000 nm were used together with ellipsometric data to evaluate optical parameters n, k and to find a thickness of the organic spin-coated layer.

X-ray photoelectron spectroscopy

While previously described techniques dealt with surface structural information as thickness, morphology or roughness, qualitative analysis is also essential. Many composition sensitive techniques are based on electron spectroscopy. Few general methods are listed in Table 2.2 below. X-ray photoelectron spectroscopy (XPS) (also known as ESCA, electron spectroscopy for chemical analysis) is a surface-sensitive semi-quantitative spectroscopic technique that allows to measure the elemental composition of sample surface and to draw information about the chemical/electronic state of the elements. XPS spectra are reordered by irradiating a material with the X-rays beam and measuring the kinetic energy and number of electrons emitted after excitation. Usually, this method requires high (P ~ 10 -8 millibar) or even ultra-high (UHV; P < 10 -9 millibar) vacuum conditions. Although XPS is a surface sensitive technic, it can be used after some sample pretreatment to analyze a bulk composition also.

In usual cases, an XPS instruments are using monochromatic aluminium Kα X-rays with photon energy 1486.7 eV. After exposure, photoemitted electrons are collected by an analyzer counting the number of electrons received in function of their kinetic energy. The electron binding energy for the every emitted electron can be determined by using an equation 2.7:

(Eq. 2.7) where Ebinding is the binding energy (BE) of the electron in material, Ephoton is the energy of the X-ray photons, Ekinetic is the kinetic energy of the electron as measured by the instrument and φ is the work function of the spectrometer.

In a typical XPS spectrum, the number of electrons detected (overall or per time unit) is plotted versus their binding energy. Each element possesses a characteristic set of XPS peaks with own BE values. The number of detected electrons is directly related to the amount of the element within the XPS sampling volume. Meanwhile, XPS detects only those electrons that have escaped from the sample into the vacuum of the instrument and reached the detector. In order to do this, a photoelectron must travel through the sample. Different interactions of photoelectron with sample affect an exponential attenuation function as the depth increases. Thus, the signal measured by XPS is an exponentially surface-weighted signal, and this fact can be used to estimate analyte depths in layered materials.

Closer inspection of the spectrum shows that emission from some levels (p, d and f) does not give a single photoemission peak, but a closely spaced doublet. This arises from spin-orbit coupling effects in the final state. 117 Those two states differ slightly in energy and their degeneracy. The lowest energy final state is the one with maximum total angular momenta j (j = l ± s; l -orbital angular momentum, s -spin state of an atom) and the relative intensities of the two peaks reflect the degeneracies of the final states (d = 2j + 1).

The exact binding energy of an electron depends not only upon the level from which photoemission is occurring, but also upon the formal oxidation state of the atom and the local chemical and physical environment. Changes in either of those factors give rise to small shifts in the peak positions in the spectrum -so-called chemical shifts. Atoms of a higher positive oxidation state exhibit a higher binding energy due to the extra coulombic interaction between the photo-emitted electron and the ion core. This ability to discriminate between different oxidation states and chemical environments is one of the major strengths of the XPS technique.

The degree of surface sensitivity of an electron-based technique such as XPS may be varied by collecting photoelectrons emitted at different emission angles to the surface plane. This approach may be used to perform non-destructive analysis of the variation of surface composition with depth, and to be more sensitive to a thin surface layer such as a SAM at high incidence angle.

In this work XPS analysis helped us to prove the correct SAMs deposition causes surface-anchoring is changing chemical shift of closest atoms, or to be more precisechemical shift of S 2p electrons. XPS spectra were obtained using a monochromated Al Ka excitation (1486.6 eV) and photoelectrons were detected at normal direction using an Omicron EA125 electron analyzer. Au 4f7/2 binding energy (84.0 eV) was used as a reference for the spectra.

Cyclic voltammetry

Cyclic voltammetry (CV) is a type of electrochemical measurement in solution in which the working electrode potential is ramped linearly versus time with fixed scan rate (in V/s) and current passing through liquid electrochemical cell is recorded. After achieving a fixed set potential, the working electrode's potential ramp is inverted. When two set potentials are used, repetitive potential cycle(s) can be studied. 118 (Fig. 2.X) controlled surface area with a defined shape is important for interpreting cyclic voltammetry results. Cyclic Voltammetry can be used to study qualitative information about electrochemical processes under various conditions, such as the presence of intermediates in oxidation-reduction reactions, the reversibility of a reaction. CV can also be used to determine the electron stoichiometry of a system, the diffusion coefficient of an analyte, and the formal reduction potential, which can be used as an identification tool. In addition, because the concentration is proportional to the current in a reversible, Nernstian system, concentration of an unknown solution can be determined by generating a calibration curve of current vs concentration.

In our study, we used a BAS 100 potentiostat and the BAS 100W software from Bio-Analytical Systems to obtain redox characterization of synthesized compounds. Once determined, reduction and oxidation potentials can permit to calculate the molecular energy levels by comparison with those of known reference molecule. We used ferrocene as such reference product.

The current appraising in voltammogram like on Fig. 2.4.b depends on various factors. From a theoretical point of view, at 25°C, it is described by equation 2.9.

⁄ ⁄ ⁄

(Eq. 2.9) where ip is the peak current, n is the number of electrons transferred, A is the electrode area, D is the diffusion coefficient of the species, v is the scan rate and c is the bulk concentration of the species. Based on the fact of a linear dependence of voltammetric current on electrode surface area, CV method can be also used for the study of selfassembling processed on the electrode surface. Once a molecular layer is formed it partially decreases the surface area available for redox species leading to a reduction of the peak current. By monitoring of this phenomenon in time, the kinetic study of assembly has been performed.

Meanwhile, the standard voltammetry electrodes possess a small surface area limiting the maximal current and so the accuracy. That's why we used larger screenprinted electrodes from DropSense® DS-250AT with the gold working electrode of 4 mm in diameter. c For the study of the assembling, the perfectly reversible reduction of K3Fe(CN)6 at +0.18 V (vs Ag/AgCl reference electrode) was used. The decrease of anodic peak current permits to visualize the kinetics of molecular assembly as discussed further in chapter 4.

Characterization of synthesized compounds by the physic-chemical analysis

All obtained products were prepared as discussed in part 3.2 by methods detailed in part 3.3. The starting chemicals were purchased from Sigma-Aldrich, TCI-Europe or Acros Organic and used as received from the commercial sources without further purification. All reactions were magnetically stirred and monitored by thin-layer chromatography (TLC) using E. Merck silica gel 60 F254 precoated plates (0.25 mm). For the purification of obtained chemicals, the flash chromatography was performed on silica gel 60 (230-400 mesh) from Macherey-Nagel EURL.

Identification of synthesized molecules after each reaction was made first of all by 1H NMR. NMR spectroscopy is a technique that exploits the magnetic properties of certain atomic nuclei. It is based on nuclear magnetic resonance (NMR), a physical phenomenon in which nuclei in a magnetic field absorb and re-emit electromagnetic radiation. The frequency of such resonant radiation depends on the nuclei nature. Meanwhile, its neighborhood with electrons changes this frequency slightly. In organic molecules, during 1H NMR study, this effect helps to identify the protons from different functional groups thanks to different partial charges on them. In most cases, this analysis helps much to be sure of the structure of obtained product and its purity. 1 H and 13 C NMR spectra were recorded on Bruker AC 250 at 250 MHz and 62.5 MHz, respectively. 1 H NMR data are reported as follows: chemical shift in parts per million relative to CHCl3 (7.26 ppm), multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broadened), coupling constant (Hz), and integration. Finals compounds were identified, analyzed and characterized by several physicochemical methods.

Infrared spectra were recorded on an Agilent Cary 630 FTIR spectrometer. This method provides information about functional groups present in structure by measuring vibrational frequencies of most of the chemical bands in molecules.

UV-visible absorption spectra were obtained on a Varian Cary 1E spectrophotometer. It gives an idea about conjugated system(s) present in the molecule and it is a very important method of analysis of chromophores permitting the evaluation of their optical properties and their utility for further applications. Fluorescence spectra were reordered on Varian Cary Eclipse fluorescence spectrophotometer. The electronic absorption and emission maxima (max) are directly extracted from absorption and emission spectra of the chromophore-based solution. High-resolution mass spectroscopy was made with a Qstar Elite spectrometer (Applied Biosystems SCIEX) with electrospray ionization source (ESI) and elemental analysis was recorded with an EA 1112 series from ThermoFinnigan through the Spectropôle facility of Aix-Marseille University.

Chapter 3. Synthesis of "push-pull" chromophores 3.1 Synthetic methods for preparation of functionalized π-conjugated systems

The construction of an elongated π-conjugated system from the chemical point of view is not an easy task. As has been outlined before, usually such "push-pull" structures comprise two, three or four-substituted double bonds, simple or fused aromatic cycles like benzene, thiophene, dithienothiophene, benzothiadiazole etc., functionalized donor and acceptor moieties and solubilizing alkyl chains. The connection of all this variety of block asks for reliable synthetic methods. So in the following chapter the most common synthetic strategies and reaction will be reviewed. The main attention will be spared for creation of "push-pull" π-conjugated system cause in the majority of cases the side chains are not added during the synthesis but appear already in starting fragments.

In most of the cases, the multistage synthesis of π-conjugated system implicates the creation of a single bond between sp 2 -hybridized carbon atoms. Pd-catalyzed coupling reactions well handle this kind of transformation. 119 In the synthesis of simplest "push-pull" structures by group of J. Roncali described at Schema 1.7, the Stille coupling 120 was used for bonding of the donor tripenylamine (TPA) moiety with thiophene-containing fragments. The synthesis of compounds 3.1.1 and 3.1.2 has been performed starting from bromo-TPA used as electrophilic reagent itself or for preparation of an organotin derivative (Sch. 3.1). 34 By this approach, the chromophores for photovoltaic application were obtained in good yields only in 3 -4 stages avoiding long transformations thus reducing price of the products. The same concept was also used for synthesis of three-branched dyes. 121,122 The Stille reaction was also found to be indispensable and most practical for the construction of long conjugated oligomers with a central core like benzodithiophene (BDT) 47 or dithienosilole (DTS). 123 In this way, the synthesis of the most PV-effective to date chromophores has been done.

The Suzuki reaction 124 has found a similar type of application. X. Zhang used it for the preparation 1D, 2D and 3D "push-pull" structures. 125,126 Once again, structural assembly was made by creation of sp 2 -sp 2 single bond between aromatic cycles of TPA and oligothiophenes.

The vinyl intermediate was obtained by Horner-Emmons condensation of thiophene aldehyde with the TPA phosphonate, further followed by Vilsmeier formylation and Wittig-Horner olefination. Final chromophore 3.1.5 was synthesized by Heck coupling reaction between donor part and 4,7-dibromobenzothiadiazole.

Finally, also should be mentioned that in a large number of cases the total synthesis of "push-pull" chromophores is finished by addition of an acceptor group in classical conditions of Knoevenagel condensation in acidic (for example synthesis of structures 1.1.17 -1.1.18 in Ac2O 36 ) or basic(for example synthesis of structures 1.1.19 -1.1.20 in Et3N/CHCl3 milieu 41 ) conditions.

In non-linear optics materials, the high molecular hyperpoliarizability is desired and series of poly-cyano-vinyl derives are known. An example of synthesis of such compounds 3.1.6 -3.1.10 was demonstrated in a paper of Kato and Diederich. 129 The [2+2] cycloaddition reaction between electron-deficient alkene and electron-donating alkyne was performed leading to simultaneous introduction of four CN groups, Scheme 3.5.

Scheme 3.5. Synthesis of highly polar molecules for NLO applications.

Similar reaction was used for synthesis of others D -A molecules. 130 In general, only a few classical synthetic methods are at the base of all variety of reported products. This facilitates the development of newest π-conjugated compounds, and the number of tested structures is expected to rise fast.

Multi-step approach to surface-active D -A molecules

After a deep overview of "push-pull" molecules for photovoltaic applications published recently as a review article 131 by our group, general belief of how a surfaceactive donor -acceptor molecule should looks has been formed. We have stopped our attention on a simple, polar architecture with only one pair D -A. The nature of donor group in majority of cases is presented by aromatic amines, often derivatives of TPA. However, TPA unit is quite voluminous and in order to avoid possible steric repulsions in a self-assembled monolayer we decided to use the structure of dialkyl aniline as donor fragment. The π-conjugated backbone usually is presented by a thiophenecontaining fragment. As was pointed in the previous section, acceptor part is often added in late stage of synthesis by the Knoevenagel-type condensation. For last purpose, malononitrile and diethyl thiobarbituric acid (DETA) were chosen as methylenic counterparts of the condensation

We foresee to study self-assembling processes on gold and ITO surfaces. This choice was made because the gold substrates are known to be the classical for SAM investigation and ITO serve as a base for developing optoelectronic devices. Between different surface-anchoring groups, the deposition of thiols has been studied the most on the gold surface and examples of ITO modification are also known (see part 1.2). That is why we decided to synthesize thiol-containing structure. And finally, to achieve a good organization in SAM, the alkyl chain bringing more freedom degree for molecule on the surface is needed. At same time, presence of the alkyl chain can also boost the solubility of molecules.

For the study of possible photovoltaic properties, we presumed to connect D -A molecules to ITO electrode. In classic PV cells, ITO is an anode, so we decided to do such connection from the donor side of the molecule.

In total, our concept of the "push-pull" chromophore for the gold or ITO surface modification is presented in the Fig. It has been decided to start the synthesis from the donor side, and N-methylaniline has been chosen as starting material. While thiol group is fragile to oxidation by air oxygen, its introduction was previewed to be done in later stages.

The main problem of synthesis consisted in the preservation of a valence for further introduction of anchoring group. Because of the possibility of presence of different functional groups, the construction of the conjugated system was decided to make through Wittig-type reaction rather than palladium-catalyzed coupling approach. For this purpose, the synthesis of the donor part carrying phosphonium cation and the πconjugated spacer with an aldehyde group was performed.

The first try of valence preservation on donor part was made by tertbutyloxycarbonyl protecting group (Boc) providing protection of the amino group in N- 
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methylaniline. However, an attempt of para-position functionalization by a formylation in Vilsmeyer conditions led to the product of the formylation of the amino group 3.2.1. So, a lack of stability of this kind of protection was observed, Scheme 3.6.

Scheme 3.6.

After few attempts, we decided do not keep the site of a future functionalization on Natom but introduce a small spacer with OH group in the end. 2-bromoethanol was used as a nucleophile and added to a solution of N-methylaniline and NaOH in methanol. The reaction proceeds with low yields close to 20%. Purification by column chromatography permitted to isolate desired product 3.2.2, as well as the majority of unreacted starting material. (Sch. 3.7) Scheme 3.7.

Obtained active site at OH group has been easily protected by esterification in acetic anhydride at 80°C during 3 hours leading to 3.2.3 in 70% yield.

This acetic ester was stable in Vilsmeyer reaction conditions permitting to introduce an aldehyde group in para-position. After purification by column chromatography, the aldehyde 3.2.4 was reduced to alcohol 3.2.5 by treatment with NaBH4 in anhydrous methanol/dichloromethane solution at 0°C during 1 hour with 80% yield for 2 steps. Such soft conditions were used to avoid a reduction and/or saponification of the ester group.

Scheme 3.8.

The obtained benzylic alcohol 3.2.5 was introduced into the reaction with triphenylphosphonium bromide 3.2.6 obtained from PPh3 and 40% HBr giving organic phosphonium salt 3.2.7. The last product was obtained as a white solid and was easily purified by the crystallization from diethyl ether. Scheme 3.9.

In parallel, a π-conjugated fragment functionalized with two aldehyde groups 3.2.8 was prepared from bithiophene (BT) in one step via lithium-organic intermediate, Scheme 3.10.

Scheme 3.10.

In order to connect donor part with π-conjugated system, this bisaldehyde was introduced to the Wittig reaction. Phosphonium ylide was prepared in situ by the addition of potassium tert-butoxide to THF/CH3CN suspension of 3.2.7. The colored solution of ylide was added dropwise to cooled (0°C) solution of 1 equivalent of bisaldehyde, Scheme 3.11.

Scheme 3.11.

Meanwhile, contrary to what was described in the literature, 132 the yield of desired monoaddition product 3.2.9 was too low, and even two subsequent purifications by the silicagel column chromatography did not permit to isolate 3.2.9 in pure state. We supposed that presence of two active aldehyde groups is responsible for a possible bisaddition or other undesirables reactions.

To bypass those difficulties, an alternative approach has been developed with the preparation of the monoprotected bis-aldehyde synthon. Its synthesis started from 5carbonyl-bithiophene 3.2.10 by an introduction of dioxolane protective group with further formylation, Scheme 3.12. Scheme 3.12.

Obtained product was used in Wittig reaction with the goal to obtain product 3.2.9 in higher yield. (Sch. 3.13) As it possesses only one active aldehyde group, the use of slight excess (1.2 equivalents) of phosphonium salt 3.2.7 was possible.

Scheme 3.16.

Although the yield of synthesis was quite low, obtained product was tested for preparation of SAMs mentioned in the part 4.1. Meanwhile, as expected, the short chain of 2 atoms between π-conjugated system and thiol terminus did not permit to obtain organized layer. At the same time, this molecule also suffered from the lack of solubility and stability due to oxidation of thiol group at room conditions.

The synthetic protocol developed for the synthesis of 3.2.9 has been implicated in synthesis of derivatives with longer alkyl chain. In the second approach starting Nmethyl aniline was introduced into reaction with 6-bromohexanol. (Sch. 3.17) Scheme 3.17.

After optimization of reaction conditions with the use of interphase catalysis with

Bu4NBr the ameliorated yields up to 95% were achieved.

We tried to enter the thioacetate group directly at the beginning of synthesis. For this purpose, the alcohol 3.2.18 was brominated with PBr3 and further reacted with potassium thioacetate leading to desired product 3.2.20 with 31% overall yield for 2 stages. (Sch. 3.18) Scheme 3.18.

After, the developed protocol of the formylation -reduction -phosphonation has been followed. However, while the reduction of 3.2.21 by NaBH4 was performed, the thioacetate group was found to be not enough stable and was cleaved. In order to protect once again obtained thiol it was oxidized to dithiol 3.2.22. Meanwhile, after all transformations it was obtained only with 34% yield. Even through it was proved that it's possible to transform it into diphosphonium salt 3.2. 23 This salt has been used as the synthetic brick playing the role of a donor moiety and has showed a good solubility in chloroform, tetrahydrofuran and acetonitrile, a stability under room conditions and an easiness of purification by a simple recrystallization from diethyl ether.

The structural planarity of "push-pull" molecule is important for optical and as well for self-assembling properties. This why apart bithiophene-based we also prepared a dithienothiophene-based (DTT) π-conjugated spacer. The synthesis of dithienothiophene moiety was performed similarly to described methods. 133 

Physicochemical properties of obtained "push-pull" chromophores

Obtained "push-pull" products were characterized by different physicochemical methods of analysis.

Firstly, the optical properties were evidenced by UV-Vis spectroscopy. Dissolved in DCM, the molecules 3.2.36 -3.2.37, 3.2.42 -3.2.43 and 3.2.44 -3.2.45 demonstrated a strong light absorption having orange, intensive violet and intensive blue coloration depending on the nature of acceptor moiety. Two well-separated absorption bands for every spectrum showed up. First was positioned in the region from 350 -400 nm was attributed to π-π* energy transition while second one positioned close to 450 nm for aldehydes, 550 nm for DCV-derivatives and 600 nm for TBA-derivatives corresponds to the internal charge transfer from donor group to acceptor. The change of bithiophene πconjugated spacer to dithienothiophene did not change the maximum of absorbance significantly, leading only to the bathochromic shift of 1-2 nm. The same conjugation length between donor and acceptor moieties can explain this fact. (Fig. 3 Meanwhile, unexpectedly, this change also leads to lowering of absorbance, the extinction coefficient was found to be 1.3 times higher for DCV derivatives (ε550 nm = 7.5•10 4 L•mol -1 •cm -1 for 3.2.42 and ε552 nm = 5.8•10 4 L•mol -1 •cm -1 for 3.2.43 respectively) and more than 3 times higher for TBA derivatives (ε603 nm = 3.7•10 4 L•mol -1 •cm -1 for 3.2.44 and ε604 nm = 1.1•10 4 L•mol -1 •cm -1 for 3.2.45 respectively). The optical bandgaps (E0-0) were determined from the calculation of the absorption thresholds (λ0-0) from absorption spectra of obtained molecules in dichloromethane and are mentioned in Table 3.1 below.

All four "push-pull" chromophores have demonstrated a low fluorescence while illuminated at absorbance maxima corresponded to the ICT transition. Calculated quantum yields did not exceed 0.1%. The characteristic feature of those molecules appeared in grand values of the Stokes shift between 4000 -4500 cm -1 or 160-180 nm for structures 3.2.42, 3.2.43 and 220 nm for 3.2.44 and 3.2.45. More red-shifted thiobarbituric chromophores showed week emission while DCV-derivatives structures much higher. The combined UV-vis and emission spectra of 3.2.42 and 3.2.43 are demonstrated in Fig. 3.2. Surprisingly, has been found that the DTT-based molecules, despite lower light absorbance ability demonstrated slightly higher fluorescence performance. The possible explanation could cover in the more rigid molecular scaffold providing fewer possibilities of the energy losses by the internal molecular vibrations. Another important feature of the emission spectra of obtained compounds is its nontrivial structure. Usually, two emission bands were observed. Apart from the major one, the more red-shifted shoulder has been recorded. While the strongest band can be attributed to the emission from the locally excited (LE) state, the weaker one testifies the presence of excited internal charge transfer (ICT) state. 134 To obtain more information on molecular structure of synthesized products vibrational spectra has been recorded. The FTIR spectra were written down from solid films obtained after drying of solutions and are demonstrated in Fig. 3.3. The observation of FTIR spectra of 3.2.42 and 3.2.43 reveals the strong vibration of cyano groups at 2220 cm -1 and 2213 cm -1 . As was demonstrated in the work of Delgado 135 , the expected vibration wavenumber of cyanogroup in this chromophore type should be close to 2280 cm -1 . The values below this indicate the strong electron delocalization in π-conjugated systems leading to lowering of C≡N bond strength. Thus, obtained spectra confirm once again the strong connection between donor and acceptor parts as well as the fact that bridged DTT spacer assures it better than bithiophene system. Another characteristic peaks rely on vibrations of vinylene bonds. While the first bond between donor and π-spacer moieties in all substances have demonstrated the vibrations in narrow region 1597 -1598 cm -1 , another double bond between π-spacer and acceptor part had signals situated between 1570 cm -1 and 1550 cm -1 . The lower values demonstrated lower bond strength due to the electron density displacement versus an acceptor group. The value of 1550 cm -1 observed for diethylthiobarbituric derivatives 3.2.44 and 3.2.45 evidenced once again its stronger acceptor nature compared to DCV.

The electrochemical characterization obtained compounds was made by the cyclic voltammetry method using MeCN or MeCN/CH2Cl2 millimolar solutions with 0.1 M Bu4NPF6 as an electrolyte additive. The experiments were performed on the gold working electrode (d = 1 mm) and Ag/AgCl reference electrode with a scan rate of 100 mV/s. The corresponding electrochemical properties are summarized in Table 3.2. In order to extract the LUMO and HOMO energy levels positions, the reference study of ferrocene (Fc) oxidation has been done and HOMO, LUMO levels of synthesized compounds were calculated from the oxidation and reduction potentials with the assumption that the HOMO energy level of ferrocene (Fc) is 4.8 eV below vacuum level. Usually, three redox waves were observed revealing one oxidation and two reduction processes. While the positive potentials stay fixed, the reduction strongly depends on acceptor nature. Similarly to the optical bandgap, the energy difference between LUMO and HOMO calculated from electrochemical data also showed a significant reduction upon the acceptor change from aldehyde to dicyanovinyl and thiobarbituric cycle. Summarized positions of energy levels are depicted in Fig. 3.4.

Figure 3.4. Positions of energy levels of synthesized "push-pull" compounds.

Obtained HOMO energy position is almost the same for all obtained structure of this series. The strength of the acceptor group has a determinative impact on LUMO position and so, the on the bandgap energy. Meanwhile, the change in π-conjugated fragment has a secondary effect because of the same conjugation length of bithiophene and dithienothiophene fragments. Slightly lower Eg values for DTT derivatives can be assigned to better conjugation in the covalently planar structure leading to more the aromatic character of the central core and the approaching of energy levels.

The theoretical calculation was done with Gaussian09W software. Using an approach of density functional theory (DFT) at the B3LYP/6-31G(d) level, the basic modeling has been performed on molecular structure 3.2.42. It helps to visualize the HOMO and LUMO molecular orbitals as shown at Figure 3 Calculated in the gas phase, the energy of frontier orbitals were revealed to be -5.01 eV for HOMO and -2.88 eV for LUMO. While the HOMO value is very close to that founded by electrochemical method, the LUMO is almost 0.5 eV higher than expected. In addition, the pictures above demonstrate that in ground state (Fig. 3.5.a) the πelectronic density is distribuated on all π-conjugated structure while in excited state (Fig. 3.5.b) it is very displaced to the acceptor termini and so, the structure is polarized. This can serve as clear illustration of internal charge transfert. At same time, the excited hightly dipolar state can be effectivelly stabilized in the presence of solvent molecules explaining the difference between calculated and observed values of LUMO energy.

To get closer to possible applications, the optical properties of solid state materials were studied. For this purpose, thin films of "push-pull" dye 3.2.42 were prepared by spin-coating. (Fig. 3.6) Two type of samples were utilized -glass and silicone plates. While first ones permitted to study a sample light absorbance in transmission mode, the silicone-based samples had much higher reflectivity providing better conditions for the ellipsometric study. The substrates were cleaned by subsequence washing in soap solution, deionized water, ethanol and acetone during 15 minutes each in an ultrasonic bath at 40°C. After, the chromophore solution was prepared by dissolving of 3.2.42 in chloroform in order to reach 5 mg/mL concentration (9.4 mM) which is close to the solubility limit. Few conditions were tested, and the most convenient consisted in the repetition twice of the deposition of the organic solution (5 µL volume) on the substrate followed immediately by drying at 1500 rpm during 30 seconds.

Prepared in this way Si-based samples were used for the spectral ellipsometric study on Sopra GES5 ellipsometer in wavelength diapason between 310 nm and 950 nm at incident angles 60°, 65°, 70° and 75°. Obtained spectral values cos(Δ) and tan(ψ) were used to simulation of optical indices as well as layer thickness. Calculated parameters n and k are depicted in Fig. 3.7. The thickness of the organic layer has been estimated to be close to 35 nm.

Fig. 3.7. Wavelength-depended simulated optical indices of 3.2.40-based film.

Glass-based samples were also prepared by the same procedure and used for light absorption study done on the CARY 5000 spectrophotometer equipped with an integrating sphere. The light once reaching sample surface can be absorbed, transmitted or reflected. So, the sample absorbance can be obtained from measurements of The obtained light absorption spectrum possesses similar maxima as those recorded in solution of 3.2.42. We concluded that obtained film, at least for a while after preparation, hasn't any molecular organization because no hypsochromic as no bathochromic shifts were observed. Probably it means an amorphous molecular arrangement.

In conclusion, the multistep synthesis of targeted "push-pull" molecules was developed. From the synthetic point of view, using such approach one can construct as a puzzle different desired molecular structures. While the donor fragment is the keystone basis, the π-conjugated bridge as well as an acceptor part and an anchoring tail could be modified easily during the synthesis. Obtained structures, beside possessing a thioacetate group, demonstrated advanced optical characteristics with low-energy bandgaps suitable for applications in materials development, for example in photovoltaic design. Methylaniline (2.7 g, 2.72 ml) was dissolved in anhydrous THF (20 ml), 6bromohexan-1-ol (5g, 1.1 eq) was added, and the mixture was refluxed for 1 hour. Then aqueous solution of sodium hydroxide (1.1 g in 5 mL of H2O) with few crystals of NBu4Br was added, and the mixture was refluxed for two days more. The solution was extracted with dichloromethane. The organic layer was washed twice with water and dried over anhydrous magnesium sulfate. After filtration, the solvent was removed under reduced pressure and the crude product was purified by silica-gel column chromatography using petroleum ether / ethyl acetate 8:2 (at beginning) and 6:4 (at end) mixtures as eluents to afford 6-(methyl(phenyl)amino)hexan-1-ol (5.0 g, 95 %) as light-yellow oil-like liquid.

1H An acetic anhydride (6 ml) was added to 6-(methyl(phenyl)amino)hexan-1-ol (5 g) and stirred at 80 °C 2.5 hours with a reflux condenser. After cooling to room temperature, the mixture was diluted with dichloromethane (50 ml) and was carefully neutralized by saturated solution of sodium carbonate. The phases were separated, and the organic layer was washed twice with water and dried over anhydrous magnesium sulfate. After filtration, the solvent was removed in vacuo and the crude product was purified by silica-gel column chromatography using petroleum ether / ethyl acetate 9:1 as an eluent to afford 6-(methyl(phenyl)amino)hexyl acetate (4.2 g, 70 %).

1H 6-(methyl(phenyl)amino)hexyl acetate (4.2g) was dried under vacuum for 30 min and solubilized in anhydrous dichloroethane (40 ml) under argon atmosphere. A dimethylformamide (1.4 ml, 1.1eq) was added. After cooling to 0 °C, a phosphoryl chloride (1.7 ml, 1.1 eq) was added dropwise, and the solution was refluxed for 3 hours. After cooling to room temperature, the mixture was neutralized by 70 mL of 1M solution of KOAc and stirred for 1 hour more. The organic layer was diluted with CH2Cl2, washed twice with water and dried over anhydrous magnesium sulfate. After filtration, the solvent was removed under reduced pressure and the crude product was purified by silica-gel column chromatography using petroleum ether / ethyl acetate 7:3 as an eluent to afford 6-((4-formylphenyl)(methyl)amino)hexyl acetate (2.9 g, 62 %).

1H The solution of 6-((4-formylphenyl)(methyl)amino)hexyl acetate (2.9 g) in anhydrous methanol/dichloroethane 1: 1 mixture (40 ml) was cooled to 0 °C. Sodium borohydride (300 mg, 0.75 eq) was added, and the mixture was stirred for 3 hours at 0 °C. An ice (100 g) was added and stirred during a half-hour. The product was extracted three times with dichloromethane. The organic layer was washed with water and dried over anhydrous magnesium sulfate. After filtration, the solvent was removed under reduced pressure to afford 6-((4-(hydroxymethyl)phenyl)(methyl)amino)hexyl acetate (2.6 g, 89 %). The crude product was used in the next step without further purification.

1H To a solution of 6-((4-(hydroxymethyl)phenyl)(methyl)amino)hexyl acetate (2.6 g) in an anhydrous acetonitrile (50 ml), a triphenylphosphonium bromide (3.03g, 0.95 eq) was added. The mixture was refluxed 3 hours. After cooling, a solvent was distilled in reduced pressure and the residual oil was dissolved in chloroform. The organic layer was washed with water and dried over anhydrous magnesium sulfate. After filtration, the solvent was removed in reduced pressure and oil solidified in diethyl ether in a fridge. The product was further filtered and washed two times with diethyl ether. To a solution of [2,2']bithiophenyl-5-carbaldehyde (5.82 g) in benzene (400 ml) a para-toluene-sulfonic acid monohydrate (1.14 g, 0.2 eq.) and an ethylene glycol (37.2 g, 20 eq) was added. The solution was refluxed with a Dean-stark apparatus for about 48 hours. A conversion was controlled by 1H NMR. After full consumption of an aldehyde, azeotropic water was removed, and the solution was cooled to room temperature and washed with saturated NaHCO3 solution twice and with water. Organic phase was dried with MgSO4. An activated carbon was added, and the solution was filtered through glass funnel with celite. After evaporation of the solvent, desired product was obtained as an yellow oil. Yield 6.55 g (92%).

1H NMR (250 MHz, CDCl3) δ 7. The solution of 2-[2,2']bithiophenyl-5-yl-[1,3]dioxolane (2.98 g) in anhydrous tetrahydrofuran (30 mL) under argon atmosphere was cooled to around -80 °C and butyllithium solution (5 mL, 2.5M, 1 eq) was added dropwise. After stirring for 1 hour at -80 °C, N, N-dimethylformamide (1 mL, 1.05 eq) was added dropwise. The solution was stirring overnight, letting temperature rise to room conditions. Water (50 ml) was added, and the solution was stirred for 0.5 hour. The product was extracted with chloroform three times; organic layers combined, washed with water and dried over anhydrous magnesium sulfate. After filtration, the solvent was removed under reduced pressure. The crude product was dissolved in CHCl3 and ether was added to precipitate impurities. After filtration, solution was again evaporated to give 2.94 g (88%) of 5'- [1,3] The solution of tetrabromothiophene (12 g) in anhydrous THF (150 ml) was cooled in acetone bath to -80 °C under an argon atmosphere and the solution of butyllithium (24 mL, 2,5 M, 2 eq) was added slowly via syringe. When addition was finished, the solution was stirred at about -78 °C for another 1 hour. Dry N, N-dimethylformamide (5.2 mL, 2.25 eq) was added to the reaction mixture, which is then allowed to warm to room temperature overnight. The reaction mixture was cooled to 0°C in the ice bath and hydrochloric acid (75 mL, 6 M) was added slowly. The reaction mixture was stirred at 0°C for 30 minutes and then filtered under vacuum. The solid product was washed with water and dried to give 4.94 g (55%) of crude dialdehyde. The material was carried forward without further purification.

1H NMR (250 MHz, CDCl3) δ 10.07 (2H, CHO, s).

Dithieno[3,2-b;2'3'-d]thiophene-2,6-dicarboxylic acid diethyl esther (3.2.30)
The 3,4-dibromo-2,5-diformylthiophene was suspensioned in anhydrous N, Ndimethylformamide and ethyl 2-mercaptoacetate was added. After 10 minutes, an anhydrous potassium carbonate was added and the reaction mixture was stirred for three days. The reaction mixture was poured into water (100 mL) and a precipitate formed was extracted with dichloromethane. The organic layer was washed with water and dried over anhydrous magnesium sulfate. After filtration, the solution was concentrated under reduced pressure until the precipitate began to form. After cooling to 0 °C, precipitate was filtered and dried to give desired dithienothiophene (DTT) diester (3.69g, 79% yield).

1H NMR (250 MHz, CDCl3) δ 8.01 (2 H, CH, s), 4.41 (4 H, OCH2, q, J = 7.25 Hz), 1.41 (6 H, CH3, t, J = 7.25 Hz).

2,6-Dibromodithieno[3,2-b;2'3'-d]thiophene (3.2.31)
To the slurry of DTT-diester 3.2.30 (5.64 g) in THF (60 mL) a 1M aqueous solution of LiOH (65 mL) was added. The reaction mixture was heated under reflux for 3 hours. The excess of N-bromosuccinimide (17.72 g, 6 eq) was added, and the stirring was continued during the weekend at room temperature. The final product was extracted with dichloromethane; organic layers were combined, washed with saturated NaHCO3 solution and water, then dried with anhydrous magnesium sulfate. After filtration, the solvent was removed under reduced pressure, residue was washed with warm ethanol and filtered to dive 2,6-dibromodithieno [3,2- A 250 mL flask was charged with ethanol (50 mL), acetic acid (12 mL), water (5 mL), few drops of concentrated HCl and zinc (4.05 g, 4 eq). The mixture was heated to reflux, and 2,6-dibromodithieno[3,2-b;2'3'-d]thiophene was added. The mixture was heated under reflux with intensive stirring 3 hours. After cooling to room temperature, the mixture was diluted with water (50 mL), and organic product was extracted with dichloromethane three times. Organic layers was combined, dried over anhydrous magnesium sulfate, filtered and evaporated to afford dithieno [3,2- a) To a solution of dithieno[3,2-b;2'3'-d]thiophene (0.98 g) in anhydrous N,Ndimethylformamide (15 mL) at 0 °C a phosphoryl chloride (1.53g, 0.93 mL, 2 eq) was added dropwise. Solution was stirred 1 hour at 0 °C, 40 minutes at 50 °C and cooled to room temperature. The reaction mixture was poured into ice-chilled water and saturated NaAc solution was added to rich pH around 5. The mixture was stored in a refrigerator during the night; a dark-yellow suspension was obtained. The solid product was filtered, washed with water, dried and washed with cyclohexane to remove starting material. After drying, dithieno[3,2-b;2'3'-d]thiophene-2-carbaldehyde (0.83 g, 74%) was obtained.

b) The solution of dithieno[3,2-b;2'3'-d]thiophene (1.98 g) in anhydrous tetrahydrofuran (50 mL) under argon atmosphere was cooled to around -80 °C and butyllithium solution (4 mL, 2,5M, 1 eq) was added dropwise. After stirring for 1 hour at -80 °C, N-formyl-piperidine (1.12 mL, 1 eq.) was added dropwise. The solution was stirring overnight, letting temperature grow up to room conditions. Hydrochloric acid (30 ml, 6M) was added, and the solution stirred for 1 hour more. The product was extracted with dichloromethane; organic layers combined, washed with water and dried over anhydrous magnesium sulfate. After filtration, the solvent was removed under reduced pressure. The crude product was purified by crystallization from warm ethanol to give dithieno [3,2- 

-Dithieno[3,2-b;2',3'-d]thiophen-2-yl-[1,3]dioxolane (3.2.34)
To a solution of dithieno[3,2-b;2'3'-d]thiophene-2-carbaldehyde (0.9 g) in benzene 100 ml) a para-toluenesulfonic acid monohydrate (0.153 g, 0,2 eq.) and an ethylene glycol (4.98 g, 20 eq) was added. The solution was refluxed with a Dean-Stark apparatus for 48 hours. A reactional conversion was controlled by 1H NMR. After full consumption of an aldehyde, azeotropic water was removed, and the solution was cooled to room temperature and washed with saturated NaHCO3 solution twice and with water. Organic phase was dried with MgSO4. An activated carbon was added, and the solution was filtered through glass funnel with celite. After the evaporation of the solvent, desired product was obtained as a yellow oil. Yield 1.05 g (97%).

1H NMR (250 MHz, DMSO-d6) δ 7.72 (1 H, 6CH, d, J = 5.25 Hz), 7.66 (1 H, 3CH, s), 7.53 (1 H, 5CH, d, J = 5.25 Hz), 6.16 (1 H, s), 3.94 -4.11 (4 H, OCH2CH2O, m).
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-[1,3]Dioxolan-2-yl-dithieno[3,2-b;2',3'-d]thiophene-2-carbaldehyde (3.2.35) The solution of 2-d_ithieno[3,2-b;2',3'-d]thiophen-2-yl-[ 1,3]dioxolane (3.72 g 
) in anhydrous tetrahydrofuran (40 mL) under argon atmosphere was cooled to around -80°C and a butyllithium solution (5.55 mL, 2.5M, 1 eq) was added dropwise. After the 1 hour stirring at -80°C, N-formyl piperidine (1.7 mL, 1.1 eq) was added dropwise. The solution was continuously stirred overnight, letting temperature grow up to room conditions. Hydrochloric acid (40 ml, 1M) was added, and the mixture was agitated for 0.5 hour more. The solution was extracted with dichloromethane three times; organic layers combined, washed with water and dried over anhydrous magnesium sulfate. After filtration, the solvent was removed under reduced pressure. The product was purified by recrystallization from mixture chloroform / petroleum ether to give 2,82 g (67%) of 6- [1,3] The solution of [4-(N-methyl-N-6-acetoxyhexylamino)benzyl]triphenylphosphonium bromide 3.2.27 (1.0 g, 1.1 eq) and 5'- [1,3]dioxolan-2-yl-[2,2']bithiophenyl-5carbaldehyde 3.2.12 (0.4 g) in anhydrous THF (10 mL) and CH3CN (10 mL) under Ar atmosphere at 0 °C was prepared and sodium tert-butoxide (0.16 g, 1.1 eq) was added. The reaction was stirred at 0 °C for 2.5 hours and controlled by 1H NMR spectroscopy until the disappearance of the signal at 9 ppm corresponding to the aldehyde group of 3.2.12. Hydrochloric acid (10 mL, 2M) was added at 0 °C, and the mixture was stirred 0.5 hours more leading to the neutralization of basic species and the cleaving of dioxolane cycle. The solution was carefully neutralized with sodium hydroxide solution, organic products were extracted with dichloromethane twice, organic layers were combined, washed with water and dried over magnesium sulfate. After filtration, solvents were removed under reduced pressure. A crude product was purified by the silica-gel column chromatography using dichloromethane as eluent to afford desired product as a mixture of isomers with trans/cis ratio close to 7: 3. This mixture was dissolved in chloroform (50 mL), few crystals of iodine were added and the mixture was refluxed for 1 hour. After cooling to room temperature, solution was washed with an aqueous solution of Na2S2O4 and water, dried over magnesium sulfate and evaporated. The product was purified once again by silica-gel column chromatography using dichloromethane and dichloromethane/ethyl acetate 9:1 mixture as eluents to afford pure product 3.2. 36 The solution of [4-(N-methyl-N-6-acetoxyhexylamino)benzyl]triphenylphosphonium bromide 3.2.27 (1.0 g, 1.1 eq) and 6- [1,3]

dioxolan-2-yl-dithieno[3,2-b;2',3'-d]thiophene-2-
dioxolan-2-yl-dithieno[3,2-b;2',3'-d]thiophene- 2-carbaldehyde (3.2.
35) (0.446 g) in anhydrous THF (10 mL) and CH3CN (10 mL) under Ar atmosphere at 0°C was prepared and sodium tert-butoxide (0.16 g, 1.1 eq) was added. The reaction was stirred at room temperature for 3 hours and controlled by 1H NMR spectroscopy until the disappearance of the signal at 9 ppm corresponding to the aldehyde group of 3.2.35. Hydrochloric acid (5 mL, 2M) was added at 0 °C, and the mixture was stirred 0.5 hours more leading to the neutralization of basic species and the cleaving of dioxolane cycle. The solution was carefully neutralized with sodium hydroxide solution, organic products were extracted with dichloromethane twice and organic layers were combined, washed with water and dried over magnesium sulfate. After filtration, solvents were removed under reduced pressure. A crude product was purified by the silica-gel column chromatography using dichloromethane as eluent to afford desired product as a mixture of isomers with trans/cis ratio close to 7: 3. This mixture was dissolved in chloroform (50 mL), few crystals of iodine were added and the mixture was refluxed for 1 hour. After cooling to room temperature, solution was washed with an aqueous solution of Na2S2O4 and water, dried over magnesium sulfate and evaporated. The product was purified once again by silica-gel column chromatography using dichloromethane and dichloromethane/ethyl acetate 9:1 mixture as eluents to afford pure product 3.2.37 (0.62 g, 83%) as dark-red solid. 1 

(methyl)amino)styryl)-[2,2'-bithiophen]-5-yl)- methylene)malononitrile (3.2.38) 2-((5'-(4-((6-hydroxyhexyl) 
The ester 3.2.36 (0.65 g) was dissolved in dichloromethane (10 mL), methanol (10 mL) and the sodium hydroxide solution was added (10 mL, 10M). The mixture was stirred 4 hours at room temperature. The solution was extracted with dichloromethane twice; organic layers were washed with water and dried over magnesium sulfate. After filtration, solvent was removed under reduced pressure giving 0.66 g of (E)-5'-(4-((6hydroxyhexyl)(methyl)amino)styryl)-[2,2'-bithiophene]-5-carbaldehyde as dark-red solid. The crude product was used in the next step without purification.

The deprotected aldehyde (0.3 g, as the crude product from the previous step) was dissolved in ethanol (100 mL) under heating. Malononitrile (0.14 g, 3 eq) was added, and the mixture was heated with the backflow condenser. Triethylamine (3 drops) was added, and the mixture was refluxed 2 hours. After cooling, ethanol was evaporated, and silica-gel column chromatography was performed with the mixture CH2Cl2/EtOAc 9.5:0.5 as the eluent. The dark violet solid compound 3.2.38 was obtained in 95% yield for two steps.

Obtained crystals were dissolved in the mixture of 10 mL of dichloromethane and 5 ml of methanol. The 10M aqueous solution of NaOH with few crystals of Bu4NBr was added, and the mixture was stirred for 3 hours at room conditions. The solution was neutralized by saturated solution of NH4Cl, and organic product has been extracted twice by dichloromethane. Organic layers were combined, dried under MgSO4 and filtered. The solvent was removed under reduced pressure giving 94 mg (66%) of desired product after two steps. The ester 3.2.37 (0.147 g) was dissolved in acetic anhydride (2 mL) and heated up to 80 °C. 1,3-Diethyl 2-thiobarbituric acid (60 mg, 1 eq) was added, and mixture was stirred for one hour. The condensation product was obtained by crystallization upon addition of absolute ethanol (20 mL) and cooling down to room temperature for 30 minutes. Precipitate formed has been filtered and dried.

Obtained crystals were dissolved in a mixture of 10 mL of dichloromethane and 5 ml of methanol. The 10M aqueous solution of NaOH with few crystals of Bu4NBr was added, and the mixture was stirred for 3 hours at room conditions. The solution was neutralized by saturated solution of NH4Cl and organic product has been extracted twice by dichloromethane. Organic layers were combined, dried under MgSO4 and filtered. The solvent was removed under reduced pressure giving 136 mg (72%) of desired product after two steps. The alcohol 3.2.38 (0.35 g) was dissolved in anhydrous chloroform (20 mL) under Ar atmosphere. PBr3 (0.3 g, 0.11 mL, 1.5 eq) was added and the mixture was stirred at room temperature during weekend changing color from dark violet to red. The mixture was neutralized with Na2CO3 aqueous solution; organic product was extracted with dichloromethane. The crude product was obtained after solvent removing and used in the next step without further purification.

The powder obtained from the previous step was dissolved in mixture EtOH/CH2Cl2 (5 mL and 15 mL respectively) and potassium thioacetate (0.3 g, 3 eq) was added. The mixture was stirred overnight at room temperature. Organic product was extracted with dichloromethane, washed with water and dried over magnesium sulfate. The silica-gel column chromatography was performed yielding 0.12 g (31 % yield) of 3.2. 42 The alcohol 3.2.39 (67 mg) was dissolved in anhydrous chloroform (10 mL) under Ar atmosphere. PBr3 (86 mg, 0.03 mL, 1.5 eq) was added, and the mixture was stirred at room temperature for two days changing color from dark violet to red. The mixture was neutralized with Na2CO3 aqueous solution; organic product was extracted with dichloromethane. The crude product was obtained after solvent removing and used in the next step without further purification.

The powder obtained from the previous step was dissolved in mixture DMF/CH2Cl2 (10 mL and 10 mL respectively) and potassium thioacetate (0.1 g, 3 eq) was added. The mixture was stirred overnight at room temperature. Organic product was extracted with dichloromethane, washed with water and dried over magnesium sulfate. The silica-gel column chromatography was performed yielding 12 mg (16 % yield) of 3.2. 43 The alcohol 3.2.40 (0.1 g) was dissolved in anhydrous chloroform (10 mL) under Ar atmosphere. PBr3 (0.058 g, 0.02 mL, 1.5 eq) was added, and the mixture was stirred at room temperature for two days changing color from dark blue to red. The mixture was neutralized with Na2CO3 aqueous solution; organic product was extracted with dichloromethane. The crude product was obtained after solvent removing and used in the next step without further purification.

The powder obtained from the previous step was dissolved in DMF (20 mL), and potassium thioacetate (0.05 g, 2 eq) was added. The mixture was stirred overnight at room temperature. Organic product was extracted with dichloromethane, washed with water and dried over magnesium sulfate. The silica-gel column chromatography was performed yielding 16 mg (15 % yield) of 3.2. 44 96, 148.39, 147.67, 135.93, 133.26, 131.58, 128.50, 128.24, 126.30, 124.58, 124.12, 116.39, 112.06, 109.18, 52.61, 44.04, 43.23, 38.50, 34.25, 30.77, 29.63, 29.14, 28.77, 26.84, 26.75, 22.75, 22.46, 14.18, 12.67, 12. The alcohol 3.2.41 (0.13 g) was dissolved in anhydrous chloroform (10 mL) under Ar atmosphere. PBr3 (0.086 g, 0.03 mL, 1.5 eq) was added, and the mixture was stirred at room temperature for two days changing color from dark blue to red. The mixture was neutralized with Na2CO3 aqueous solution; organic product was extracted with dichloromethane. The crude product was obtained after solvent removing and used in the next step without further purification.

The powder obtained from the previous step was dissolved in DMF (20 mL), and potassium thioacetate (0.05 g, 2 eq) was added. The mixture was stirred overnight at room temperature. Organic product was extracted with dichloromethane, washed with water and dried over magnesium sulfate. The silica-gel column chromatography was performed yielding 20 mg (14 % yield) of 3.2. 45 carbon and thus providing good self-assembled layer due to strong intermolecular interaction based on van der Waals forces. 136 The second reason for the choice of ODT as a model compound consists in its molecular length (l ≈ 23 Å) close to that of the "pushpull" compound 3.2.42 (l ≈ 24 Å) from Part III.2 chosen for SAM investigation. Consequently, ODT SAMs can be used as host matrix for the push-pull compounds by inserting them from solution. 137,103 Furthermore, at longer times of immersion of ODT SAMs in push-pull solution, we could expect that push-pull SAM can possibly be obtained by exchange with ODT molecules of the SAM. 138 The working solution of ODT in 1 millimolar concentration was prepared by dissolution of 1.15 mg of material in a mixture of 3 mL of dichloromethane (DCM) and 1 mL of ethanol, EtOH. The sample of gold (111) on mica substrate was cleaned as described before and immersed into ODT solution for 24 hours. Obtained SAM on gold was washed and dried. The goniometric measurements demonstrated high hydrophobicity of the sample with an average value of contact angle (CA) of 104.7°, instead of the expected value of ~110° for methyl-terminated alkyl chains. [START_REF] Ulman | An introduction to ULTRATHIN ORGANIC FILMS[END_REF] Meanwhile, STM imaging revealed only small organized domains (Fig. 4.1) In order to improve the self-assembled organization, additional treatment was performed. 139 The sample was firstly heated at 65 °C in ODT solution for 2 hours, and, after being rinsed with ethanol and dried under nitrogen, annealed for 2h more at 85°C in air. It resulted in better organization quality permitting to achieve higher values (+5.2°) of CA. The "etch-pits" seen in Fig. 4.2 a) and b) (usual for self-assembled monolayers of thiols on gold) arises from partial desorption of gold surface atoms. If we presume multi-molecular deposition, such "etch-pits" should be filled by the organic layer. So the clear appearance of such "etch-pits" with a depth corresponding to the Although they present ordered self-assembled monolayers, simple alkyl chains are very limited in possible applications. From electronic point of view, the simple saturated chain usually looks like an insulator 140 or a spacer separating metal surface from processes occurring in layer. Now, the research community in the field is more interested in functionalized SAMs, especially those containing π-conjugated species. 141 Those can lead to newest properties and application as was described in Part I.3. Particularly, the aim of this work is to study self-assembly of π-conjugated push-pull molecules.

For this purpose, we continued our study with self-assembly of thiophene-based molecules 3TSH as model π-conjugated species. They are composed of terthiophene core framed with one alkyl chain n-C6H13 at one side and, as for the studied push-pull compounds, an alkyl thiol n-C6H12SH on the other end (Sch. 4.1). The deposition has been made under typical conditions. The working solution of 3TSH was prepared in 1 mM concentration in a mixture of solvents composed of dichloromethane and ethanol in 4 to 1 ratio. The cleaned sample has been immersed into solution for 15 hours (or overnight). Afterwards, the sample has been taken out from the solution, rinsed, dried, and studied by goniometry. The average CA of 96.8° has been attained, i.e., lower than the value of ~110° corresponding to the methyl-ended alkyl chain. Meanwhile, a try of annealing in solution led to lower values of CA and worse organization on the surface as was revealed by STM images. Latter fact seems to be a consequence of the solvent vapor formation on the surface. Contrary to this, the annealing at air conditions permitted to obtain more organized layer with molecular organization locally, over small domains of ~10 nm, as revealed by molecular rows observed in STM imaging (Fig 4 .3). Using the same approach, the first SAM of "push-pull" molecules was prepared starting from the thiol-terminated compound 3.2.17 with the shorter alkyl chain of two carbon atoms. However, this first attempt demonstrated a quite poor quality of obtained functionalized surfaces. (Fig. 4.4) Calculated values of RMS surface roughness vary around 0.21 -0.24 nm and water contact angle was established close to 88°. Such hydrophobic character is not usual for cyano-terminated SAMs and this together with an absence of "etch-pits" can be an evidence of a multilayer deposition.

SAMs of aromatic compounds by exchange with alkanethiolate SAM

In order to improve deposition quality, we have tried inserting π-conjugated molecules to well-organized layer. It was expected that the replacement of alkylthiol molecules by aromatic ones can proceed with saving the well-organized structure. 142,138 The well-organized layer of octadecanethiol (ODT) was prepared from 1 mM ethanol solution by sample immersing for 24 hours and dipped into 1 mM solution of 3TSH for a fixed period. Molecular exchange were followed by STM imaging. The 3TSH molecule is a little bit longer (l ≈ 26 Å) than ODT (l ≈ 23 Å). Thus in STM images 3TSH-domains appears brighter giving clear evidence of the exchange process. Insertion occurred typically at the defect sites in ODT SAM, such as etch pits or/and domain boundaries.

A series of images were obtained (Fig. 4.5) after different sample immersing times. WSxM 5.0 software 114 was used to made the numerical processing. It permitted to calculate the relative part of the surface covered by 3TSH molecules. An interesting particularity arises from the profile diagrams. While calculated difference between the length of ODT and 3TSH is approximately 3 Å, the cross-sections of bright islands from Figure 4.5 a)-c) revealed their relative height close to 6 -8 Å. This difference can be explained by better tunneling of terthiophene derivative than alkanethiol due to presence of π-conjugated system. The domains of 3TSH molecules from picture 4.5 d) are about twice higher reaching ~15 Å. We suppose that a bigger assembly of terthiophene molecules can provide even better conducting properties as already mentioned in the literature on the basis of a conducting disk model. 143 Indeed, the presence of even a short alkyl chain provides the necessary flexibility to promote denser packing which should contribute to the increase of the global conductivity. However, such difference creates problems in the scanning imaging making it noisier.

The most probable reason of the incomplete substitution consists in fact that alkanethiol-based SAM probably possesses more stable structure then an aromatic-one due to smaller size of molecules and more compact organization. This raises the force of intermolecular interactions in ODT layer and do not permit to insert successfully aromatic molecules.

Shorter chain lowers intermolecular interaction and so such molecules can be desorbed more easily. Meanwhile, the same approach for preparation of SAM of "pushpull" compound 3.2.17 by its insertion into dodecanethiol (DDT) layer also failed ending by only around a 5% substitution. (Fig. 4.7) It should be also mentioned that obtained images are even noisier than in the case of ODT-3TSH assemblies. This can be explained by the greater differences between molecular lengths on one hand (DDT is around ≈ 15.5 Å long while 3.2.17 length is ≈ 21 Å), and between conductivities on the other hand, the latter being expected higher for DDT-3.2.17 binary SAM. So, in conclusion although the direct alkanethiol deposition can provide dense monolayers, unfortunately a replacing process gives only partial substitution of alkanethiol by π-conjugated thiols such as 3TSH or push-pull thiol molecules. Therefore, in the following we were interested in the formation of direct SAM deposition of pushpull thiol compounds on two surfaces: gold and ITO.

SAMs of "push-pull" molecule on gold

Among the few "push-pull" products obtained by organic synthesis as described in part 3.2, we have selected the molecule 3.2.42 (further quoted as SBTMN) for subsequent investigation. Its structure possesses the dyalkylaniline donor group, the ethylenebithiophene π-conjugated base and dicyanovinyl acceptor group. The main obtained results were recently published. 144 This choice was based on facts that this compound has the lowest molecular weight, the highest solubility, the highest light absorption and was the most available among all the synthesized products 3. 

Kinetics of push-pull adsorption

We started our work with the study of the adsorption kinetics by cyclic voltammetry. For this, a screen-printed electrode (SPE) DS-250AT was used as mentioned in section 2.6. As specified by the manufacturer this SPE consists in three interior electrodes usual for electrochemical analysis: the gold working electrode with diameter of one mm 2 , the platinum contrelectrode, and the silver reference electrode.

The developed experimental procedure consisted of few steps. Firstly, two solutions were prepared: the organic one with 1 mM concentration of SBTMN in dichloromethane, and the aqueous one in distilled water, containing potassium hexacyanoferrate (K3Fe(CN)6) as a reference reductible product in 1 mM concentration and an electrolyte additive (1 M KCl) assuring high conductivity. The SPE was washed with ethanol and dichloromethane and dipped into the aqueous solution demonstrating a voltammetric cycle with a reversible reduction and oxidation of Fe(CN)6 3-anion. Afterwards, it was taken out, rinsed with ethanol, dried and put into an organic solution for some time allowing the organic molecules to adsorb on the surface with a certain coverage depending on the duration. Once extracted and washed with DCM and EtOH, the SPE was put once again into solution of K3Fe(CN)6. Partial adsorption lowered the anodic current observed for the hexacyanoferrate reduction. The described procedure was repeated in order to observe the current lowering after different immersion times giving a view of the adsorption kinetics. ( ). This plot of the current intensity decay exhibits two parts: (i) a fast recovery rate described by simple first-order kinetics (ii) followed by a slower phase indicating a reorganization and a densification process within the plane of the monolayer.

b) a)

The chemisorption behavior of SBTMN and intensity current decay are in full agreement with a two-step Langmuir-type mechanism, 66 which can be expressed following the Equation 4.1:

( ⁄ ) ( ⁄ ) Eq. (4.1)
The calculation of the characteristic time constants leads to values nearby 80 seconds and 17 minutes for tAu1 and tAu2 respectively. The later are of same order of magnitude of those reported by Lau et al. for thioacetate alkane: 60 second and 12 min. 147 The differences might be ascribed to the higher molecular weight and size for SBTMN restricting its diffusion to the surface. The obtained values I1 and I2, -0.41 µA and -0.13 µA respectively, evidence that the major current decay (≈ 70%) is assigned to the chemisorption step and the minor to the auto-organization leading to a densification of the monolayer 1.3 times greater.

Structure of push-pull SAM

The goniometry is the common method of SAMs' characterization (see part 2.1). However, contrary to the ODT and 3TSH molecules, the SBTMN did not possess the terminal alkyl chains making a surface hydrophobic. Obtained values of CA varied around 79°, slightly more than values of ~69-75° reported 148 for single cyano surface group, due to the polar character of terminating dicyanovinyl group. As a comparison, bare Au substrate UV ozone cleaned and immersed into methylene chloride solvent for 24 h exhibits a lower water contact angle of 57.5°  1.4°. Deeper insight of the surface morphology at nanoscale was further studied by SPM methods.

Because of low solubility of SBTMN in ethanol we proceeded the deposition from solution in a pure dichloromethane. The Au sample was cleaned as described before with UV-O3 treatment and washed by ethanol and dichloromethane. It was put into 1 mM solution of SBTMN for 24 hours. Obtained SAM were dried and imagined by STM. The representative images are showed on Fig 4 .9. This images demonstrated the presence of "etch-pits" that are characteristic for monomolecular adsorption on the gold surface and low roughness values as RMS = 0.16 nm. The subsequent annealing in the air at 85°C during 2 hours did not reveal the molecular structure of the layer but lowered the values of RMS to 0.07 nm. We believe that an absence of terminal alkyl chains results in less fixed position of acceptor terminal, explaining why the molecular resolution of the layer was not observed at room temperature. With the aim to try further improving the SAM quality, different deposition temperatures were also tested. While STM did not reveal significant changes, the AFM images demonstrated that in case of deposition at low temperature (in fridge, ≈ 8 °C) some large grains on the surface can appear while a smoother surface was observed for deposition at higher temperatures (≈ 30 °C). We believe that the last fact is the result of insufficient solubility of "push-pull" molecule at low temperatures.

Apart from dichloromethane, few other solvents were also tested. The SBTMN is not solubilizing in ethanol or acetonitrile to achieve 1 mM concentration. The use of tetrahydrofuran also demonstrated appearance of grains on the surface due to the insufficient solubility. (Fig. 4.10) Chloroform provides a similar surface as DCM. 100 Therefore, we used solution in DCM at room temperature since it had given better results.

To ensure that SBTMN connects to the gold surface via sulfur atoms but not cyano groups 149 XPS spectroscopy of the SAM sample has been made using the EA125 spectrometer (Omicron) with the Al Kα monochromatic radiation (hν = 1486.6 eV) for sample excitation. Recorded spectra are illustrated on Figure 4.11. Although the signals related to the SAM were observed with low intensity, the S2p region can be resolved. Two pair of signals can be fitted revealing two different types of atoms S. Chemical shifts of S2p3/2 peaks were found to be 164.1 eV and 161.9 eV, (Fig. 4.11) corresponding well to values of 164 eV and 162 eV described in literature and assigned to S atoms connected to Au surface and S atoms in thiophene cycle respectively. 150 

Electrical characteristics of push-pull SAMs

The current-voltage characteristics obtained by STM demonstrated much intense electron tunneling through push-pull molecule SBTMN than through ODT, 3TSH or SAM of the small molecule 3.2.17. While ODT SAMs are clearly playing the role of an insulator layer between the gold substrate and the STM tip, polyaromatic structures are usually more conducting. In the case of 3TSH it has been demonstrated in a parallel work performed at IM2NP that this SAM possesses a good conductivity with a rectification at negative bias 151 while 3.2.17-based SAM demonstrated poorer conductivity probably due to low organization degree. We believe that high electron tunneling through pushpull molecule SBTMN can be explained by either the much smaller bandgap energy for push-pull dyes layer if I-V curves probe both levels at negative and positive bias, or close position of HOMO or LUMO band relatively to the Fermi energy of the substrate and tip if a single level is probed, i.e;, the closest one to the Fermi level. (Fig 4 .12) The latter case is usually favored by a strong coupling asymmetry between tip-SAM and Au-SAM. 152 Several I-V curves for SBTMN SAMs were recorded usually firstly from negative to positive bias (forward), and then in a reverse scan. As shown in Fig. 4.12 b), the current response is nearly symmetrical at negative and positive bias. This indicates that the voltage drop within the Au-SAM-Tip junction should be about symmetrical regarding the bias polarity. In this case, air interface between the STM tip and the topmost part of the SAM (i.e. the dicyano groups) should be compensated by the presence of the insulating six-carbon alkyl chain at the interface between the conjugated part of the molecule and a) b) the gold substrate. Such a hypothesis is reasonable considering both that the values of the tip-SAM distance (typically ~1-10 Å) and the six-carbon alkyl chain length (6 x 1.26 Å ~ 7.6 Å) 153 are in the same range, and that alkyl chains and air usually exhibit a similar tunneling damping factor (within ~1.2-2.3 Å -1 ). 154 For SBTMN, the sharp current increase beyond ±0.5 V should correspond to resonance with the molecular orbital closer to the Fermi level, as observed by STM on other π-conjugated SAMs on Au (e.g. terthiophene-based moieties). 151 Similar I-V characteristics were measured by Che and co-workers from push-pull SAM thioltethered on gold within the following junction: alkyl chain-donor-π spacer-acceptor. 155 However, they observe a clear rectification for the bias polarity that makes the donor extremity more positive than the acceptor end, i.e., at positive bias in our junction. Analyzing deeper our I-V curves, we indeed observe a slight rectification at positive bias (we calculate a rectification ratio of 1.9 at 0.75 V in Figure 4.9 b, forward scan). In our case the weakening of the rectification could issue from the lower range of the probed voltage and/or a stronger dipole moment in "push-pull" compound (with a positive charge on the donor and a negative one on the acceptor) that may hinder the current flow at positive bias.

Regarding forward and reverse scans from Fig. 4.9 b) we have noticed that they did not match one with another. While the forward scan is passing near zero-point (V = 0 mV; I = -0.008 nA), the reverse scan is lying much higher and at zero voltage it demonstrated quite high current of 0.021 nA. Meanwhile, when the scan direction was reversed (from positive bias to negative and back) this behavior was also reversed and the backward scan (from negative to positive) was lying upper than the forward one which demonstrates negative current. As a summary, the current is still higher in the reverse scan but mainly at the beginning, with reverse I-V curve finishing being superimposed to the forward curve. We have not deeply investigated this behavior but we can suppose that if HOMO or LUMO is close to the Fermi level, the "push-pull" chromophores can be easily oxidized or reduced. This can lead to charge accumulation during the forward I-V scan inside the SAM layer with non-zero current at zero potential during reverse scans. Such charge accumulation could then dissipate during the reverse scan. While this phenomenon can be interesting in preparation of memory devices it also can result in lowering of SAM stability during electrical measurements. However, we have further analyzed measured I-V curves in order to extract information upon the level alignment. Several I-V curves were observed and their Fowler-Nordheim plots were studied (see Fig 4.13) to determine the so called "transition voltage" that is usually assimilated to the voltage needed to match the molecular orbital with the Fermi level. 156,157 . Obtained results did not reveal positive transition voltage while the negative values demonstrated narrow distribution around -0.55 V (see In conclusion, the self-assembled monolayers of alkanethiols, terthiophene and "push-pull" molecule 3.2.42 were prepared and characterized by different methods. Although in the case of donor-acceptor structure we have not observed molecular structure of this layer, the low roughness together with XPS analysis gives us reason to suppose correct organization of molecules in a layer. Additionally, the obtained surfaces demonstrated remarkable electrical properties owing to close positions of HOMO and LUMO molecular layers and low bandgap energy between them.

SAMs on ITO and incorporation of gold nanoparticles

From the all beginning of our work, the general motivation was the preparation of functionalized surfaces for photovoltaic studies. The classical substrate in PV cell fabrication is a glass covered by indium-tin oxide (ITO) which is at same time transparent and conductive material. As was discussed in part 1.2, a few different approaches to ITO modification have been developed with the use of different anchoring groups as silanes, 159 thiols 160 or acids. 161 Meanwhile, up to our knowledge, there is no an example of direct adsorption of thioacetate-terminated molecules on ITO substrate. Contrary to Au-based samples, the ITO is a less reactive substrate and usually the deprotection to thiols is needed. To characterize obtained SAMs on ITO, the SPM methods are less suitable because of the high roughness of ITO amorphous surface. That is why we rather used UV-visible absorption spectroscopy to evaluate the adsorption process.

Single SAM on ITO

Our first attempts of surface assembling were made with the use of SBTMN solution itself without any additives. However, no significant light absorption was observed. We concluded that thioacetate groups do not react with ITO surface, and that deprotection is needed. Several deprotecting agents were tested. While addition of aqueous NaOH to dichloromethane solution of SBTMN did not bring any changes in two separate phases, its addition to DMF solution of SBTMN as well as addition of organic base Et3N was followed by the product degradation and the solution color change from dark violet to brown. Similarly, the use of tertbutylamine cyanide (Bu4NCN) as soft a deprotecting agent reported by Park et al. 146 also led to product degradation after around 30 minutes and a deposition of the thick film, probably of some polymerized products.

To avoid the presence of a base in the solution of the surface-active compound, we decided to make the pretreatment of ITO surface by aqueous solution of NaOH hoping to have it adsorbed on the surface. The general protocol was established as follows: the ITO plate was successively cleaned in distilled water, acetone and ethanol in an ultrasonic bath for 15 minutes each. Afterwards, the sample has been put into aqueous 0.1 M NaOH solution for 4 hours. Once removed, it was rinsed for few minutes with distilled water and ethanol, and dried under nitrogen flux. Treated in this way, the ITO samples revealed water CA close to 68.4 ± 3.2°. Prepared samples were immersed into 1mM solution of SBTMN for two days.

The contact angles measurement revealed values around 76.5 ± 1.8°, i.e., close to that obtained on SBTMN SAM on gold and in the literature (see paragraph 4.3). The AFM images did not bring a lot of useful information because of the high sample roughness. However it reveals that the treated surface has kept the same morphology as before deposition. (Fig. 4.15) The assemblies of "push-pull" chromophores can form different types of aggregates. There are three different types usually discussed. While J-aggregates ("head-to-tail" assemblies) lead to the appearance of red-shifted band, the H-aggregates (π-stacked structures) usually demonstrate a blue shift. 116 The self-organized monomolecular layer on the surface in an ideal case can be considered as an endless H-aggregate. Excitation of push-pull structure leads to a formation of electrical dipole, and the stronger the set of donor-acceptor is the stronger the obtained dipole. In condensed monodirectional layer, creation of such dipole makes unfavorable excitation of nearby molecules, so it requests more energy and leads to a blue-shift in absorption. Also, the absorption properties are dependent on the environment that is different in the cases of SAM and solution. These two facts can serve to explain the observed large hypsochromic shift. Similar effects were also observed and reported for SAM of π-conjugated molecules 162 as well as for well-organized Langmuir-Blodgett films. 163 Contrary to untreated ITO samples, we believe the enhanced adsorption of SBTMN molecules can be explained by some factors. First of all, the base treatment can lead to adsorption of OH -ions on ITO oxidized surface providing a deprotection of thioacetate before surface reaction. Secondly, it can also provide transformation of surface oxygroups to hydroxyl reacting better with "push-pull" chromophores. And finally, such treatment also raised roughness of the sample as was demonstrated by AFM. This increases the specific sample surface and can be a consequence of partial material dissolution. Probably, the more acidic tin oxide is dissolved, and indium sites, responsibles for surface reaction with thiols, became more available.

Meanwhile, unfortunately, the electric measurements with InGa alloy droplets were not successful, demonstrating short circuits. It is possible that monomolecular layer of SBTMN does not cover the ITO surface entirely or that the high surface roughness creates defects making direct connection between electrodes.

Push-pull SAM and Au nanoparticles: towards multilayers

To achieve better coverage of the ITO surface, thicker film is needed. For this purpose, SAMs can serve to form multilayered structures. Usually, some intermediate layer is needed between two SAMs. For thiol derivatives, gold nanoparticles (Au NPs) can play this role. Additionally, they can also bring plasmonic effects enhancing adsorption properties of the thin film. 164 We started this part of investigation by study of small nanoparticles of 3 nm and 5 nm diameter prepared by the Brust-Schiffrin method. 165 It consists in the reduction of Au raw material (HAuCl4) by sodium borohydride (NaBH4). Obtained in this way NPs are not stabilized with ligands but only by their negative charge only. So such particles are highly reactive and unstable in the presence of impurities. Further, it has been demonstrated that this NPs could be stabilized by organic ligands such as alkanethiols. For this, the aqueous solution containing NPs is mixed with an organic solution with ligands molecules. The gold particles are extracted into an organic phase, and clearly visible color change is observed i.e., the aqueous phase becomes colourless while aqueous one gains red coloration typical for these NPs.

We tried to use aromatic molecules like 3TSH and SBTMN to stabilize the NPs of 3 nm or 5 nm in size by the similar procedure. While organic solution was mixed with aqueous containing NPs, the last one became uncolored immediately proving effective reaction between Au particles and aromatic thiols. Meanwhile, just after extraction, the organic phase also loses the coloration, and the precipitate is forming. We believe that SBTMN as well as 3TSH do not bring sufficient solubility and stability causing Au particle agglomeration. (Fig. 4.17 These two attempts revealed the charge-stabilized particles are metastable and cannot be used for preparation of multilayered structures.

Another NPs' synthetic protocol consists in a reduction of HAuCl4 by the citric acid at high temperature. 166 Carefull respect of synthetic conditions permitted to obtain the NPs of desired size controled by the concentration and the relative ratio between HAuCl4 and citric acid. Using the method outlined in this work, the NPs of around 20 nm size were prepared (estimated by the color of the colloidal solution). Those NPs were stabilized by citrate anions.

The drop of the solution of those NPs was deposited on top of the SAM modified gold substrate during 4 hours and AFM images obtained shortly after demonstrated uniform dispersion of those NPs (Fig 4 .19) We believe that SAMs of push-pull chromophores posses some degree of affinity to gold nanoparticles thanks to dicyanovinyl surface groups and partial negative charge. The same experiment was also performed on SAM-modified ITO samples. While the SAM only possesses a low absorption band centered at 430 nm, the addition of NPs gives rise to a new band at 545 nm. (Fig. 4.20) The intensity of this band is depended on the duration of sample exposition to Au NPs solution. Unfortunately, we did not observe the saturation of this band even after 16 h of treatment. Obtained nanoparticle assembly can play the role of a base for the formation of the second molecular layer. We have prepared SBTMN SAM sample on ITO as previously described and deposited on it NPs for 4 hours. Further, the sample was washed with distilled water and ethanol and dried. Then it was put into a millimolar SBTMN solution for 24 hours. The UV-visible spectroscopy revealed a rise of absorption at 430 nm, signature of the addition of push-pull molecules. ( Remarkably, this formation of the second molecular layer gives rise to the 430 nm absorption centered at the same position as before. We believe that this can prove a well-organized mode of assembly even on rough surface created by NPs.

The obtained SAMs samples on ITO was finally evaluated in PV dispositives. First of all, the departing idea of the use of SAM as a single active layer has been evaluated. Meanwhile, several examples were tested and all of those demonstrated apearence of short circuit after dirrect deposition of metal (Al) electrode upon SAM-modified ITO. Possibly, this can be explained by the high roughtness of ITO samples combined with the non-uniform deposed organic layer. For this reason we tourned our attention to the use of SAMs as a monomolecular coating between a transperent electrode (ITO) and active light-absorbing layer.

The well-studied photovoltaic cell architecture has been used. It is builded on ITO surface covered by hole-transporting PEDOT:PSS layer, the polymer-based PTB7/PCBM blended active layer, electrone-transporting layer of ZnO nanoparticules and aluminium electrode deposed in under conditions of high vaccum. 167 In the case of SAM-based architecture, the observed PCE was lower than for a classic structure. The highest values riched 4.6%. In the same time, I-V curves of a cell perfomance under 1.5AM illumination has demonstrated the presence of an aditional ressistance of in this kind of cells. Probably, the inverted dipole oppssition is neaded to avoid this effect.

Meanwhile, we conside that the obtained values of PCE for first tries are rather encouraging and after further developpement such dispositives can lead to newest effective architectures of PV cells.

In conclusion, we developed a direct method of deposition of "push-pull" molecules ending with a thioacetate group on ITO. While the monolayer demonstrated a low light absorption, it can be improved by formation of bilayered structure. Developed approach to the formation of SAM-NPs assembly can be also used for a preparation of thicker multilayered structures. Finally, the ITO -based SAMs were validated to posses interest to be used as hole-transporting layer between inorganic electrode and organic material. Obtained results on SAMs can help to understand better optical and electric properties of push-pull molecules deposited on the surface. The modification of ITO surface together with the development of the multilayer approach opens up possibilities towards optoelectronic applications. While monolayer structure cannot provide a current generation in classical OPV cell due to short circuit, it can serve as an intermediate layer between ITO electrode and PV active layer or serve to creation of thicker multilayered structures.

Perspective work should now address the assessment of OPV cells based on the synthesized push-pull molecules deposited as SAMs. First approach should concern spin-coated push-pull layers with PCBM.

As another prospect, it is planned to finish the started work on the synthesis of bipush-pull chromophores with complementary absorption range supported by a single grating head. Their SAM on surface should then allow increasing the light absorption.

At last, the role of gold nanoparticles should also be studied more systematically.
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 17 Figure 1.7. Schematic representation of TBEA, Cu 2+ -TBEA complex, and n-octadecyl mercaptan (OM), adsorbed on gold substrate.

Figure 1 . 8 .

 18 Figure 1.8. Schematic illustration of photoinduced electron transfer in SAM.

  4.1) was described (Fig.1.10).107 

Figure 1 . 10 .

 110 Figure 1.10. Structure of push-pull dithiol molecule 1.4.1 and the SAM-based diode performance on gold-coated HOPG substrate.

Figure 1 .

 1 Figure 1.11. Structure of SAM based on push-pull molecule 1.4.3 and its diode-type performance.

  112 

Figure 1 .

 1 Figure 1.12. Three-step approach for construction of multilayer structures on oxidized surfaces. 112 They used a coupling layer of p-(iodomethyl)-phenyldiiodochlorosilane (1.4.6) for modification of oxidized Si surface permitting a reaction with the pyridine-based "push-

Figure 2 . 1 .

 21 Figure 2.1. Schematic view of an ellipsometer.

Figure 2 . 3 .

 23 Figure 2.3. Basic structure of atomic force microscope.

Figure 2 .

 2 Figure 2.4. a) typical potential change during CV experiment; b) typical cyclic voltammogram for monocomponent single-electronic reversible redox reaction.

  3.1. 

Figure 3 . 1 .

 31 Figure 3.1. The basic concept of "push-pull" structure for surface modification.

Figure 3 . 2 .

 32 Figure 3.2. The UV-Vis absorption (left) and emission (right) spectra of 3.2.42 (black lines) and 3.2.43 (blue lines).

45 Figure 3 . 3 :

 4533 Figure 3.3: FTIR spectra of the chromophores 3.2.42 -3.2.45

  .5.

Figure 3 . 5 .

 35 Figure 3.5. DFT-calculated electronic densities on HOMO (a) and LUMO (b) of 3.2.42.

Figure 3 . 6 .

 36 Figure 3.6. Typical spin-coating installation used for preparation of thin organic layers.

  reflection. (Fig.3.8) Obtained spectra demonstrated good agreement with values calculated from n and k indices. The difference presented in UV part of the spectrum between calculated and experimental data were attributed to absorption by the glass substrate.

Fig. 3 . 8 .

 38 Fig. 3.8. Observed (solid lines) and modeled (dashed lines) values of the light reflection, transmission and absorption of 3.2.42-based film.

  methyl(phenyl)amino)hexan-1-ol(3.2.18) 

72 ( 1 H, 5 '

 7215 CH or 3'CH, dd, J = 5 Hz, 1.25 Hz), 7.16 (1 H, 5'CH or 3'CH, dd, J = 3.75 Hz, 1.25 Hz), 7.07 -7.04 (2 H, 3CH and 4CH, 2d), 7.01 (1 H, 4'CH, dd, J = 5 Hz, 3.75 Hz), 6.08 (1 H, s), 3.95 -4.20 (4 H, OCH2CH2O, m). 5'-[1,3]Dioxolan-2-yl-[2,2']bithiophenyl-5-carbaldehyde (3.2.12)

  dioxolan-2-yl-[2,2']bithiophenyl-5-carbaldehyde. 1H NMR (250 MHz, CDCl3) δ 9.86 (1 H, CHO, s), 7.66 (1 H, 4CH, d, J = 3.75 Hz), 7.239 (1 H, 3'CH, d, J = 3.75 Hz), 7.235 (1 H, 3CH d, J = 3.75 Hz), 7.11 (1 H, 4'CH, d, J = 3.75 Hz), 6.10 (1 H, aliphatic-CH s), 4.00 -4.20 (4 H, OCH2CH2O, m). 3,4-Dibromothiophene-2,5-carbaldehyde (3.2.29)

  b;2'3'-d]thiophene-2-carbaldehyde (1.8 g, 80%) 1H NMR (250 MHz, CDCl3) δ 9.96 (1 H, CHO, s), 7.97 (1 H, 3CH, s), 7.57 (1 H, 6CH, d J = 5.25 Hz), 7.35 (1 H, 5CH, d J = 5.25 Hz).

2

 2 

1 H

 1 NMR (250 MHz, CDCl3) δ, ppm: 8.59 (s, 1H, 24CH), 7.78 (d, J = 4.25 Hz, 1H, 21CH), 7.47 (d, J = 3.75 Hz, 1H, 16CH), 7.37 (d, J = 8.5 Hz, 2H, 3-CH & 5-CH), 7.33 (d, J = 4.25 Hz, 1H, 17CH), 7.00 (d, J = 16 Hz, 1H, 13CH), 6.98 (d, J = 3.75 Hz, 1H, 20CH), 6.93 (d, J = 16 Hz, 1H, 12CH), 6.70 (ws, 2H, 2-CH & 6-CH), 4.62 (q, J = 7 Hz, 2H, NCH2CH3), 4.58 (q, J = 7 Hz, 2H, NCH2CH3), 3.65 (t, J = 6.5 Hz, 2H, OCH2), 3.35 (t, J = 7.5 Hz, 2H, NCH2CH2), 2.99 (s, 3H, NCH3), 1.7 -1.2 (2m, 14H, aliphatic-CH2 & CH3). (E)-1,3-diethyl-5-((6-(4-((6-hydroxyhexyl)(methyl)amino)styryl)dithieno[3,2-b:2',3'd]thiophen-2-yl)methylene)-2-thioxodihydropyrimidine-4,6(1H,5H)-dione (3.2.41)

  1H NMR (250 MHz, CDCl3) δ, ppm: 8.65 (s, 1H, 7CH), 7.97 (s, 1H, 4CH), 7.36 (d, J = 8.75 Hz, 2H, 3-CH & 5-CH), 7.10 (s, 1H, 20CH), 6.96 (s, 2H, 12CH & 13CH), 6.65 (d, J = 8.25 Hz, 2H, 2-CH & 6-CH), 4.62 (q, J = 7 Hz, 2H, NCH2CH3), 4.57 (q, J = 7 Hz, 2H, NCH2CH3), 3.65 (t, J = 6.5 Hz, 2H, OCH2), 3.36 (t, J = 7 Hz, 2H, NCH2CH2), 2.98 (s, 3H, NCH3), 1.8 -1.2 (2m, 14H, aliphatic-CH2 & CH3). (E)-S-(6-((4-(2-(5'-(2,2-dicyanovinyl)-[2,2'-bithiophen]-5-yl)vinyl)phenyl)(methyl)amino)hexyl) ethanethioate (3.2.42)

  53. ESI-MS: 666.1946 ([M+H] + ), theor.: 666.1947. (E)-S-(6-((4-(2-(6-((1,3-diethyl-4,6-dioxo-2-thioxotetrahydropyrimidin-5(2H)ylidene)methyl)dithieno[3,2-b:2',3'-d]thiophen-2-yl)vinyl)phenyl)(methyl)amino)hexyl) ethanethioate (3.2.45)

Figure 4 . 1 .

 41 Figure 4.1. STM images of ODT SAM on Au/mica substrate demonstrating a presence of organized domains. Right image is a zoom in the zone indicated by the white box.

  height of gold monoatomic layer,75 i.e., 2.5 Å serves as the indicator of monomolecular character of a layer. (Fig.4.2 c))

Figure 4 .

 4 Figure 4.2. a), b) STM pictures of annealed ODT SAM; c) profile of "etch-pit" in SAM from picture b).

Scheme 4 . 1 .

 41 Scheme 4.1. Structure of the terthiophene derivative 3TSH

Figure 4 . 3 .

 43 Figure 4.3. STM image of 3TSH-based SAM after 4h annealing at 85°C in air.

Figure 4 . 4 .

 44 Figure 4.4. STM image of 3.2.17-based SAM after 4h annealing at 85°C in air.

Figure 4 . 5 .Figure 4 . 6 .

 4546 Figure 4.5. Typical STM pictures of 3TSH molecules insertion into ODT layer after a) 3h; b) 6h; c) 9h; d) 4 days of treatment. Z scale: 2 nm.

Figure 4 . 7 .

 47 Figure 4.7. Typical STM picture of 3.2.17 molecules insertion into DDT layer after 9h of treatment. Z scale: 2 nm.

FigAdj

  *exp(-x/t1) + A2*exp(-x/t2) + y0

Figure 4 .

 4 Figure 4.8: a) the used screen printed electrode DS250AT and general view of K3Fe(CN)6 reduction on SPE; b) the plotted decrease of convoluted anodic current observed upon surface modification. Obtained voltametric curves from Figure 4.8.a) were treated with BAS100 software in order to obtain convoluated graphs with the K3Fe(CN)6 reduction peak potential at 220 -250 mV. Values of maximal current were extracted and plotted versus time of the immertion into organic solution (Fig. 4.8.b)). This plot of the current intensity decay exhibits two parts: (i) a fast recovery rate described by simple first-order kinetics (ii) followed by a slower phase indicating a reorganization and a densification process within the plane of the monolayer.

Figure 4 . 9 .

 49 Figure 4.9. STM images of SBTMN-Au SAMs before and after annealing.

Figure 4 .

 4 Figure 4.10. Typical AFM image and reconstructed 3D profile demonstrating SAM-Au/mica surface roughness probably in the issue of multimolecular deposition. Z scale: 25 nm.

Figure 4 . 11 .

 411 Figure 4.11. XPS spectrum of SAM of SBTMN on Au: a) full and b) S2p region.

Figure 4 . 12 :

 412 Figure 4.12: Typical I-V curves obtained for different SAMs by STM: a) SAMs of dodecanethiol (green) and terthiophene derivative 3TSH (magenta); b) SAM of "push-pull" molecule SBTMN (forward scan in black, reverse scan -red). Tip-SAM distance was definedby a bias of -0.7 V and a tunneling current of 2 pA.

-Figure 4 . 13 :

 413 Figure 4.13: Typical Fowler-Nordheim plot from I-V curve of SAM of SBTMN for the negative voltage part.

Figure 4 . 14 .

 414 Figure 4.14. Distribution of transition voltage values determined from different I-V curves. The Gaussian fit gives a maximum at ≈ -0.55 V.

Figure 4 .Fig. 4 . 16 :

 4416 Figure 4.15. The AFM pictures of an ITO sample (a) and SAM of SBTMN deposed on it (b).Z scale: 15 nm.

  )

Fig. 4 .

 4 Fig. 4.17: a) Schematic illustration of NPs' modification by "push-pull" molecules: 1 -solution of Au NPs; 2 -solution of SBTMN molecules in DCM; 3 -clear aqueous phase; 4 -organic phase with agglomerated precipitate. b) Photography of obtained triphasic system.

  Figure 4.18. Typical AFM image of a SBTMN on Au/mica sample immersed into 3 nm Au NPs solution. Z scale: 85 nm.

Figure 4 . 19 .

 419 Figure 4.19. Typical AFM image of a SBTMN on Au/mica sample after depositon of 20 nm Au NPs from solution, and the profile of deposited NPs. Z scale: 85 nm.

Figure 4 .

 4 Figure 4.20. UV-Vis spectra of NPs-SAM-ITO at different time duration of exposition of the SAM to Au Nps solution

Fig

  

Figure 4 . 21 .

 421 Figure 4.21. The UV-visible absorption spectrum of bilayer structure (black) compared with monolayer (red)

Figure 4 . 22 .

 422 Figure 4.22. Schematic illustration of SAM-containing PV cell structure.

  acceptor groups can be added to ensure light absorption in the red or NIR regions.

Table 1 .

 1 1. Calculated values of molecular hardness parameter (η, eV) and bond length

	η, eV	BLA, Å	η, eV	BLA, Å	η, eV	BLA, Å
	3.691	0.041	3.599	0.048	3.571	0.078
	3.488	0.041	3.435	0.043	3.400	0.077
	4.098	0.040	3.970	0.041	3.965	0.078
	4.041	0.026	3.795	0.052	3.811	0.089
	3.778	0.030	3.655	0.051	3.641	0.087
	4.470	0.025	4.267	0.052	4.297	0.089

alternation parameter (BLA, Å) for small "push-pull" structures 1.1.3 -1.1.5.

3 

Table 1 . 2

 12 

. Examples of optimization of the hyperpolarizability of traditional linear NLO chromophores

10 

Table 1 . 3 :

 13 Adsorption of functionalized alkyl chains from ethanol onto gold

		Θa(H2O)	Θa(n-C16H34)	Thickness (Å) Obsd a Calcd b
	CH3(CH2)17NH2	90	12	6	22-24
	CH3(CH2)16OH	95	33	9	21-23
	CH3(CH2)16CO2H	92	38	7	22-24
	CH3(CH2)16CONH2	74	18	7	22-24
	CH3(CH2)16CN	69	0	3	22-24
	CH3(CH2)21Br	84	31	4	28-31
	CH3(CH2)14CO2Et	82	28	6	c
	(CH3(CH2)9C≡C)2Hg	70	0	4	17-19
	(CH3(CH2)15)3P	111	44	21	21-23
	CH3(CH2)22NC	102	28	30	29-33
	CH3(CH2)15SH	112	47	20	22-24
	(CH3(CH2)15S)2	110	44	23	22-24
	(CH3(CH2)15)2S	112	45	20	22-24
	CH3(CH2)15OCS2Na	108	45	21	24-26
	a				

  XPS signals, which means a more complete layer formation. DFT calculations made have showed a binding energy of 1-hexadecanethiol molecule on ITO surface close to -118 and -155 kJ/mol for the S-Sn (2.55 Å) and S-In (2.45 Å) bonds, respectively. Similar simulation of the binding of the deprotonated phosphonate (RPO3 2-) formed from 12phosphonododecanoic acid with tin or indium active sites demonstrated binding energies of -98 (2.97 Å) and -116 (2.82 Å) kJ/mol, respectively. This indicates thiols should bind to ITO stronger than phosphonate and more robustly with indium atoms than with tin-ones.

	a)	b)	c)
			2, 3d3/2

Table 2 .

 2 1. Advancing contact angles of functionalized alkanethiols on gold. (From Bain et al. 66 )

	RSH	θa(H2O)	θa(C16H34)

Table 2 .

 2 2. General classification of electron spectroscopic methods.

	Method	Exiting Particle	Analyzing Particle	Information	Technic
	Photoemission	Photon (E = 200-2000 eV)	Electron	Filled core states	XPS
	Photoemission	Photon (E = 10 -45 eV)	Electron	Filled valence states	UPS
	Inverse photoemission	Electron	Photon	Empty states	IPES
	Electron energy loss	Electron	Electron	Electronic & vibrational transitions	EELS, HREELS
	Auger effect	Electron	Electron	Filled states	AES
	Absorption / emission	Photon	Photon	Electronic states transitions, filled	UV-Vis, XRF

  those difficulties and low yields direct us to search another way for preparation of the donor part. (Sch.3.19) 

	Scheme 3.19.
	Thus, alcohol 3.2.18 was acetylated similarly as 3.2.2 giving product 3.2.24 in 70%
	yield and after consequently transformed to aldehyde 3.2.25, alcohol 3.2.26 and
	phosphonium salt 3.2.27. (Sch. 3.20)
	Scheme 3.20.

  It started by diformylation of tetrabromothiophene 3.2.28 via organo-lithium intermediate with yield 55%. Obtained product 3.2.29 was further suspended in DMF and bisheterocyclization was performed by addition of 2-mercaptoacetate in basic conditions with 79% yield. (Sch. 3.21)

  .1)
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3

.1. Normalized UV-Vis spectra of donor-acceptor structures 3.2.36 (black), 3.2.37 (red), 3.2.42 (blue), 3.2.43 (dark cyan), 3.2.44 (magenta) and 3.2.45 (dark yellow).

Table 3 .

 3 1. The optical parameters of compounds 3.

2.36 -3.2.37 and 3.2.42 -3.2.45 in

  their dichloromethane solutions.

			Absorbance			Emission	
		λmax, nm	εmax, L•mol -1 •cm -1	λ0-0, nm E0-0, eV	λem, nm Δ, nm (cm -1 )	φ
	3.2.36	459	3.3•10 4	540	2.30	640	181 (6162)	---
	3.2.37	456	3.5•10 4	526	2.36	619	163 (5774)	---
	3.2.42	550	7.5•10 4	664	1.87	712	162 (4137)	0.042%
	3.2.43	552	3.7•10 4	723	1.71	736	184 (4529)	0.093%
	3.2.44	603	5.8•10 4	651	1.90	825	222 (4463)	0.004%
	3.2.45	604	1.1•10 4	715	1.73	824	220 (4420)	0.015%

Table 3 .

 3 2. Reduction and oxidation potentials obtained from the cyclic voltammetry study.

		Ered, V	Eox1, V	Eox2, V	LUMO, eV	HOMO, eV	Eg, eV
	3.2.36	-1.438	0.675	1.008	-2.91	-5.02	2.11
	3.2.37	-1.44	0.66	1.004	-2.91	-5.01	2.10
	3.2.42	-0.907	0.671	1.043	-3.44	-5.02	1.58
	3.2.43	-0.885	0.685	0.981	-3.46	-5.03	1.57
	3.2.44	-0.773	0.669	1.01	-3.58	-5.02	1.44
	3.2.45	-0.715	0.682	0.97	-3.63	-5.03	1.40

  b;2'3'-d]thiophene (4.92 g, 84 %). 1H NMR (250 MHz, CDCl3) δ 7.28 (2 H, s). Dithieno[3,2-b;2'3'-d]thiophene (3.2.32)

  (0.65 g, 93%) as dark-red solid. 1H NMR (250 MHz, CDCl3) δ, ppm: 9.84(1 H, CHO, s), 7.65 (1 H, 21CH, d, J = 3.75 Hz), 7.36 (2 H, 3-CH & 5-CH, d, J = 8.75 Hz), 7.25 (1 H, 16CH, d, J = 3.75 Hz), 7.21 (1 H, 17CH, d, J = 3.75 Hz), 6.98 (1 H, 13CH, d, J = 15.75 Hz),6.92 (1 H, 20CH, d, J = 3.75 Hz), 6.89 (1 H, 12CH, d, J = 15.75 Hz), 6.67 (2 H, 2-CH & 6-CH, d, J = 8.75 Hz), 4.06 (2 H, OCH2, t, J = 6.75 Hz), 3.35 (2 H, NCH2, t, J = 7.25 Hz), 2.98 (3 H, NCH3, s), 2.04 (3 H, CH3CO, s), 1.3 -1.

	7 (8
	H, aliphatic-CH2, 2 m).
	13C NMR (62.86 MHz, CDCl3) δ, ppm: 182.31, 171.16, 141.17, 137.41, 127.91, 126.85,
	123.69, 123.64, 64.37, 58.47, 53.40, 28.57, 26.73, 25.82, 20.98, 18.44.
	ESI-MS: 468.1661 ([M+H]+), calc.: 468.1662.
	(E)-6-((4-(2-(6-formyldithieno[3,2-b:2',3'-d]thiophen-2-yl)vinyl)phenyl)(methyl)-
	amino)hexyl acetate (3.2.37)

  H NMR (250 MHz, CDCl3) δ, ppm: 9.92 (s, 1H, CHO), 7.91 (s, 1H, 4CH), 7.37 (d, J = 8.6 Hz, 2H, 3CH & 5CH), 7.15 (s, 1H, 20CH), 7.04 (d, J = 16.0 Hz, 1H, 13CH), 6.94 (d, J = 16.0 Hz, 1H, 12CH), 6.67 (d, J = 8.4 Hz, 2H, 2CH & 6CH), 4.06 (t, J = 6.6 Hz, 2H, OCH2), 3.35 (t, J = 7.5 Hz, 2H, NCH2), 2.98 (s, 3H, NCH3), 2.05 (s, 3H, CH3CO), 1.3 -1.7 (2 m, 8H, aliphatic-CH2). 13 C NMR (63 MHz, CDCl3) δ, ppm: 182.77, 171.33, 149.59, 146.85, 143.26, 140.71, 138.60, 131.27, 130.32, 128.23, 127.83, 123.98, 117.70, 117.05, 112.09, 64.54, 52.66, 38.52, 31.04, 28.74, 26.91, 26.01, 21.13.

ESI-MS: 498.1227 ([M+H]+), calc.: 498.1226. (E)-

  CH & 5-CH, d, J = 8.75 Hz), 7.29 (1 H, 17CH, d, J = 4 Hz), 7.18 (1 H, 16CH, d, J = 4 Hz), 6.95 (1 H, 13CH, d, J = 16 Hz),6.92 (1 H, 20CH, d, J = 4 Hz), 6.87 (1 H, 12CH, d, J = 16 Hz), 6.67 (2 H, 2-CH & 6-CH, d, J = 8.75 Hz), 3.34 (2 H, NCH2, t, J = 7.25 Hz), 3.97 (3 H, NCH3, s), 2.86 (2 H, SCH2, t, J = 7.25 Hz), 2.32 (3 H, CH3COS, s), 1.2 -1.7 (8 H, aliphatic-

	as dark-
	violet solid material.
	1H NMR (250 MHz, CDCl3) δ, ppm: 7.66 (1 H, 24CH, s), 7.57 (1 H, 21CH, d, J = 4 Hz),
	7.34 (2 H, 3-CH2, 2 m).
	13C NMR (62.86 MHz, CDCl3) δ, ppm: 195.85, 149.85, 149.70, 147.91, 140.22, 132.86,
	131.94, 131.35, 128.12, 128.07, 127.88, 125.99, 123.85, 116.09, 114.48, 113.65, 112.08,
	111.96, 74.90, 53.39, 38.39, 30.59, 29.44, 28.95, 28.57, 26.54.
	ESI-MS: 532.1542 ([M+H] + ), theor.: 532.1546.
	(E)-S-(6-((4-(2-(6-(2,2-dicyanovinyl)dithieno[3,2-b:2',3'-d]thiophen-2-
	yl)vinyl)phenyl)(methyl)amino)hexyl) ethanethioate (3.2.43)

  as darkviolet solid material. 1H NMR (250 MHz, CDCl3) δ 7.86 (s, 1H, 7CH), 7.75 (s, 1H, 4CH), 7.38 (d, J = 8.5 Hz, 2H, 3CH & 5CH), 7.14 (s, 1H, 20CH), 7.02 (d, J = 16 Hz, 1H, 13CH), 6.95 (d, J = 16 Hz, 1H,

	12CH), 6.67 (d, J = 8.25 Hz, 2H, 2CH & 6CH), 3.35 (t, J = 7.25 Hz, 2H, NCH2), 2.99 (s, 3H,
	NCH3), 2.87 (t, J = 7 Hz, 2H, SCH2), 2.32 (s, 3H, CH3CO), 1.7 -1.3 (m, 8H, aliphatic-CH2).
	ESI-MS: 562.1110 ([M+H] + ), theor.: 562.1110.
	(E)-S-(6-((4-(2-(5'-((1,3-diethyl-4,6-dioxo-2-thioxotetrahydropyrimidin-5(2H)-
	ylidene)methyl)-[2,2'-bithiophen]-5-yl)vinyl)phenyl)(methyl)amino)hexyl)
	ethanethioate (3.2.44)

2.42 - 3.2.45.

  Contrary to previously described molecules ODT and 3TSH, the molecule 3.2.42 has a thiol termination protected by an acetate group. While it can be deprotected in different conditions,138,146 the thioacetate group is itself quite reactive towards Au surface.147 The mechanism of this surface reaction remains unclear, but probably involves a hydrolysis by water molecules present in the solvent or absorbed at the surface. (Sch.4.2) 

		2.50
	Scheme 4.2. Proposed mechanism of SAM formation from thioacetate-ended molecules
	7.0nm	0.50

b The detailed efficiency statistic in the field of PV cells prepared by different technologies can be found at the site of US National Renewable Energy Laboratory, NREL: http://www.nrel.gov/

c More detailed information about used screen-printed electrodes can be found on the supplier's web site: http://www.dropsens.com/en/screen_printed_electrodes_pag.html

The highly efficient and chemoselective Negishi coupling was used for the introduction of pyrimidine into π-conjugated system of chromophore 3.1.3. (Sch. 3.2) 38 Scheme 3.2. An example of Negishi reaction for synthesis of "push-pull" chromophore.

The reaction was performed in conditions while only substitution of iodine occurs. Meanwhile, the brominated position 4 stays untouched and is used after for aldehyde group introduction.

In the most cases creation of aryl-heteroaryl or heteroaryl-heteroaryl single bonds are sufficient for creation of large π-conjugating system but somewhile, in the case of substituents in close positions, the direct connection between cycles is undesirable because this disturbs the overall molecular planarity. In those cases, an intermediate double bond should be inserted. The synthesis of such structures was described in the work of Y. Li's group. 127 They designed donor -acceptor -donor structures with solubilizing alkyl chains in the middle of conjugated backbone comprising a double bond. The final assembly has been done by Heck reaction 128 between corresponding dibromo-derivative and vinyl-triphenylamine as is depicted in Scheme 3.3 with yields around 30%. The synthetic procedure has been also changed. The base has been added to a solution of mixture of 3.2.7 and 3.2.12, so in situ created phosphonium ylide reacted immediately with an aldehyde. The reaction was followed by 1 H NMR spectroscopy and quenched by an addition of hydrochloric acid after the disappearance of the aldehyde proton signal. At same time, acid also leads to the dioxolane deprotection. The 1 H RMN spectrum of a crude product demonstrated high conversion but indicated formation of two isomers with different configurations of a created double bond (cis-and trans-) in approximately 1 : 3 ratio. An additional treatment with iodine was performed in refluxing CHCl3 leading to more thermodynamically stable trans-product. Final purification has been made by the chromatography on silica giving 3.2.9 in 94% yield.

The terminal OH valence was released by saponification using NaOH solution providing alcohol 3.2.13 in 86% yield.

Scheme 3.14.

In order to prolongate alkyl chain and introduce thiol functionality, a synthesis of compounds 3.2. 14 Meanwhile all attempts to make a nucleophilic substitution of Br atom at 3.2.14 by alkylate formed from 3.2.13 were totally unsuccessful.

While we foresee to have at least a six atom chain between chromophore and anchoring groups, the alcohol 3.2.13 anyway was transformed to surface active chromophore. For this, it was condensed in basic conditions with malononitrile and further transformed to thiol by successive bromination and reaction with NaSH. (Sch. The reduction of diester product 3.2.30 to dithienothiophene 3.2.32 in the classical approach was performed through saponification and further decarboxylation. Meanwhile, we decided to avoid harsh conditions, so this transformation was made through intermediate dibromo derivative 3.2.31 reduced by formation of organozinc product and its hydrolysis with 81% yield for 2 steps. Thus, we achieved to ameliorate the yield compared 65% for two steps in the classic decarboxylation protocol. 133 The synthon analogous to 3.2.12 based on DTT was prepared by 3 steps synthesis. Firstly, monoformylation has provided aldehyde 3.2.33 in 80% yield through lithiumorganic synthesis, after it was protected with ethylene glycol (3.2.34, 97%) and monoformylated once more giving "monoprotected bisaldehyde" 3.2.35 with yield 67%. In the formylation steps, the N-formylpiperidine (NFP) was used in place of DMF providing higher yields. (Sch. Finally, two aldehydes synthons 3.2.12 and 3.2. 35 were used in Wittig reaction with 3.2.27 under conditions already previously optimized for synthesis of 3.2.9 from scheme 3.13.

Scheme 3.23.

The key intermediates 3.2.36 and 3.2.37 were obtained in good yields 93% and 83% respectively after the silica column chromatography.

Further steps included addition of acceptor groups by the Knoevenagel-type condensation and exchange of acetate to thioacetate for the connection of D -A molecules to the surface. The treatment with malononitrile in basic conditions provided not only condensation reaction but also a partial saponification of acetic groups, so it was decided to do basic processing with aqueous NaOH prior the condensation phase. (Sch. 3.24) Scheme 3.24.

The products 3.2.38 and 3.2.39 were obtained in 95% and 40% yields for 2 steps after the column chromatography purifications.

Surprisingly, the basic treatment procedure did not work well for an incorporation of a thiobarbituric acceptor group. The condensation in the acetic anhydride as a solvent and dehydrating agent was found to be more appropriate for the preparation of TBAderivatives 3.2.40 and 3.2.41 giving after recrystallization 66% and 72% yield for each product respectively. (Sch. Finally, all four compounds were transformed to thioacetate derivatives. Firstly alcohols 3.2.38 -3.2.41 were brominated with PBr3 and after obtained crude products reacted with solid potassium thioacetate, Scheme 3.26.

Scheme 3.26.

After the last stages of synthesis, desired products were obtained in quite moderate yields. We did not perform optimizations of last steps but believe it is possible to ameliorate them. The ester 3.2.37 (0.15 g) was dissolved in dichloromethane (10 mL), methanol (5 mL) and the sodium hydroxide solution was added (5 mL, 10M) with few crystals of TBABr. The mixture was stirred 3 hours at room temperature. The solution was extracted with dichloromethane twice; organic layers were washed with water and dried over magnesium sulfate. After filtration, solvent was removed under reduced pressure diving 0.66 g of (E)-6-(4-((6-hydroxyhexyl)(methyl)amino)styryl)dithieno[3,2b:2',3'-d]thiophene-2-carbaldehyde as dark-red solid. The crude product was used in the next step without purification.

The deprotected aldehyde (0.15 g, as the crude product from the previous step) was dissolved in ethanol (50 mL) under heating. Malononitrile (0.14 g, 3 eq) and triethylamine (3 drops) were added, and the mixture was stirred at room temperature 3 hours. After cooling, ethanol was evaporated, and silica-gel column chromatography was performed with the mixture CH2Cl2/EtOAc 9:1 as the eluent. The dark violet solid compound 3.2.39 was obtained in 40% yield for two steps. The ester 3.2.36 (0.1 g) was dissolved in acetic anhydride (2 mL) and heated up to 80 °C. 1,3-Diethyl 2-thiobarbituric acid (47 mg, 1 eq) was added, and the mixture was stirred for 1 h. The condensation product was obtained by crystallization upon addition of absolute ethanol (20 mL) and cooling down to room temperature for 30 minutes. Precipitate formed has been filtered and dried.

Chapter 4. Self-assembled monolayers of "push-pull" chromophores

The formation of ultrathin film of "push-pull" chromophores on the metallic surface permits to study the self-assembling properties of these structures, as well as the charge transfer between electrode and organic film. This understanding beside clearly electrical properties can also help with a preparation of dispositive on indium-tin oxide surface for photovoltaic applications.

The gold surface can serve as a model substrate. Different types of samples are available among which the gold on mica provides highly uniformed Au(111) terraces suitable for STM and AFM visualization. The preparation of monomolecular films by the self-assembly is usually achieved in two stages: careful surface cleaning and the deposition of molecules from a solution. For gold samples, the cleaning procedure was started by rinsing with ethanol during few minutes followed by drying in nitrogen flux. After, the sample surface has been put in a plastic chamber filled with oxygen within one centimeter from a UV lamp emitting at 1 = 185 nm and 2 = 254 nm. The shorter wavelength 1 dissociates O2 molecules to form ozone O3 and a very reactive radical O*. Under UV illumination at 2, O* oxidizes all organic compounds present at the sample surface to form gas products leaving the surface clean. Then, the sample was rinsed once again with ethanol, and this freshly cleaned surface was dipped into solution of surface active compounds, usually of millimolar concentration for some period. When removed, the sample has been washed with solvent for few minutes and dried in the nitrogen flux. The different types of surface analyses were performed to characterize obtained assemblies as soon as possible after sample preparation.

SAMs of a model aliphatic and aromatic thiols deposited on gold

Model single SAMs

To validate our methodology, we started from an investigation of the gold surface modification by molecules already discussed in the literature. Alkanethiols represent the most known class of compounds for SAMs preparation, and various experimental parameters were studied and optimized as was discussed in Part I.2. As the object of model study, we chose octadecanthiol (ODT) molecule having long chain of 18 atoms of

Conclusions and prospects

In this work we have studied the synthesis and self-assembling of push-pull chromophores containing dialkylanilin as a donor group, ethylenebithiophene or ethylene dithienothiophene as a π-conjugated relays, dicyanovinil or thiobarbituric acid groups as acceptor and thioacetate as a surface anchoring group.

Despite first failures, we managed to obtain push-pull chromophores after multi-step molecular construction. The crucial synthetic step comprised Wittig-type addition and permits to build expanded π-conjugated system framed after by an acceptor moiety. All obtained molecules had demonstrated a high light absorption and therefore are interesting for OPV applications. It has been demonstrated that a simple replacement of one acceptor group to another modulates the position of light absorption band effectively as well an LUMO energy position. The general developed method can be used for preparation of a series of other push-pull structures with different functionalizing groups that can be inserted separately.

After, the self-assembly on the gold surface was studied. Compared to the model alkylthiol ODT and DDT SAMs or the aromatic thiol 3TSH SAM, the push-pull thioacetate SBTMN demonstrated less organized surface. We believe that an absence of terminal alkyl chains results in less fixed position of acceptor terminal, and so the molecular resolution of the layer was not observed at room temperature. Meanwhile, the I-V characteristics obtained by STM demonstrated much intense electron tunneling through push-pull molecule than through ODT, DDT, or 3TSH. It was explained by much smaller bandgap energy for push-pull dyes layer and close position of HOMO and LUMO bands relatively to the Fermi energy of the substrate and tip. XPS characterization confirmed formation of the SAM via S-Au bond.

Modification of ITO surface demonstrated first steps towards photovoltaic application. The light absorption spectra proved formation of SAM and the observed strong hypsochromic shift can be a demonstration of unidirectional organization of molecules. Meanwhile, the electric characterization of SAM -ITO samples did not achieve success possibly due to high surface roughness or incomplete SAM formation.

Possessing two cyanide groups in the acceptor end, SBTMN has demonstrated an affinity to gold nanoparticles. Immersing the sample into a water solution of NPs resulted in adsorption of the latter. Then, obtained sample can adsorb more push-pull molecules on top of gold nanoparticles, increasing overall absorption.

During our work, we faced with few problems connected with low solubility of target compounds. In the perspective, developed synthetic approach can help to obtain other compounds possessing an additional alkyl chain, possibly in acceptor position.