Figure 0. 1 Volume of data/information, captured, copied and consumed worldwide from 2010 to 2020, with forecast from 2021 to 2025 (in zettabytes). (Taken from ref. 1

General introduction

At the start of the 20 th century, there is no denying about the pervasive influence of technology in our daily lives. From smartphones and social media to artificial intelligence and automation, which heavily rely on multifunctional data processing and storage systems, the "i-technology" has transformed the way we communicate, work, and interact with the world around us. The total amount of data created, captured, copied, and consumed globally tend to increase rapidly, reaching 64.2 zettabytes in 2020. Over the next five years up to 2025, global data creation is projected to grow to more than 180 zettabytes (Figure 0.1). 1 Currently, electricity serves as the primary energy source for data processing and storage, accounting for approximately 10 % of the worldwide electricity consumption. However, the predominant challenge with electricity-based data processing is the occurrence of the Joule effect within electrical circuits and chips. 2 Regardless of whether numerical data is processed and stored in local machines or large-scale data centers, the Joule's effect leads to the conversion of electrical energy into thermal energy, resulting in significant energy losses through heat dissipation. This rapid growth in data demand has faced a critical challenge: the need to effectively store vast amounts of information in digital format and to overcome the limitations observed in terms of size, efficiency, and performance.

The key objective is to develop a molecular material with the capability of storing and/or processing data at the molecular level. It is worth to mention that my project is fundamental as it aims to explore the possibilities of employing molecular current switches, looking forward for future advancements in utilizing these systems. In this context, I was interested in two different topics:

-1) the synthesis of stimuli-responsive molecules (molecular switches), particularly optical responsive systems on surfaces to photo-switch the NLO and/or luminescence properties. -2) the synthesis of molecular materials that display chemo and photo-switching behavior.

In chapter I, I will review the recent literature on the photo-switching of luminescence and NLO properties in order to show the relevance of the two strategies that are later developed in chapters II, III and IV.

In chapter II, after a short bibliographic perspective on the subject, I will introduce and develop our first strategy, which is based on the preparation and characterization of NLO-active tridentate cyclometalated platinum complexes on surface.

In chapter III, I will show a different but complementary approach with the goal of photo-switching of NLO properties on surfaces based on organic photochromes mainly diarylethene (DAE).

In chapter IV, an alternative approach will be presented that focuses on the development of a photo and chemo-switching system in solution. This system is designed by incorporating a photochromic unit, specifically a diarylethene, along with a fluorescent dye, specifically a rhodamine.

Finally, I will conclude with a new project based on using the previously synthesized molecules in a different system, such as polyoxometalates, to achieve an efficient solid state photochromism. Though incomplete, these results provide an important perspective for our work and are thus presented here in their current state.

Chapter I Bibliographic survey about switching of non-linear optical and luminescence properties

This chapter will primarily focus on elucidating the switching characteristics of non-linear optical (NLO) and luminescent properties in molecular materials. This will be achieved by providing a comprehensive understanding of the fundamental photophysical processes. With the increasing interest in functional switchable materials that can respond to external stimuli, it is crucial to understand the mechanisms and characteristics of their switching behavior for the development of advanced optoelectronic devices and sensors. In this chapter, I will begin with a basic introduction to molecular switches, specifically optical and chemical switches. Furthermore, I will discuss the significance of photoswitching in NLO properties, along with a general overview of NLO active materials, focusing on second harmonic generation (SHG) response. Additionally, I will explore the photo-switching of luminescence properties, covering the relevant optical behavior processes. Finally, I will provide a detailed explanation of our strategy for synthesizing light-induced molecular switches, showcasing our design that incorporates dithienylethene (DTE) as the organic photochrome.

Molecular Switches

Molecular switches are defined as chemical species that possess at least two thermodynamically (meta) stable states (A and B) capable of reversible interconversion between them in response to external stimuli. [1][2][3][4] Such switches are typically activated by chemical, 5 electrochemical, 6,7 mechanical, 8,9 thermal, 10 or photochemical triggers, 11,12 and their isomers should be stable enough to avoid spontaneous thermal relaxation when not desired.

Compounds A and B exhibit distinct characteristics, including variations in their UV-vis absorption spectrum, polarity, redox properties, magnetism, and more. In the case of mono-stable switches, B can be promptly converted back to A without the need for external stimuli. On the other hand, in the case of bi-stable switches, B can be transformed back to A under the action of an external stimulus; however, the interconversion must not occur spontaneously, at least within the time frame of the operation. 12 This biostability is a fundamental basis for building a reversible molecular switch.

The application of molecular switches spans a wide range of fields and industries such as development of advanced electronic components (molecular transistors, memory devices…), 13 data storage, 14,15 optoelectronics, 16 drug delivery systems, 5 and molecular machines. 12,17 Molecular switches can be classified into several categories based on their mechanism of action and the stimulus that triggers their switching behavior: optical, redox, thermal, chemical (pH, ion) switches. Each class offers unique properties and functionalities, providing a versatile toolkit for various applications. Nevertheless, our main interest lies in the domain of optical and chemical responsive switches. In the following discussion, various examples that showcase the capabilities and applications of these types of switches will be illustrated.

Chemical switches

Chemical molecular switches are a class of molecules that can undergo reversible changes in their structure, properties, or states in response to chemical species in the medium as the external stimuli (pH, and the presence of certain ions or molecules). Scientists are using the natural chemical responsiveness of molecular switches to explore new possibilities in materials science, nanotechnology, and biomedicine. Precise control over molecular changes is crucial in these fields to achieve desired functions and applications. Several examples are investigated in the literature which shows the selective response to chemical species, enabling targeted and controlled functionality. In this context, two efficient chemo-switching systems will be presented as illustrative examples.

pH responsive fluorescent switch

Li et al. 18 conducted the synthesis of a novel pentacyclic compound derived from naphthalenediimide (NDI) and 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU) in one step synthesis catalyzed by copper iodide (CuI). (Scheme 1.1) The formation of such product is based on unusual polycondensation reaction through Michael addition mechanism. 19 It showed a remarkable sensitivity to changes in pH, resulting in a chemo-switch in its luminescent properties. UV-vis absorption and luminescence measurements were performed to investigate the optical properties of the NDI-DBU compound. Without the addition of acid, the UV-vis absorption measurement showed a broad, strong and structureless absorption band between 550-700 nm which was assigned to be a charge transfer (CT) involving the dialkylamino and the pyrroli-extended NDI chromophore (Figure 1.1). In addition, this band showed a strong positive solvato-chromism upon increasing the solvent polarity and thus stabilizing the CT state. The presence of an amino electrondonating group and a π-conjugated electron deficient core (naphthylamide) led to the formation of a strong electronic interaction which is responsible for the strong absorption band in the visible region. Moreover, a strong absorption band at 450 nm was observed attributed to the substituted NDI chromophore. It is good to mention that this band at 450 nm is not observed for unsubstituted NDI derivative.

Upon the addition of trifluoroacetic acid, the CT band at 450 nm decreased accompanied with the appearance of three new bands at 422,370, and 350 nm (Figure 1.1 A). The observed decrease in intensity of the band within the 500-700 nm range upon the addition of acid could be attributed to changes in the electronic characteristics with the protonated amine group, i.e from an electron donating group to an electron-accepting group. The addition of triethyl amine (TEA) increased the pH that regenerated the neutral species indicating the chemo-reversibility of the system (Figure 1.1 B). Furthermore, the emission intensity before and after addition of TFA was measured. Before the addition of acid, it showed very weak emission intensity. However, after the addition of acid, the emission increased significantly at 405 nm (Figure 1.2 A). To regenerate the initial spectrum, triethyl amine was necessarily added for the resulting mixture (Figure 1.2B). The enhanced emission shown can be explained by the inhibition of the intramolecular quenching process that occurred in the excited state of the protonated species. The alternating addition of TFA and TEA (as shown in Figure 1.3) enabled the repeated switching ON and OFF of the compound. This reversible process can be carried out for at least seven cycles. However, from my point of view the photo-reversibility is not maintained during the chemical transformation since from the inset shows that the curve is decreasing in intensity and this indicates that other compounds maybe formed. Thus, this system lacks the chemo-reversibility after 2 cycles. It is worth to mention that the chemo reversibility process upon varying the pH of the mixture was also proven by 1 H-NMR spectroscopy. In addition, similar behavior was observed upon replacing the NDI-DBU by the NDI-DBU-OH.

Chemo-responsive supramolecular systems

Recently, a novel supramolecular polypseudorotaxane [H.G.Ag]n was prepared with infinite chemoswitching ability. 20 Their design relies on using a macrocycle (H) that exhibits high selectivity and specificity toward guest complexation as well as rigidifying the supramolecular monomer and by that facilitating the linear supramolecular polymerization. The guest is a cyano-substituted viologen designated as G.

Initially, the formation of a [2] pseudorotaxane (H⊃G) involved the interaction between a bis(pphenylene)-34-crown-10 (H) macrocycle and a paraquat guest (G) that contained two cyano groups.

Then the self-assembly was driven by the addition of silver ions that led to metal-ligand coordination between the cyano groups and Ag + cation. Upon the addition of excess of H and Ag + cation, depolymerization to [3] pseudorotaxane denoted as (H2.G.Ag2.acetone2) was observed. Nevertheless, when the guest molecule G is successively added, the "chain stopping effect" exerted by the macrocycle H is reversed, resulting in the regeneration of the [H.G.Ag]n supramolecular polymer. This process of the chain stopping effect is a characteristic of macrocycles, whereby an increased concentration of macrocycles, acting as molecular inhibitors, can hinder supramolecular polymerization. However, the repolymerization can be restored under specific chemical-triggered conditions (Scheme 1.2).

The transformation process from [H⋅G⋅Ag]n to H2⋅G⋅Ag2⋅acetone2 was also conducted in a solution.

Initially, a 10.0 mM [H⋅G⋅Ag]n solution was prepared, and then H and AgSbF6 were gradually added as chain stoppers. To monitor the change in diffusion coefficient (D), diffusion ordered NMR spectroscopy (DOSY) experiments were employed. 

Optical switches

Optical switches are molecules that undergo reversible chemical and/or physical transformation when subjected to light. Generally, the interest of using light as an external stimulus is due to its easy availability, environmental friendliness, contactless, and remote application. Light responsive molecular materials constitute already an extremely active research field driven by the significant progresses conducted in a wide panel of applications such as bio-imaging 21 and light conversion (solar cells, photo-catalysis). 22 As explained in the general introduction, the growing need for data storage has led to significant advancements in the field of data storage devices, particularly in the exploration of novel optical molecular materials. To date, the best way to write information at the molecular level with light relies upon the fine controllability of photochromism. This level of control can be achieved through the utilization of organic photochromes. There exist also inorganic photochromes but they will not be addressed as they are out of the scope of this manuscript. 23,24 1.2.1. Definition and properties of organic photochromes

Photochromism is the reversible transformations upon light irradiation of a suitable wavelength to another isomer having different optical properties. 25 Initially, this was described as a reversible change of color upon exposure to light.

During the photo transformation process, chemical bond rearrangement induces electronic as well as geometrical structural changes of the molecules. The electronic structure changes can be applied to optical memory media and various photo-switching devices. 26 As a result of these structural changes, the physical properties of the molecules, such as luminescence, 27 electrical conductivity, 28 non-linear optics, 29 chirality 30 and magnetism 31 can be varied. On the other hand, the geometrical structure changes can be applied to light-driven actuators and others. 32 The organic photochromism phenomenon can be described using a widely adopted model, which involves a simple two-way reaction between two isomers of a molecule, denoted as A and B. Upon exposure to light, the molecule rises to its excited state, from which it relaxes by forming the second isomer (Figure 1.5A). If the potential barrier, denoted as ΔE, is low, the second isomer B is metastable and can spontaneously revert back to the original isomer A through a thermally induced reaction. Such photochromic systems are referred to as T-type (thermally reversible). However, if the potential barrier is sufficiently high, the system becomes bistable, and the reverse reaction can only be induced by light irradiation since the process is not thermally accessible. These photochromic systems are known as P-type (thermally irreversible, but photochemically reversible). 33 Typically, molecule A tends to absorb UV or near-UV light, as depicted in Figure 1.5B, with a characteristic absorption band at a specific wavelength (𝜆A). When a photon is absorbed at or close to 𝜆A, the molecule is transformed into molecule B that absorbs at lower energy. The reverse process from B to A follows a similar pattern upon light excitation of B. The position of these absorption bands on the spectrum provides information about the wavelength of light required to trigger the photoreaction and the inherent color of the molecule itself.

When considering the applications of photochromes, several important properties must be taken into consideration. First, the quantum yield of the photochemical reaction is crucial as it determines the efficiency of the isomerization in relation to the amount of absorbed light at a specific wavelength. The second property to consider is the fatigue resistance of the molecule, which refers to the loss of reversibility caused by processes like photo-degradation, photo-bleaching, photo-oxidation, and other side reactions. Fatigue is typically indicated by observable changes in the initial or final states after each cycle of irradiation. It's important to note that all photochromic molecules experience some degree of fatigue, with the rate being heavily influenced by the activating light and the sample conditions (e.g., wavelength, time, temperature).

As previously mentioned, photochromic materials possess two states, and their interconversion can be controlled using different wavelengths of light. Exciting the material with a specific light wavelength results in a mixture of the two states at a particular ratio, known as the "photostationary state." In this state, further irradiation with the same wavelength will not induce any further changes in the system.

Classes of organic photochromes

There are different classes of photochromic materials, herein I will detail them and mention few properties about five classes (Scheme 1.3). Scheme 1. 3 Typical examples of organic photochromic molecules. (Reproduced from ref. 33) The first class corresponds to spiropyran molecules. Spiropyrans are one of the oldest and most studied families of photochromes. The photochromic reaction is based on a photo-induced heterolytic cleavage of the quaternary carbon-oxygen bond to generate the conjugated open form. Upon UV light irradiation, the colorless closed spiropyran (SP) form isomerizes to open colored merocyanine form (MC). When the UV source is removed, the molecule returns to its SP state. Based on this description, since spiropyran systems are thermodynamically unstable in one form and revert to the stable form in the dark, they are T-type photochromes. As it can be observed, the isomerization induces an important structural change when passing from the spiro form to the merocyanine form. The fact that the spiropyran are colorless in their open form is due to the quaternary spiro carbon atom that prevents the electron delocalization over the two condensed rings and the molecule consequently absorbs only in the UV region. On the contrary, the merocyanine isomer shows absorption bands in the visible because of the conjugation in the planar open form. 34 Second, one of the main family of organic chromophores is azobenzenes. Azobenzenes can undergo a reversible trans-cis photo-isomerization upon UV irradiation. By switching the thermodynamically stable trans isomer to the cis one, the optical contrast is generally small, but the spatial structural change is important. This enables it to be used extensively in molecular switches that produce a supramolecular result. Moreover, these molecules belong to the T-type photochromes since this species can spontaneously revert back to the initial configuration in the dark. 35 Third, another class of organic photochromes are dihydropyrene (DHP). They are negative photochromes since the thermally stable form is the colored DHP isomer. Photochemical isomerization forms the open cyclophanediene (CPD) for which the conjugation is decreased, leading to the disappearance of the absorption in the visible region of the spectrum. Visible light irradiation causes the pericyclic reaction of the central C-C bond, thus forming the colorless cyclophanediene (CPD). In addition, DHPs are known to be T-photochromes which means that the back-reaction restoring the DHP isomer can occur thermally or with UV light. 36 The fourth class is fulgides. The basis for the transformation of fulgides and fulgimides involves a cyclization reaction. Specifically, it entails the conversion between 𝜋 and 𝜎 bonds, resulting in an electrocyclization. The main distinction from spiropyrans is that the open form of fulgides is colorless, while the cyclized form exhibits a colored characteristic. The initial fulgides experienced a notable thermal back-reaction and functioned as T-type photochromic compounds. However, in the 1980s, the incorporation of heterocycles as aryl groups (such as furylfulgides or indolinofulgides) allowed for the thermal stabilization of the closed form. As a result, P-type photochromic compounds could be obtained. 37,38 Finally, one of the well-known class is the diarylethenes family. These molecules have gained considerable attention due to their high thermodynamic stability in both isomeric forms. The diarylethene molecules isomerize by means of a 6π electrocyclic reaction to form the closed isomer.

Diarylethenes are classified as P-type photochromes. Due to minimal volume changes during isomerization, they can be effectively transformed into a crystalline state. This solid-state photochromism property is well-documented for certain diarylethenes. 32 Based on the properties of each class, photochromes were found to be interesting in supramolecular chemistry, data storage, sunglasses, and other applications such as toys, cosmetics, clothing and industrial applications. 33 As each isomer behaves as "0" or "1" bit of data storage, the information can be written, stored, transported and read by photochromism. In addition, the photochromic process will regulate the linear and non-linear optical properties of the molecule.

Photo-switching of Non-Linear Optical (NLO) properties

The ability to modulate the NLO activity of a molecule between "ON" and "OFF" states is crucial for the advancement of molecular photonic devices. These properties can be modified by varying one of the constituent parts of the molecule. 39,[START_REF] Lieber | Infrared Spectra of Organic Azides[END_REF] To achieve an effective switching effect, it is necessary for the molecule to be stable in both the "ON" and "OFF" states, and the response time should be relatively rapid. Since many molecules with high quadratic hyperpolarizability values consist of π-systems with donor and acceptor groups at the ends, several strategies have been proposed. These strategies include (i) altering the electron-donor or electron-acceptor capacity of the end groups through external stimuli such as redox reactions or protonation/deprotonation, and (ii) modifying the π-bridge using an external trigger like light. Among these strategies, photochromic compounds appear to be promising candidates for the development of photo-switchable NLO materials. 41,42 2.1. Definition of Non-Linear Optics

The key difference between linear and non-linear optical response lies in how materials interact with light and how their optical properties change as a result. In the case of linear optical properties, the material's response to light is proportional to the intensity of the incident light which means the optical properties of the material, such as absorption, reflection, and transmission, remain unchanged regardless of the light intensity. The response can be described using linear equations, such as the linear relationship between the applied electric field and the induced polarization. In the other hand, the non-linear optical phenomena result from the interaction between light and matter and, more precisely, between the polarizable electron density and the strong electric field associated with a very intense laser beam. This results to a different response to light which is not proportional to the intensity of the incident light but involves higher-order effects. [START_REF] Lieber | Infrared Spectra of Organic Azides[END_REF] Thus, the NLO behavior results from the perturbation of electrons present in the electron cloud of the molecule. Unlike luminescence, there is no absorption process happening and thus this phenomenon doesn't produce any excited states and by this it doesn't suffer from any intermolecular interactions or electron transfer.

According to the expression in the equation below (Equation 1.1), the resulting induced polarization response (P) of a molecule can be expressed as a power series in the applied field (E).

𝑃 = 𝛼𝐸 + 𝛽𝐸 2 + 𝛾𝐸 3 + ⋯ Equation 1.1

With normal values of E, the quadratic and cubic terms in Equation 1.1 can be neglected, and only linear optical behavior is observed. The coefficient α is known as the linear molecular polarizability and is related to the refractive index of the material. However, under conditions where E approaches the magnitude of atomic field strengths, such as in a laser beam, the βE 2 and γE 3 terms in the equation become important. These terms are responsible for inducing quadratic (second-order) and cubic (thirdorder) NLO effects, respectively. The coefficients β and γ are termed as first and second molecular hyperpolarizabilities respectively.

Classes of Non-Linear Optics

NLO can be classified into several categories based on the specific effects and behaviors exhibited, such as second-harmonic generation (SHG), and third-harmonic generation (THG)… Thus, the field of non-linear optics is broad and encompasses numerous phenomena and applications, making it a vibrant and active research area. Among the different categories within NLO, there is a particular focus on the second-order NLO properties, especially the phenomenon known as second-harmonic generation (SHG).

Definition and interest in Second-Harmonic Generation (SHG)

Since the observation that a sample of urea could efficiently double the output frequency of a laser beam, [43][44][45] the interest for molecular materials exhibiting second order nonlinear optical response has grown tremendously.

By definition and according to Figure 1.6, SHG which is also known as "frequency doubling" is a nonlinear optical process in which two incident photons at frequency ω interacting with a nonlinear material are effectively "combined" to form one new photon at frequency 2ω, i.e therefore half the wavelength of the initial photons. The solid line in the figure represents the atomic ground state, and the thin lines represent virtual levels. SHG has numerous applications in various fields such as laser technology, 46 biomedical Imaging, 47 surface and interface studies 48 … 

Requirements for second-order NLO materials

In principle, in order to have a remarkable second order NLO response, the molecule must be noncentrosymmetric which means an absence of the inversion center otherwise all the dipole moments will be cancelled and thus no SHG response is observed. In addition, the compound should exhibit a large hyperpolarizability, that is in line with charge transfer transitions located at low energy and of high intensity. Furthermore, a large difference in the dipole moment between the excited state and the ground state (Δμeg) should be present which lead to an asymmetric charge distribution. When a material undergoes electronic excitation from the ground state to an excited state, the electronic charge distribution can change, resulting in an altered dipole moment. This change in dipole moment arises from differences in electron density and the distribution of charges within the molecule.

By definition, the dipole moment measures the separation of positive and negative charges within a molecule and is associated with the molecule's polarity. A larger dipole moment generally leads to a larger nonlinear polarizability and, consequently, a stronger NLO response. It is worth noting that achieving a significant difference in the dipole moment between the excited and ground states can be influenced by various factors, including the molecular structure, electronic transitions, and the nature of the excited state.

Techniques to measure the second-order NLO

The experimental value of the quadratic hyperpolarizability of molecular NLO chromophores is determined in solution using two techniques, the electric field induced second harmonic generation (EFISH) and hyper-Rayleigh scattering (HRS, also known as harmonic light scattering method).

In the EFISH technique, an intense electric field (high voltage DC) is applied to a sample which orients the molecular dipoles and breaks the macroscopic centrosymmetry of the solution. Then the cell is illuminated with laser light with frequency ω. Under these conditions, the second harmonic response of the solution at frequency 2ω resulting from interaction with the strong optical field of the laser light can be observed. It provides direct information on the intrinsic dipolar molecular second-order NLO properties, through Equation 1.2: 49 𝛾𝐸𝐹𝐼𝑆𝐻 = ( 𝜇𝛽𝐸𝐹𝐼𝑆𝐻 5𝑘𝑇 ) + 𝛾(-2𝜔; 𝜔, 𝜔, 0) Equation 1.2

With μβEFISH/5kT the dipolar orientational contribution and γ (-2ω; ω, ω, 0) the third-order term at frequency ω of the incident light that is a purely electronic cubic contribution generally neglected in the second-order NLO studies. The μβEFISH values are measured in an appropriate solvent (usually CH2Cl2 or DMF) in a relatively high concentration (≈ 10 -3 M). The laser beam is chosen in the NIR region to work with a non-resonant incident wavelength (typically 1064 or 1907 nm). The βEFISH value is obtained from the projection along the dipole moment axis of the vectorial component of the tensor of the quadratic hyperpolarizability. Moreover, it is necessary to know or evaluate the dipole moment (μ) of the molecule. This can be achieved through DFT calculations, which offer a first approximation of the dipole moments.

To prevent the overestimation of quadratic hyperpolarizability caused by resonance enhancements, it is important to select an incident wavelength for which the second harmonic is significantly distant from the HRS technique that detects the incoherently scattered second harmonic signal produced by a molecule in solution when irradiated with a laser of wavelength λ.

By analyzing the polarization dependence of the second harmonic signal, obtained by selecting the polarizations of the incident and scattered radiation, valuable information about the individual components of the quadratic hyperpolarizability tensor (β) can be extracted.

Unlike EFISH, HRS can be applied to both ionic molecular species and non-dipolar molecules such as octupolar molecules. 50 It is worth to mention that both techniques have an accuracy of about 10 % due to technical uncertainties.

Materials for NLO

In recent decades, significant advancements have been made in the field of NLO materials through molecular engineering approaches. These engineered materials hold great promise for applications in optical data storage, telecommunications, and optical information processing. As a result, chemists have actively engaged in chemical synthesis, while physicists have focused on targeting and characterizing the functional properties of a diverse range of materials including organics, inorganics, semiconductors, and polymers. The collective efforts from these disciplines have led to notable progress and exploration in the development of NLO materials with diverse properties and applications.

Commercially available inorganic optical materials are well-suited for various applications in electrooptic devices, frequency doubling, and parametric oscillators. Inorganic materials such as lithium niobate (LiNbO3), potassium dihydrogen phosphate (KDP), and Baryun Boron oxide (BBO) are widely known for their NLO activity with BBO being a prominent example of these choices. Although these systems show several advantages, however they are known to be highly a costly, brittle in nature and difficult to produce.

Furthermore, for the semiconducting materials, they can strongly absorb in the visible region, thus limiting their usage within the visible range. 23,[51][52][53] In addition, organic materials 54 have gained attention as an alternative to inorganic materials due to their specific advantages such as fast response times, cost-effectiveness, and the ability to tailor and modify their properties through chemical synthesis. However, it is important to note that organic materials also possess certain disadvantages, including thermal degradation. Their long-term stability has been questioned until now, in spite of recent systematic studies.

In recent years, there has been an increasing focus on organometallic derivatives following earlier investigations that primarily concentrated on purely organic systems. Organometallic complexes are similar to organic molecules in that they can possess conjugated ligands and display high molecular hyperpolarizabilities. The presence of the metal results in a greater design flexibility, enabling variations in metal oxidation state, ligand environment and geometry. Metals coordinated with NLO chromophores result in molecules of much greater complexity compared to the first generation of "push-pull" organic molecules, giving rise to tunable optical properties. The metal center may serve as an extremely strong electron donor or acceptor, a requirement for electron asymmetry and hence second-order non-linearity. 55 

Toward photo-switching materials

The ability to photo-switch the NLO activity of a molecule "ON and OFF" is crucial for the advancement of molecular photonic devices. The chief feature of the molecules possessing NLO switchable properties is that the molecular hyperpolarizability can be varied by external stimulus. This property can be achieved by modifying one or more of the molecule's component parts. To ensure an efficient switching effect, the molecule must maintain stability in both the ON and OFF states, while also demonstrating a relatively fast response time. This can be accomplished by using photochromic molecules as promising candidates for the development of photo-switchable NLO materials. 42,56 There are numerous examples reported in the literature, but I will only detail three examples focusing on photo-switching of NLO properties. 56,57 The first example of metal complexes as photo-switchable second-order NLO material was demonstrated in 2008 by Bozec et al. 58 They prepared photo-switchable second-order NLO metal complexes using dimethylaniline-DTE units as ligands (Scheme 1.4). The photochromic behavior of 1.1 was identical for the Zn (II) complex and the dimethylaniline-DTE as the free ligand, indicating that the complexation of the bipyridyl unit to Zn (II) didn't have any effect on the photo-conversion process. However, the complexation induced a remarkable bathochromic shift compared to the free ligand (Δλ = 6-18 nm) due to the intra ligand charge transfer transition. The platinum (II) complex was introduced on the lateral position of DTE core, through an acetylenic linker. An electron-donating group D was attached on the opposite side of the thiophene, allowing the modulation of the π-extended system along the molecule, in function of the open-closed photoisomerization. The inclusion of n-hexyl substituents on the cyclometalated ligand facilitated their simple nano-organization in polymer films. The NLO photo-switching behavior was studied both in solution and in solid state.

By

Concerning the NLO response for 1.2 in DCM before and after the irradiation, it showed negative values (Table 1.1). This behavior is assigned to a quadratic NLO response dominated by a charge transfer from the Pt-acetylide DTE moiety to the cyclometalated ligand. The NLO response of 1.2a and 1.2b in their open form was, as expected, very weak. However, after UV irradiation and subsequent accumulation of the ring-closed isomer, there was a dramatic rise in second-order NLO activity. This significant increase in the quadratic NLO response upon ring-closing clearly represents the impact of the delocalization of the π-electron system in the closed form.

Remarkably, the use of a strong electron-donor group (1.2b: D = NMe2) led to higher μβEFISH compared to 1.2a complex where the donor was a hydrogen atom (D=H). This is due to the increased delocalization of π-electrons resulting from the enhanced donating ability of the amino group.

In the solid state, the photo-switching of the second-order NLO characteristics of the Pt (II) complexes 1.2a and 1.2b was also investigated. Thin layers of the chromophore were created by dispersing it in a polymethylmethacrylate (PMMA) matrix. The complex was then deposited in its closed form due to a greater dipole moment compared to the open form. This deposition was done to optimize the orientation of the chromophores during electric poling. The second-harmonic generation (SHG) signal was photo-switched on the poled PMMA sheet using alternate visible (λ > 550 nm) and UV (λ = 325 nm) irradiations (Figure 1.8). These values of hyperpolarizability were similar with other organic chromophore like N,N-dimethyl-4nitroaniline [START_REF] Zhang | Theoretical Study of Effect of the Number of N,N-Dimethyl-4-Nitroaniline Units in Novel "Parallel Connection" Chromophores on Its Nonlinear Optical Properties[END_REF] (10 -30 esu) and 4-(3,4-dihydroxyben-zylideneamino) [START_REF] Sun | Experimental and Density Functional Studies on 4-(3,4-Dihydroxybenzylideneamino) Antipyrine[END_REF] (≈ 10 -29 esu). Nevertheless, the advantage of this system relies in its potential to achieve enhanced (NLO) properties when exposed to UV-irradiation. 3. Photo-switching of luminescence properties

Definition of luminescence

Luminescence can be classified into different types depending on the excitation. For instance, chemiluminescence arise from chemical reactions rather than external excitation, where energy released during a chemical reaction results in the emission of light. [START_REF] Dodeigne | Chemiluminescence as Diagnostic Tool. A Review[END_REF] In addition, electroluminescence originates from an electrical excitation or an electric field. 64 Furthermore, photoluminescence which come from the absorption of photon. [START_REF] Bebb | Chapter 4 Photoluminescence I: Theory[END_REF] As shown below in the Jablonski diagram (Figure 1.10), when an electron absorbs a photon it is excited to a higher energy level (Sn), and subsequent relaxation processes take place. Specifically, in the context of luminescence, Kasha's rule states that the excited molecule promptly undergoes rapid relaxation through a non-radiative pathway to reach the lowest singlet excited state (S1) (Figure 1.10). [START_REF] Kasha | Characterization of Electronic Transitions in Complex Molecules[END_REF] This non-radiative relaxation process typically occurs much faster than the radiative emission from higher excited states (Sn). Concerning the radiative emission, it can be either fluorescence or phosphorescence that differ based on the originated excited state and the ensuing properties (multiplicity, lifetime, oxygen sensitivity).

Fluorescence involves the rapid emission of light, happening almost instantly after excitation, typically in nanoseconds. This emission occurs from the singlet excited state (S1) to the ground state (S0) without any alteration in the spin multiplicity. [START_REF] Lakowicz | Quenching of Fluorescence[END_REF] On the other hand, phosphorescence involves a longer-lived excited state, with emission occurring over a longer timescale, ranging from microseconds to hours. Phosphorescence occurs when the electron in the excited state (S1) undergoes intersystem crossing (ISC), transitioning to the triplet state (T1) with a change in spin multiplicity. Once the electron reaches this triplet state, it is quantum mechanically prohibited from returning directly to the lower ground state (S0) due to the difference in spin multiplicity. Consequently, the relaxation process back to the ground state is significantly slower compared to other transitions, taking milliseconds to microseconds. 68 

Quenching of luminescence

Quenching refers to a phenomenon where the intensity of luminescence emitted by a substance is reduced. [START_REF] Lakowicz | Quenching of Fluorescence[END_REF] Various processes can lead to quenching, and some common ones include charge or energy transfer mechanisms. Energy transfer is a non-radiative process occurring by resonance and competing with luminescence. Figure 1.11 shows the two mechanisms that have been proposed: Förster mechanism in 1959 and Dexter mechanism in 1953. [START_REF] Strieth-Kalthoff | Energy Transfer Catalysis Mediated by Visible Light: Principles, Applications, Directions[END_REF] Förster Resonance Energy Transfer (FRET) involves the energy transfer from a fluorescent donor in the excited state(D*) to an acceptor (A) in the ground-state. This energy transfer occurs through a dipoledipole (columbic) interaction between the two entities. FRET relies on two key conditions: The emission spectrum of the donor must overlap with the absorption spectrum of the acceptor. In addition, a close proximity between the donor and acceptor is necessary, typically within a range of 1 to 10 nm. This is because the efficiency of FRET decreases rapidly with increasing the distance between the donor and acceptor, following an inverse sixth power relationship. As shown in the equation below (Equation 1.3), even slight changes in distance can have a significant impact on the FRET efficiency.

𝐸 = 1 1+( 𝑟 𝑅 0 ⁄ ) 6 Equation 1.3
Where r represents the distance between the donor and the acceptor, and R0 represents the Forster distance corresponding to 50 % efficiency of the mechanism i.e. the distance at which the energy transfer efficiency is 50 %. This implies that when the donor-acceptor distance is equal to the Förster distance, the probability for the donor to go through the non-radiative energy transfer pathway is of 50 %. This mechanism could be effective for distances between 10 and 100 Å.

The Dexter mechanism operates through an electronic exchange between the donor and the acceptor, necessitating an exchange interaction between the two components. Unlike the Förster mechanism, direct contact between the molecular orbitals of the donor and acceptor is crucial for the Dexter mechanism. Consequently, the efficiency of Dexter-based energy transfer relies on the distance (R) between the donor and acceptor. It is generally accepted that Dexter transfers become less efficient when the distance exceeds 10 Å. It is important to note that, in a given system, energy transfer can occur through both mechanisms. By considering the requirements of each mechanism, it is possible to qualitatively assess which one is dominant. The Dexter mechanism requires substantial orbital overlap and operates at very short distances (< 10 Å), while the Förster mechanism functions over longer distances, necessitating the overlap of the acceptor's absorption spectrum with the donor's emission spectrum (Figure 1.11). 70 

Toward photo-switching materials

The ultimate aim of incorporating a photochrome and a luminescent chromophore is to achieve a molecule that possesses both highly efficient photochromic reactivity and a substantial luminescent quantum yield. This combination enables the molecule to exhibit a remarkable "ON-OFF" contrast. Regarding luminescence technology, modulation of emission intensity is one of the most attractive objectives for molecular devices because it could lead to the development of novel protocols for data storage, based on the interplay of optical signals, as well as to the diversity of bioimaging applications relying on luminescence detection.

In a recent study conducted by Rigaut et al. in our laboratory, they introduced a pioneering system that combines three DTE molecules as photochromic compounds with a lanthanide ion (Scheme 1.6). [START_REF] Sabea | Efficient Photomodulation of Visible Eu(III) and Invisible Yb(III) Luminescences Using DTE Photochromic Ligands for Optical Encryption[END_REF] This innovative approach successfully achieved efficient and repeatable modulation of pure nearinfrared (NIR) luminescence under photochemical control. Importantly, the system demonstrated remarkable effectiveness when integrated into a polydimethylsiloxane (PDMS) polymer, offering exciting prospects for practical applications such as anti-counterfeiting measures.

As the system described in this example bears three DTE units thus "o" will be used for the open and "c" for the closed unit. The emission properties of 1.5ooo and 1.6ooo were investigated in dichloromethane solutions, both in aerated and degassed conditions. Obtaining a complete emission spectrum with maximum intensity proved to be challenging due to the concurrent photochromic closure of the DTE units upon UV excitation at 350 nm, which triggered the desired quenching pathway (discussed below).

However, in the case of 1.5ooo, under excitation at λ = 350 nm, it displayed the characteristic emission features of Eu (III) ions (Figure 1.13 up). Specifically, a sharp emission band was observed at λ = 611 nm ( 5 D0 → 7 F2 transition), accompanied by broader bands at λ = 590 nm (J = 0), 596 nm (J = 1), and 651 nm (J = 3) for other 5 D0 → 7 FJ transitions. The quenching efficiency was clearly evidenced by the simultaneous loss of the emission intensity upon continuous UV irradiation (Figure 1.13 up). The quenching mechanism could be explained by a FRET energy transfer from the lanthanide complex to the closed DTE unit. To quantitatively quantify the luminescence quenching upon DTE isomerization, they also measured the decrease in emission at a specific wavelength (610 nm) over time under continuous irradiation at 350 nm. The results demonstrated that quenching could be achieved within a minute under these conditions. Moreover, this experiment highlighted two important aspects: First, a good reversibility and stability of the photo-modulation (Figure 1.13 down). Second, the efficiency of quenching, resulting in a residual emission intensity of only 1 % compared to the initial intensity.

In the case of 1.6ooo, corresponding to the Ytterbium analogue, comparable isomerization kinetics were expected; however, higher-power excitation and longer integration times are necessary to achieve an acceptable signal-to-noise ratio. Characteristic emission spectrum for Ytterbium complex was obtained (Figure 1.14 up). The emission maximum, assigned to the 2 F5/2 → 2 F7/2 transition, was detected at λem = 970 nm under excitation at λex = 350 nm. Similar to the europium complex, this emission arises from energy transfer, either directly from the singlet state of the open DTE unit and/or indirectly via its triplet state, to the excited state of the ytterbium ion.

The luminescence quenching behavior upon DTE isomerization was followed upon continuous irradiation at λex = 350 nm (Figure 1.14 down). Regarding the quenching mechanism, it is worth noting that there is no spectral overlap between the absorption spectrum of the closed form of the DTE units and the emission properties of the ytterbium ion. This implies that the mechanism of luminescence quenching in this case differs from that observed for the europium complex. One can notice that the 2 F5/2 excited state of the Yb (III) ion (10,200 cm -1 ) is positioned at a significantly lower energy compared to the corresponding state of the Eu (III) ion (17,250 cm -1 ). This disparity suggests that the quenching mechanism may proceed directly from the triplet state of the closed DTE β-diketone ligand, which is likely located at an energy level lower than that of the 2 F5/2 excited state of Yb (III) ion.

The photostability experiment showed the high reversibility, repeatability, and quenching efficiency of 1.6 complex (Figure 1.14 middle).

Chromophores based DTEs

In 2017, He and co-workers introduced a unique water-compatible glycosylated system capable of achieving photochromic behavior and functioning as a molecular logic gate, where fluorescence served as the output. [START_REF] Chai | Photochromism and Molecular Logic Gate Operation of a Water-Compatible Bis-Glycosyl Diarylethene[END_REF] The DTE was used as the photo-switching unit, the piperazine was used as H + /OH - trigger, the naphthylamide for its known emission properties, and β-D-galactosides for improving the water compatibility (Scheme 1.7). As depicted in Figure 1. 15 (up), the absorption peaks of 1.7o in water (C = 1×10 -5 M) were observed at 260 nm. Upon exposure to UV irradiation (λ = 254 nm), the absorption at 260 nm decreased while a new peak emerged at 535 nm, resulting in a color change from yellow to red. This color change and the appearance of a band in the visible region indicated the formation of the closed isomer. Notably, the red solution of 1.7c could be restored back to the initial yellowish solution by irradiation with visible light (λ > 500 nm), indicating the photo-reversibility of the system (Figure 1.15 up). The fatigue resistance of 1.7 was evaluated by examining its absorbance spectra under alternating irradiation with UV and visible light at room temperature. Remarkably, the coloration and decoloration cycles could be repeated up to 10 times in an aqueous solution without any noticeable degradation (Figure 1.15 down). Concerning the emission properties of 1.7o it showed a relatively weak emission due to the photoinduced electron transfer (PET) from piperazine to 1,8-naphthalimide unit. [START_REF] Zhang | A Ratiometric Lysosomal PH Probe Based on the Naphthalimide-Rhodamine System[END_REF] PET refers to the process of electron transfer from an excited-state electron donor (D) to an electron acceptor (A) in its ground state.

The luminescence of the system showed significant quenching upon UV irradiation due to the intramolecular FRET mechanism. This can be attributed to the strong spectral overlap between the absorbance band of the closed isomer of DTE and the emission band of 1,8-naphthalimide. (Figure 1.16) The PET process can be blocked by protonation of the piperazine units in an acidic environment, thereby recovering the strong emission of 1,8-naphthalimide. This phenomenon was observed when 6 equivalents of trifluoroacetic acid (TFA) were added to the yellow solution of 1.7 in water, resulting in a colorless solution. Simultaneously, the fluorescence spectrum exhibited a blue shift from 525 nm to 515 nm, and the intensity significantly increased by a factor of 3-4 (Figure 1.17 a). The addition of triethylamine (TEA) neutralized 1.7Ho back to its initial state 1.7o, resulting in a decrease in fluorescence intensity (Figure 1.17 a). Remarkably, the bis-glycosyl diarylethene 1.7o demonstrated excellent fluorescence reversibility in water when subjected to alternating additions of TFA and TEA for 10 cycles (Figure 1.17 b). In 2019, Li and colleagues [START_REF] Li | Blue-/NIR Light-Excited Fluorescence Switch Based on a Carbazole-Dithienylethene-BF2bdk Triad[END_REF] conducted research focused on synthesizing a novel fluorescence photoswitch that could be activated by visible light. This development aimed to enable potential applications in optoelectronics and bioimaging. The researchers recognized the limitations of using UV-light to trigger photochromic reactions and control the luminescence properties, as it can be destructive and has low penetrability in optical and biological materials. A carbazole-dithienylethene-BF2bdk triad was synthesized as shown in Scheme 1.8. This triad consisted of carbazole and difluoroboron β-diketonate (BF2bdk) fragments that were covalently attached on both sides of the DTE backbone.

In recent times, BF2bdk materials, specifically difluoroboron β-diketonates, have gained attention as a prominent category of organic luminogens. [START_REF] Chen | Difluoroboron β-Diketonate Dyes: Spectroscopic Properties and Applications[END_REF] Furthermore, carbazole, known for its rigid fused-ring structure, has been extensively studied as an electron donor for storing solar energy and achieving efficient luminescence. Among all organic photochromes, diarylperfluorocyclopentene, especially dithienylethene (DTE), are ideal organic photochromes to produce efficient photoswitches. The first example reported on the photochromism of DTE was developed in 1988 by Prof. Irie. [START_REF] Nakamura | Thermally Irreversible Photochromic Systems. A Theoretical Study[END_REF] They are classified as P-type photochromes because they are thermally stable and can be reversed through photochemical processes. The photochromic behaviour of DTE is based on a 6π electron conrotatory electrocyclization mechanism, allowed according to the Woodward-Hoffmann rules, from the colorless "open" nonconjugated form, containing 1,3,5-hexatriene, to the colored "closed" conjugated form, containing 1,3cyclohexadiene. [START_REF] Nakamura | Thermally Irreversible Photochromic Systems. A Theoretical Study[END_REF] The color change is attributed to the formation of an extended π-conjugation along the molecular backbone. The electrocyclization and the reverse reaction (cycloreversion) are both triggered by light irradiation of appropriate wavelength (Scheme 1.9). The colored closed-ring isomers has a high thermal stability which is considered one of the essential advantages of diarylethene. Most of the photogenerated colored isomers of DTE remain stable up to 100 °C.

As depicted in

Scheme 1. 9 Formal electrons movement upon light irradiation and orbital representation of the associated conrotatory electrocyclization.

Furthermore, conformational analysis of DTE shows that two conformations of the open isomer exist:

The anti-parallel (AP) with a C2 symmetry axis across a symmetrical DTE molecule and the parallel (P) forms with two thiophene rings in mirror symmetry. 32 Due to its orbital configuration, only the antiparallel conformation is photo-active. Therefore, irradiation produces a mixture of only two isostructures with the internal methyl groups pointing in opposite directions (Scheme 1.10).

Scheme 1. 10 Illustration of the photo-activity of both DTE-o conformers (parallel and anti-parallel form).

Fatigue resistance is an essential characteristic for the effective application of photochromic molecules in various fields. Despite the extensive literature available on diarylethenes, the photo-resistance of a specific diarylethene remains challenging due to the presence of multiple degradation methods. Diarylethenes incorporating perfluorocyclopentene as the ethylenic bridge exhibit superior fatigue resistance compared to other derivatives.

As mentioned before, DTEs are known to be fast in response and exhibits photochromic reactivity not only in solution but also in solid state. 32 

Electronic and optical changes upon isomerization

The chemical bond rearrangement during the photo-transformation induces electronic and geometrical structural changes which can clearly illustrated in Figure 1. 21. In the open isomer, the πconjugation is localized on each thienyl ring, and the spectrum is similar to a substituted thiophene. Upon UV light irradiation, the π-conjugation extends throughout the backbone of the molecule, and the HOMO-LUMO gap becomes smaller resulting in a red shift in the absorption spectrum, accompanied with the extended 𝜋 -electron delocalization of the system along the molecule It is worth to note, the time of irradiation with UV is monitored when the DTE reaches the photostationary state (PSS) so no further changes are observed in the absorption spectrum after irradiation. This is related to the fact that the photocyclization reaction from the open to the closed isomer cannot be quantitative since the closed form also absorbs in the UV region leading to the reopening of the closed form of the DTE (cycloreversion process). When the equilibrium is reached between the two processes (photoconversion and the cycloreversion processes) the PSS is achieved.

In contrast, it is only the closed isomer that absorbs within the visible region. Therefore, upon exposure to visible light, the entire cycloreversion process leading to the formation of the open isomer can be observed (Figure 1.21).

Geometrical changes upon isomerization

The geometrical structure of the molecule changes also upon photoisomerization. The molecule undergoes a small but distinct shape and dimension change upon going from the open to the closed form. 32 The length (indicated by the blue color) of the DTE molecule is slightly increased between the open and the closed isomer going from 0.49 to 0.56 nm. In contrast, the width (indicated by the red color) of the closed isomer has slightly decreased, going from 1.01 nm in the open form to 0.90 nm in the closed form. Moreover, a reduction in the thickness of the DTE molecule is observed which is caused by the planar arrangement of the thiophene rings in the closed form resulting in an overall flatting of the DTE molecule (Figure 1.22). 11 Consequently, it is anticipated that there will be only minor changes in the overall shape when introducing functionalities at the side positions of the thiophenes.

It is noteworthy to highlight that DTE possesses remarkable photochromic properties, making it suitable for diverse applications such as sunglasses, smart textiles, supramolecular chemistry, and data storage. However, it is important to mention that DTE has not yet been employed in any industrial applications. Therefore, the current thesis research is primarily focused on fundamental exploration with the aim of paving the way for potential future applications. 

First project (Chapters II and III)

In order to achieve the efficient photo-switching behavior of NLO and/or luminescence properties, we should overcome the limitations of lack of stability of the NLO-phores that tends to lose their active non-centrosymmetry arrangement with time. The grafting of the NLO-phores on surface is a strategy will indeed allow to get rid of the loss-of-symmetry phenomenon with time while preserving the high NLO contrasts upon photochromism, expected in the case of a monolayer. And also, to get rid of the pooling process in which the molecular dipole moments of the chromophores are aligned giving rise to non-centrosymmetric material at the macroscopic scale. However, in this process after removing the external electric field (applied in several KV), the NLO activity originated by the molecular alignment is not retained due to the loss of non-centrosymmetry in the material. However, in the surface methodology no external field will be applied and the alignment of the dipole moment will be induced by the surface which will be maintained.

Going from the molecular to the material level while preserving the NLO activity poses a significant challenge. By organizing NLO-phores on the surface, their freedom of movement and potential for reorganization are restricted. The precise and rigid structuring of the molecular system will result in a permanent and stable NLO response. Incorporating DTE units enables the control of the NLO activity through light, thus creating the first all-optical molecular system capable of writing, storing, and reading information solely using light as the medium. This project is divided in two approaches:

The first approach relies on the surface-grafting of an organometallic complex, in our case a platinum cyclometalated complex with tridentate ligand (N^C^N). Transition metal complexes are advantageous as they possess well-defined optically active electronic transitions. These transitions can be easily tuned by modifying the first coordinating sphere of the metal, providing a promising avenue for modulating the second-order nonlinear optical properties. The interest of using (N^C^N) metal complexes is due to the fact that they offer significant advantages due to their tunable optical-active transitions through ligand design and their square planar geometry that facilitates the intermolecular interactions. Besides, these complexes may exhibit interesting luminescence that can also be used as output signal.

The second approach in this project is based on using pure organic photochromic compounds specifically a DTE core to photo-modulate the electronic delocalization and donating ability ,in which it increases upon the photocyclization, along the naphthylamide and thus the NLO signal.

This project presents several challenges that need to be addressed. Firstly, there is the task of preparing a stable monolayer, particularly when incorporating the metal complex. Secondly, a key concern is maintaining the photoisomerization reaction on the surface and achieving a photoswitching effect in the NLO response by alternating UV and visible light irradiation. Detailed explanation on the choice of the metal complex, the ligand, organic chromophores, the obtained results, and the challenges will be discussed on Chapters II and III.

Second project (Chapter IV)

In this project, our aim is to explore the photo-and chemical reversibility of a novel system in solution.

This system consists of diarylethenes serving as the photochromic switch and a rhodamine fluorescent dye. Our inspiration for this work comes from the research conducted by Jӓschke and co-workers, who introduced a new class of DAEs incorporating a 1,2,3-triazole aryl ring. [START_REF] Becht | Click-Switch" -One-Step Conversion of Organic Azides into Photochromic Diarylethenes for the Generation of Light-Controlled Systems[END_REF] Thus we wanted explore the photo-modulation of the rhodamine luminescence and the effect on its chemo-switching behavior (Figure 1.23). 

Conclusion

In this literature review, I aimed to provide a general overview on the fundamental photophysical principles that are discussed within the manuscript, through selected examples. Therefore, each chapter will be preceded by its own bibliographic survey, tailored to the particular topic of that chapter.

The introduction of chapter II will include the detailed explanation of the first approach of the first project. The structural and optical properties of cyclometalated platinum complexes will be presented.

Then, I will explain our strategy to overcome the limitations induced by the loss of centro symmetry by synthesizing novel NLO-active tridentate cyclometalated platinum complexes on surfaces.

The introduction of chapter III will show the chemistry of organic monolayer grafted with photochromic molecules. Then I will discuss in details the rare and previous examples reported focusing in the photo-modulating the NLO properties in self-assembled monolayers (SAM). After that I will explain our strategy for overcoming the limitations observed in these systems. In this chapter, two distinct families are presented with different molecular designs.

In chapter IV, a different project is drawn in which we took the property of photochromism obtained from organic chromophore (DAE) and the chemo-switching behavior of the well-known rhodamine dye to obtain an efficient chemo and photo-switch. In addition, I will detail the optical studies performed on the new compounds.

As a perspective, we decided to use these synthesized photochromic molecules in a different project by assembling it with polyoxometalates based on click reaction. This work is inspired by a previous work reported in our group where they showed an efficient solid state photochromism of the molecular assembly. [START_REF] Stetsiuk | Structure-Property Relationships in Normal and Mixed Dithienylethenes -Polyoxometalates Supramolecular Assemblies with Fast Solid-State Photochromic Properties[END_REF] This project will be done in collaboration with Dr. Remi Dessapt in Université de Nantes and will be discussed at the end of the manuscript.

Chapter II Preparation and characterization of NLO-active tridentate cyclometalated platinum complexes on surface

Introduction

As mentioned in Chapter I, compounds with second order non-linear optics (NLO) are of great interest as molecular building blocks for optical data storage and processing as well as electro-optical devices. 1 Among them, coordination metal complexes represent an important class of second-order NLO chromophores that can offer additional flexibility, when compared to organic chromophores. 2 This additional flexibility is due to the presence of metal to ligand charge transfer (MLCT) transitions that are usually at low energy and of high intensity, also easily tunable by the nature, oxidation state, and coordination sphere of the metal center. 3,4 In particular, cyclometalated tridentate platinum complexes are receiving considerable attention due to their unique structural features combined with its tunable photoluminescence properties which enable them to be used as excellent candidates in other applications such as OLEDs. 5 The aim of this work, is to develop new molecular materials that display stable NLO response on surfaces. The challenge lies in maintaining the NLO activity when transitioning from the molecular to the material scale. However, this could be reached by a covalent grafting of an active metal complex on surface. The implementation of organized NLO-phores on surface would restrict their mobility and possibility of reorganization. A precise and rigid structuration of the metal complexes will give rise to a high and stable NLO response. In addition, the effect of the organic ligand's size on the surface will be investigated.

In the introduction, after illustrating the main optical and structural properties of the cyclometalated platinum complexes, I will present examples showing the main properties of Pt (II) complexes, such as luminescence and NLO behavior. Moreover, I will explain an example that elucidates the influence of size on the material's properties. Finally, I will introduce our strategy for the preparation and characterization of NLO-active tridentate cyclometalated platinum complexes on surface.

1.1. Generalities of cyclometalated platinum tridentate complexes.

1.1.1. Structural properties of cyclometalated platinum tridentate ligand.

Cyclometalation refers to any reaction that produces a metallocycle, i.e.: a derivative of a carbocyclic compound in which a metal replaces at least one carbon center. This implies the formation of at least one covalent carbon-metal bond.

The cyclometalating ligand makes the complex more rigid, which results in a higher lying metal centered state (MC). The σ-donation M-C (metal-carbon) bond and the heterocycle's π-accepting nature work together synergistically to stabilize the MLCT states. 6 Thus, under the influence of cyclometallation, the energy of the 3 MLCT is decreased while at the same time the energy of the MC level is increased. This causes an increase in ΔE and an inhibition of non-radiative decay as well as red shift in the absorption and emission spectra (Figure 2.1). By definition:

-Metal centered (MC)/d-d: involves mainly the d-orbitals, occupied non-bonding πmetal and antibonding unoccupied σ*metal orbitals in this case the deactivation to the ground state occurs through non-radiative pathway. These d-d transitions are forbidden due to Laporte's rule for symmetry reasons which states that transitions between states of the same symmetry with respect to inversion are forbidden (Figure 2.2).

-Metal to ligand charge transfer (MLCT) involving mainly occupied metal bonding orbitals πmetal and unoccupied ligand anti-bonding orbitals π*ligand (Figure 2.2).

-Ligand centered (LC) or Intraligand (IL) electronic transitions between π -π * orbitals that are mainly localized on the ligand chromophore. If the perturbation of the metal upon coordination is minimized, the luminescent complex can exhibit a transition that has spectral properties close to those of the free ligand states (Figure 2.2).

-Ligand to metal charge transfer (LMCT): it occurs from occupied ligand bonding orbitals πligand and unoccupied metal centered anti-bonding orbitals π * metal (Figure 2.2). Among the variety of cyclometalated ligands, the tridentate polypyridine have been extensively employed rather than bidentate ligands, mainly to enhance the rigidity, suppress the non-radiative decays and increase the photo luminescence quantum yields (PLQY) from 1 to 60 % as shown in the example presented in (Table 2.1). The interest of using platinum as the metal center is to benefit from its high spin orbit coupling which facilitate rapidly the intersystem crossing from the singlet to the triplet state. Since the rate of intersystem crossing (10 12 s -1 ) 13 vastly exceeds radiative decay rate constants for the singlet states ∼ 10 8 s -1 ) it is reasonable to assume that the emission emanates from the triplet states. Thus, maximizing the metal orbital contributions to the lowest energy triplet excited state that will maximize the radiative decay (Figure 2.3).

In addition, Pt has additional flexibility for NLO property due to MLCT transitions usually at low energy and of high intensity. Its square planar geometry enables it to form metal•••metal and/or π-π stacking interactions. The metal ion is normally located in the plane formed by the four coordination atoms of the ligands, and the dz 2 orbital of the metal can overlap with suitable orbitals of the ligands to form a delocalized electron system and thus enhancing the NLO response. 15 Moreover, it is known for its well identified optically active electronic transitions. The difference in the ligand structure can lead to differences in the electronic properties of the complex, including the charge transfer behavior. Tridentate N^C^N ligands are typically stronger σdonors and weaker π-acceptors compared to N^N^C ligands. This means that complexes with N^C^N ligands often exhibit a higher degree of MLCT, where electrons are transferred from the metal to the ligand. On the other hand, N^N^C ligands tend to exhibit a higher degree of LMCT, where electrons are transferred from the ligand to the metal. This is due to the greater π-accepting ability of N^N^C ligands compared to N^C^N ligands.

Moreover, N^C^N tridentate ligands show advantages over their terpyridine (N^N^N) analogues which can be explained by strong σ-donor ability of the formally generated negatively charged "C" unit upon deprotonation of the C-H aromatic bond. This strong σ-donation ability provides the metal with an intense ligand field, which can induce a large d-orbital splitting and raise the non-radiative d-d transition to higher energy, while maintaining the π-acceptor property of the pyridyl ligands. So, by that the energies of the high-lying d-d states of N^C^N complexes are raised further in comparison to the N^N^N and thus it exhibits a higher level of luminescence. Moreover, the (N^C^N) ligand type has an advantage over the related terpyridine ligands (N^N^N) in that with a monoanionic ligand in the fourth coordination site the complex is neutral, unlike the terpyridine complex that can form cationic species.

In addition, Pt-N^C^N complexes show stronger luminescence behavior than the isoelectronic tridentate (C^N^N and C^N^C) and related bidentate ligands. 16 Based on the single crystal X-ray analysis for structure determination in the Cambridge Structural Database (CSD) 17 for (N^N^N) Pt-C≡C, (C^N^N) Pt-C≡C and (N^C^N) Pt-C≡C, N^C^N complexes showed the least deviation from planarity (3.56°) (Table 2.

2).

In addition, it confirmed that the average Pt-C bond length is ca. 0.07 Å for N^C^N complexes which is shorter than in the C^N^N complexes. This clearly explains the reason of the stronger σ-donor character in the former (Table 2.3). In order to strategically design a platinum (II) complex with optimum luminescence properties the radiative rate constant for the emissive state must be maximized and the rates of non-radiative decay minimized and this can be done by the careful design of the complex in which it must fit the following criteria:

• The Pt (II) orbitals must contribute substantially to the lowest-energy triplet state in order to have the emission from a triplet state and by this maximizing the radiative decay. As previously discussed, N^C^N Pt (II) complexes are highly emissive and this enables them to be utilized as dopants in OLED and highly efficient devices. 22 In 2007, Fattori and Williams have used the same class of complexes with the tridentate 1,3-di (2-pyridyl) benzene N^C^N ligand (Scheme 2.3) as phosphorescent OLED dopants that showed a significant electroluminescent (EL) properties. By varying the substituent at the central 5-position of the cyclometalating ring, the EL emission color was tuned. 23 Another example that illustrates the luminescence properties of N^C^N Pt (II) complexes used in OLED was reported by Williams and Both of the new complexes were highly luminescent in solution, with quantum yields superior to PtL n Cl and they both led to efficient devices where they were used as phosphorescent emitters in OLED. Complex 2.1 [PtL 3 -C≡C-C6H3F2] standed out as a remarkably bright emitter, with a luminescence quantum yield of 0.77 in deoxygenated dichloromethane. This performance was slightly better than that of the parent chloro complex (0.62). A similar trend can be observed for the complexes of L 6 , as shown in Table 2.4. Notably, the derivatives of the mesityl ligand L 6 exhibited much lower selfquenching values compared to their L 3 counterparts. This was likely due to the bulkiness (steric hindrance) of the mesityl group, which prevented molecules from coming too close to each other, thus reducing interactions that lead to quenching. Recently, a novel series of Pt (II) complexes having a cyclometalated 5-π-delocalized donor-1,3-di(2pyridyl) benzene were prepared and fully characterized. 26 Concerning Pt 1, a novel π-delocalized cyclometalated 5-guaiazulene-CH=CH-1,3-di(2-pyridyl) benzene was prepared in order to investigate its NLO. In the other hand, the other complexes bearing variously 5-substituted thiophene moieties in position 5 of the 1,3-di(2-pyridyl) benzene were synthesized to investigate the impact of the substituent on the NLO behavior in comparison to Pt 6 (a methyl group in the thiophene) which was synthesized as a reference compound (Scheme 2.4).

To measure the NLO behavior of the obtained complexes in DMF solution, EFISH (Electric-Field Induced Second Harmonic generation) technique was used. All the complexes showed a negative value of μβEFISH which agreed with the other cyclometalated complexes previously reported 4 and this is caused by the charge transfer from the platinum center to the tridentate ligand that was dominating the second order dipolar NLO response. ( The best second order NLO behavior was obtained for Pt1 complex bearing the largest π-delocalized organic substituent that produced the highest βEFISH value and the higher dipole moment compared to the other synthesized complexes. Thus, by substituting the double bond with the thiophene a significant effect in the NLO behavior was observed (Table 2.5) due to its higher donating ability and effect on the MLCT band.

In comparison to the reference compound Pt6, by substituting the methyl group (μ = 10.5) with triphenyl amine (μ = 10.8) for Pt2 and hexylthiophene substituent for Pt4 (μ = 10.8) there was no remarkable effect on the dipole moment. For Pt4 (μβEFISH = -945 ×10 -48 esu), much higher values μβEFISH than that of Pt2 (μβEFISH = -498 ×10 -48 esu) and Pt6 (μβEFISH = -520 ×10 -48 esu) was obtained and this was explained by the increase of the quadratic hyperpolarizability (βEFISH = -91 ×10 -30 esu) (Table 2.5).

The use of a pyrene fragment Pt3 instead of the methyl group improved the second-order NLO response even more (Table 2.5).

Although Pt5 (μβEFISH = -570 ×10 -48 ) and Pt6 (μβEFISH = -520 ×10 -48 ) had comparable μβEFISH values, substitution of methyl with a cyanophenyl group reduced by half the dipole moment and increased the EFISH value by a factor of 2.3 (Table 2.5).

2. Our strategy toward NLO-active cyclometalated tridentate ligands on surface-based platinum complexes.

Non-linear optics deals with the interaction between polarizable electron density and light. However, only laser is intense enough to modulate the optical properties of the material. For a desired NLO application, the main issue is to develop a well adapted molecular material that diplay a large NLO behaviour with a good stability of the response. Until now, the major obstacle is the lack of stability of the NLO-phore material that tends to lose its NLO active non-centrosymmetric arrangement with time.

To date, the preparation of non-centrosymmetric molecular materials for stable NLO response results from the implementation of polymeric and Langmuir-Blodgett films, 27 or oriented crystal growth. 28 Although improvements have been made, the aforementioned systems remain unstable over time with NLO signal never being successfully locked. Recently, stable NLO signals were measured in organic liquid crystal, 29 single crystal 30 and gels. 31 Despite these promising results, the NLO signal could be only recorded on micro-domains with a signal differing significantly from one site to another, limiting the construction of any additional devices.

Thus, our approach relies on the surface-grafting of an organometallic complex; a cyclometalated (N^C^N) platinum complex. The NLO-phores grafting strategy indeed allows to get rid of the loss-ofsymmetry phenomenon and restrict their freedom of movement and possibility of reorganization with time while preserving the high NLO contrasts.

The molecular kit for targeting surface grafting NLO-phores can be divided into three parts: an anchoring function, a linker and the metal complex. (Scheme 2.5) Scheme 2. 5 Molecular design of the targeted complexes.

The anchoring group:

The surface grafting procedure needs the anchoring function, which is a remote azide function coupled to the ligand and necessary for the azide-alkyne click conjugation. 2. The linker: It connects the anchoring group and the NLO-active moiety and is essential for the complexes' surface organization. We will do a structure/properties relationship analysis as a result. In order to determine the optimal fit between the recently acquired surface layer and its NLO response, various types of linkers with distinct electrical (insulator or -conjugated) and structural (flexible or rigid) properties will be investigated.

The photo-active metal complex: Tridentate (N^C^N) metal complexes are particularly well

suited for this research since they benefit from tunable optical-active transitions via ligand design and their square planar geometry allows optically active intermolecular interactions.

Intense NLO properties as well as bright luminescence are expected both at the molecular and at the macroscopic scale. 32 The proposed cyclometalated ligands benefit from well-known synthetic modifications with a large panel of functional groups including electron-active groups such as electron-donating (EDG) and -withdrawing (EWG) groups that will impact on the photophysical properties displayed.

The grafting process will be done in collaboration with Dr. Yann Leroux in the Universitè de Rennes. It is carried out via a robust and easy to handle covalent grafting approach based on a well-known method utilizing diazonium salts and suitable to a wide range of surfaces, including clear glassy carbon in our case. 33 The electro grafting method is based on the generation of reactive phenyl radicals which are produced by electrochemical reduction of the corresponding aryl diazonium salts. Such radicals quickly add to the surface which serves as the electrode. Based on this technique, a wide variety of functional groups have already been immobilized on carbon substrates. The advantages of such approach are its versatility where it could be used with many different materials and the robustness of the modification in which the molecule will be linked to the surface by a covalent bond.

However, the major drawback is the formation of thick and disorganized multilayer films due to attacks by aryl radicals on the organic layer already grafted. To avoid the formation of disordered multilayers, a bulky protective group is added on an ethynyl-diazonium salt. 34 We get an active monolayer of ethynylaryl groups covalently connected to the carbonaceous substrate and ready for postfunctionalization via the well-known "click" coupling (Huisgen's 1,3-dipolar cycloaddition catalyzed by Cu (I)). Scheme 2.6 depicts the results of this three-step strategy:

1. Electrodeposition: which is concerned by the synthesis of ethynylbenzene monolayer. In this first step, the reactive aryl radicals produced by electrochemical reduction of aryl diazonium salts, covalently bind onto the surface. This method enables a fine control of the grafting density obtained regarding the size of the silyl protecting group used (TMS, TES, TIPS…). 34 2. Deprotection of the silylated groups which restores the accessibility of the alkyne ending for a further functionalization.

Functionalization by azide-alkyne click chemistry:

The target metal complexes bearing a terminal azide function can be immobilized by the azide-alkyne click conjugation. 33 Scheme 2. 6 Grafting process of the molecular material.

To characterize the prepared layers, the permeation of molecules through the deposited layer is studied by examining changes in the electrochemical response of redox ferrocyanide probes in solution containing the modified surface (Figure 2.5). In the naked surface, the CV shows the electrochemical behavior of the redox active ferrocyanide probe (blue curve). After electrografting of the protectedethynylbenzene diazonium salts, the oxidation of the ferrocyanide is completely inhibited which indicates the blockage of the surface by the grafted protected-ethynylbenzene layer (orange curve). Then, upon removing the sillylated protecting group and leading to the free terminal alkyne moiety, the oxidation of the ferrocyanide reappears due to the empty space created after deprotection and this indicated that the electronic transfer through the layer successfully occurs (Gray curve).

Figure 2. 5 Cyclic voltammetry of ferrocyanide on a naked surface (blue), after electro grafting (orange) and after deprotection of the protecting group (gray).

The target ligands are presented below in Scheme 2.7:

Scheme 2. 7 The proposed target ligands.

In order to study the impact of changing the linker in the NLO response and on the arrangement on surface, different types of linkers with distinct structural and electronical properties are synthesized.

By comparing L 1 and L 3 electronically, we can notice in L 1 the conjugation is interrupted by the -CH2however for L 3 the azide group is participating in this conjugation so for L 3 a higher NLO response is expected for the metal complex. Structurally, both of them are rigid (Scheme 2.7). For L 2 ligand, the oxygen is inserted in the para position of the phenyl group and thus increasing the electron donating properties of the obtained ligand and by that increasing the NLO of the metal complex. Similar to L 1 , the conjugation was also interrupted and thus it is considered as an insulator in terms of structural properties.

The challenge of this work is being able to insert the platinum in the coordinating ligand while preserving the NLO signal and the stability of complexes on surfaces. To best of our knowledge, grafting of such complexes on surface while maintaining the NLO behavior is not explored yet.

The platinum cyclometallation can be done via two pathways either the insertion of the metal in the ligand then grafting on the surface or the Pt (II) is inserted on the already ligand grafted surface. We decided to follow the second methodology to avoid the formation of multi and disorganized layers.

Synthesis of the N^C^N ligands and the corresponding platinum complexes 3.1. Synthesis of L 1

The synthesis of L 1 was performed as shown in Scheme 2.8. The first step was the preparation of 2-(4ethynylphenyl)-1,3-dioxolane 2.4 which was achieved by protecting the commercially available 4bromoaldehyde 2.3 with an acetal functional group using Dean-Stark apparatus. 35 This was followed by a Sonogashira cross-coupling reaction with trimethylsilyl acetylene (TMSA) to afford 2.5. Subsequently, deprotection of 2.5 using tetrabutylammonium fluoride (TBAF) produced 2.6 with a yield of 82 % . 36 Compound 2.6 was reacted via Sonogashira cross-coupling reaction with N^C^N-Br (2.7) to give compound 2.8 with a high yield of 92 %. The acetal was chosen as protecting group since 2.8 was degrading on column chromatography using silica gel. After that, the acetal was deprotected using para toluene sulfonic acid (p-TSA) as a proton source in the presence of water, favoring the the quantitative conversion of 2.8 into its aldehyde derivative 2.9. Compound 2.9 was reduced using sodium borohydride (NaBH4), leading to the formation of compound 2.10, which featured a hydroxymethyl functional group (-CH2OH-) with a quantitative yield.

In an attempt to create an effective leaving group that would enable the subsequent insertion of an azide moiety, numerous efforts were undertaken to convert the hydroxyl group (OH) into a bromine derivative. However, these attempts were unsuccessful. As a result, the decision was made to convert the hydroxyl group into a tosylate group, which is known also by being very good leaving group. This tosylation process took place in presence of a base and tosyl chloride, resulting in the production of compound 2.11 with a yield of 95 %. However, the obtained compound proved to be highly sensitive and unstable. It exhibited degradation in many instances and readily converted to its hydroxymethyl derivative 2.10 when exposed to an air atmosphere. Due to these mentioned reasons, we went further to the next step without conducting any purification. This compound was kept within an inert atmosphere, where its structure was confirmed by 1 H-NMR spectroscopy.

The crude product was dissolved in dimethylformamide (DMF), and an excess amount of sodium azide was added. This led to the formation of L 1 in a quantitative yield. The product's purity was confirmed by 1 H-NMR spectroscopy and the presence of azide group was evidenced by IR spectroscopy.

It is good to mention that attempts were made to scale up the reaction to a gram scale, but the yield obtained was too low.

Scheme 2. 8 Multistep synthesis of L 1 ligand.

Synthesis of L 2

The synthesis of L 2 was done as depicted in Scheme 2.9. Starting with a Sonogashira cross-coupling reaction between 2.12 and 2.7 in the presence of a Pd (II) catalyst, compound 2.13 was obtained with a yield of 93 %. To facilitate the oxidative addition (OA) of compound 2.12, the hydroxyl group was protected by triisopropylsillyl chloride (TIPS-Cl). This was crucial because the hydroxyl group, being a strong donating group, could otherwise prevent the insertion of the alkynyl derivative (TMSA) onto the phenyl ring.

After that, the TIPS was deprotected by tetrabutylammonium fluoride to give compound 2.14 with a yield of 82 %. Following this, a nucleophilic substitution reaction (SN2) reaction occurred between 2.14 and 2.15, using an excess of potassium carbonate (K2CO3) as the base, to give compound 2.16 in a moderate yield of 50 %. Then, 2.16 was reduced by using an excess of sodium borohydride producing compound 2.17 in quantitative yield. Unfortunately, the williamson ether synthesis to form compound 2.16 was found to be irreproducible, so we focused our efforts on the preparation of L 3 .

Scheme 2. 9 Multistep synthesis of L 2 ligand.

Synthesis of L 3

The synthesis of L 3 was accomplished by following the procedure described in Scheme 2.10. Initially, compound 2.21 was synthesized via a Stille cross-coupling reaction, providing a 60 % yield. The subsequent step involved the deprotection of the TIPS moiety using TBAF, resulting in the formation of the free terminal alkyne (2.22). Compound 2.22 was further functionalized through a Sonogashira cross-coupling reaction with compound 2.23, to produce 2.24 in a yield of 73 %.

In order to facilitate the subsequent cross-coupling reaction, the amino group of compound 2.25 was judiciously protected using di-tert-butyldicarbonate (Boc)2O. The Boc protection was necessary as the high donating ability of the NH2 group could hinder the oxidative addition step of the cross-coupling reaction, thereby slowing down the reaction rate. Compound 2.25 was obtained by deprotecting the Boc group using trifluoroacetic acid (TFA). Due to its inherent instability, compound 2.25 was intentionally not purified on silica or alumina columns, and the diazotization reaction was carried out directly without prior purification.

The diazotization reaction involved the conversion of 2.25 to the N^C^N ligand, with N2 + as a leaving group. This transformation was followed by nucleophilic substitution facilitated by sodium azide, resulting in the formation of L 3 , accompanied by the release of N2 gas. The product's purity was confirmed through 1 H-NMR, elemental analysis (EA), and high-resolution mass spectrometry. The formation of the azide group was confirmed using IR spectroscopy.

However, it should be noted that the synthesis of this compound was found to be irreproducible. 

Characterization of targeted ligands

Starting with L 1 ligand the purity was shown by 1 H-NMR spectroscopy (Figure 2.6). In the aromatic region, the signal at δ = 8.56 ppm corresponds to the "2" present in the alpha position of the nitrogen of the N^C^N pincer ligand. The singlet at δ = 8.09 ppm corresponds to "1" proton. This signal will disappear upon cyclometallation reaction and thus is a good probe to follow the reaction. The other protons belonging to the N^C^N fragment (3 to 8) are distributed from 7.20 to 8.10 ppm. In the aliphatic region, the methylene protons "9" appear at 4.23 ppm. In the 1 H-NMR analysis, monitoring of the -CH2-signal was necessarily done to check if the reaction worked especially due to the lack of stability of the tosyl group which can return easily to the-hydroxyl derivative. As shown in For ligand L 3 , the same characteristic signals assigned to the N^C^N part are presented in the following 1 H-NMR spectroscopy (Figure 2.9). The NMR spectroscopy is done in deuterated methanol due to solubility problems. Furthermore, it was characterized using IR spectroscopy, where it shows a clear and evident band at ν = 1831 cm -1 , corresponding to the formation of the azide stretching. Notably, this stretching frequency is more shifted compared to the L 1 ligand. The observed shift can be attributed to the extended πconjugation involving the azide moiety. In contrast, in L 1 , the conjugation is interrupted by the methylene bridge. In addition, a small bump is observed at 1843 cm -1 which corresponds to the C≡C stretching (Figure 2.10). 

Grafting on surface for L 1 and its corresponding platinum complex

The grafting process was done in collaboration with Dr. Yann Leroux from the Universitè de Rennes. It is done via electro-grafting methodology based on aryl diazonium salt, as explained in the strategy in Scheme 2.6. This electroreduction technique proceeds via two steps: the formation of a monolayer of ethynylaryl fragments followed by the immobilization of ligands.

The immobilization of the L 1 ligand onto the surface was initiated through a method detailed in Scheme 2.11. As outlined in the strategic approach (section 2), the first step is the preparation of a monolayer, with changes being evaluated by examining the electrochemical response of a redox ferrocyanide probe in solution. As illustrated in Figure 2.11, the cyclic voltammetry (CV) data initially exhibited the expected redox behavior of ferrocyanide (black curve). Following the electro-grafting step and the formation of the TIPS-ethynylaryl layer, the oxidation process of ferrocyanide was effectively hindered, indicating the blockage of the electrode (red curve). After the deprotection of the ethynylaryl groups, the ferrocyanide oxidation reappeared, implying the occurrence of charge transfer through the layer (green curve). Consequently, the final grafted surface constituted an active monolayer comprising free ethynylaryl groups, prepared for click chemistry reactions.

The subsequent step involved the immobilization of the synthesized L 1 ligand, terminated with an azide moiety, onto the ethynyl aryl-functionalized surface. The post-click reaction electrochemical response (blue curve) demonstrates a shift compared to the typical redox behavior observed for ferrocyanide. This shift indicates the presence of another redox-active moiety within the monolayer, namely the ligand itself (Figure 2.11).

The platinum salt (PtCl4) was dissolved in a mixture of acetic acid / water and then the prepared surface was immersed into the solution, being left for 18 hours at 120°C. After that, a CV was done, revealing a significant increase in the potential of the electrochemical response. We conclude that the surface degraded during the complexation reaction. From these results, we discover an incompatibility between the surface and the harsh condition necessary used for the metalation reaction.

Scheme 2. 11 Grafting of the L 1 and its corresponding complex. I regret to say that this project turned out to be more complicated than originally anticipated due to a variety of unexpected chemical reactivity. Despite this, it is still possible to achieve a photo-modulation of NLO response by using an organic chromophore such as dithienylethenes (DTE) through the electronic delocalization that occurs during a photochromic reaction and this will enable us to achieve the goal of the project but in a different manner.

Conclusion and Perspective

In this PhD project, the aim is to synthesize new molecular materials with stable NLO responses on surfaces. By grafting the molecular design proposed before we will be able to avoid the loss of the noncentrosymmetric arrangement with time as well as their free movement on surface which can affect the stability of the NLO-phores. For this purpose, we rely on an accurate and stiff metal complex structure which will result in a high and steady NLO response.

In this chapter, examples of NLO-active and luminescent platinum (II) complexes were presented. Most of the examples showed the impact of changing the coordination sphere of the platinum complex can affect the NLO-behavior. Through this chapter, we described the synthesis and the characterization of three different ligands with various linkers (rigid to flexible). We grafted L 1 that proved that the immobilization of the ligand was successfully done however we faced a problem in the final metalation step. With respect to the other ligands, L 2 and L 3 , we encountered difficulties that prevented us from proceeding further which primarily arose during their chemical synthesis.

In the next chapter, we will be turned out to organic NLO-phores with the preparation of light responsive molecular switches to be grafted on surface for the photo modulation in the NLO -response.

Experimental Part

Reactions were carried out under an inert atmosphere using Schlenk techniques. THF was dried and distilled under argon using standard procedures. Solvents (dichloromethane and diethylether) were taken from MB SPS-800 machine. Solvents methanol, acetonitrile of HPLC quality (> 99%) were purchased from ALDRICH Chemical, and dried over molecular sieves if needed. Triethylamine was dried over CaH2 according to the known purification techniques, and then distilled and stored under argon.

Reagents were purchased from ACROS Organics and from ALDRICH Chemical Co. Pre-coated TLC sheets ALUGRAM® Xtra SIL G/UV254 were used.

X-ray measurements were performed with a crystal mounted on a glass fiber with paratone oil on a Bruker APEX-II (D8 VENTURE Bruker AXS)

Elemental analyses and high-resolution mass spectrometry were performed at Centre Régional de Mesures Physiques de l'Ouest. Note that for some elemental analysis measurements the results are not good enough, measurements will be performed again.

The FTIR spectra are obtained with an IRAffinity-1S spectrometer from SHIMADZU. The analysis was performed using Gladi ATR module from Pike, in which the compounds were deposited on diamond crystal.

Ligand L 1

Synthesis of 2.4:

4-bromobenzaldehyde 2.3 (19 mmol, 3.60 g, 1 eq), ethane-1,2-diol (190 mmol, 11.80 g, 10 eq) and para toluene sulfonic acid (0.19 mmol, 0.04 g, 0.01 eq) were dissolved in 100 mL of dry toluene. The round bottom flask was connected to Dean-Stark apparatus and allowed to reflux for 24 h. The reaction was quenched with 20 mL of sodium bicarbonate and the organic phase was washed with 50 mL of brine. The organic fraction was then dried over magnesium sulphate, filtered and concentrated under reduced pressure. The resulting compound was white solid (3.98 g, 92 %). 

Synthesis of 2.5:

Compound 2.9 (17.40 mmol,1 g, 1 eq) was dissolved in 20 mL of distilled tetrahydrofuran and 10 mL of distilled triethyl amine. The solution was degassed by argon bubbling for 20 min. After that ethynyltrimethylsilane (26 mmol, 2.53 g, 1.50 eq), copper iodide (0.35 mmol,0.07 g, 0.02 eq) and bis (triphenyl phosphine) palladium (II) dichloride (0.35 mmol, 0.24 g, 0.02 eq) were added. The reaction was done for 24 h at T = 80 °C. The reaction was evaporated under reduced pressure and the residue was taken by diethyl ether and water. The organic layer was separated and the water phase was washed 3 times with diethyl ether. The organic phase was then dried over magnesium sulphate, filtered and concentrated under reduced pressure. The crude was purified by column chromatography (80 % hexane, 20 % ethyl acetate) to give a brown compound (3.90 g,91 %). 36 

Synthesis of 2.6:

Compound 2.5 (16 mmol, 3.98 g, 1 eq) was dissolved in 50 mL of distilled tetrahydrofuran. Tetra-nbutylammonium fluoride (16 mmol, C = 1 M, 1 eq) was added slowly for 1 h at T = 0 °C. The reaction was left for 2h at T = 0 °C under continuous stirring. The resulting compound was washed by 50 mL of dichloromethane and 50 mL of brine and the organic phase was extracted. The organic fraction was then dried over magnesium sulphate, filtered and concentrated under reduced pressure. The resulting crude was purified by column chromatography (100 % dichloromethane) to give a white solid (2.28 g, 82 %). 36 

Synthesis of 2.7

A dry toluene (22 mL) solution of 1,3,5-tribromobenzene (2 g, 6.36 mmol, 1 eq) and 2-(tri-n-butyl stannyl) pyridine (6 g, 14.68 mmol,2.40 eq) was degassed by argon bubbling for 20 min. Then lithium chloride (2.17 g, 51.05 mmol,8 eq) and bis (triphenyl phosphine) palladium (II) chloride (266.67 mg, 0.38 mmol,0.06 eq) were added and the reaction mixture was heated at reflux under argon for 20 h. After cooling at ambient temperature, a saturated KF solution (20 mL) was added and then the organic layer was extracted. The organic layer was dried over MgSO4 and evaporated to dryness. Purification was done by column chromatography 1:1 (hexane; diethyl ether) giving the product as faint yellow solid compound (1.20 g, 62 %). 37 

Synthesis of 2.8

Compound 2.7 (0.65 mmol,0.20 g, 1 eq) was dissolved in 50 mL distilled triethyl amine. The solution was degassed by argon bubbling for 20min. After that, 2.6 (0.96 mmol, 0.17 g, 1.50 eq), copper iodide (0.01 mmol,0.002 g, 0.02 eq) and bis (triphenyl phosphine) palladium (II) dichloride (0.01 mmol, 0.01 g, 0.02 eq) were added. The reaction was done for 16 h at T = 80 °C. The reaction wasevaporated under reduced pressure and the residue was taken by diethyl ether and water. The organic layer was separated and the water phase was washed 3 times with diethyl ether. The organic phase was then dried over magnesium sulphate, filtered and concentrated under reduced pressure. The crude was purified by column chromatography (80 % hexane, 20 % ethyl acetate) to give a brown compound (0.26 g, 92 %). 

Synthesis of 2.9

Compound 2.8 (0.59 mmol, 0.24 g, 1 eq) was dissolved in 10 mL of acetone and 10 mL of water. Then para toluene sulfonic acid (p-TSA) was added (1.18 mmol, 0.2 g, 2 eq). The reaction was done for 16 h at room temperature. The reaction was quenched with 10mL of sodium bicarbonate and the organic fraction was extracted with 20 mL ethyl acetate and brine. The organic phase was then dried over magnesium sulphate, filtered and concentrated under reduced pressure. The crude was purified by column chromatography on silica gel (80 % hexane, 20 % ethyl acetate) to give a yellow compound (0.14 g, quantitative yield). (similar order of assignment of N^C^N similar to N^C^N-Br).

Synthesis of 2.10

Compound 2.9 (0.39 mmol, 0.14 g, 1e q) was dissolved in 15 mL ethanol and 6 mL of dichloromethane.

After that, sodium tetraboron hydride was added (1.55 mmol, 0.06 g, 4 eq). The reaction was done at room temperature for 1 h. It was quenched with water and washed with dichloromethane. The organic phase was then dried over magnesium sulphate, filtered and concentrated under reduced pressure.

The crude was purified by column chromatography (100 % dichloromethane) and washed with diethyl ether to give a yellow compound (0.09 g, quantitative yield). 3 1.296 μ, mm -1 0.08

Z 4 Dcalc, g/cm

Reflections collected 15223/3499[R(i]

Independent reflections Rint 0.12

Reflections I > 2σ(I) 2944

Synthesis of 2.11

Compound 2.10 (0.55 mmol, 0.20 g, 1 eq) was dissolved in 15 mL of CHCl3 and 15 mL of distilled THF. Afterthat, the reaction was kept at -20 °C for 1 h followed by the addition of 15 mL of pyridine and tosyl chloride( 1.66 mmol, 0.31 g, 3 eq). The solvents were evaporated via trap to trap and the compound was kept under inert atmosphere . The compound was obtained as white solid ( 0.27 g, 95 %). 

Synthesis of L 1

Compound 2.11 (0.55 mmol, 0.20 g, 1 eq) was dissolved in 15 mL of dry DMF. Then, sodium azide (1.65 mmol, 0.11 g, 3 eq) was added to the reaction mixture and kept at RT for 16 h. The organic phase was extracted with ethyl acetate and washed with water. After that, it was dried over magnesium sulphate, filtered and concentrated under reduced pressure. The compound was obtained without further characterization as white solid (0.21 g, quantitative).

➢ 

Ligand L 2

Synthesis of 2.13

Compound 2.7 (3.20 mmol,1 g, 1 eq) was dissolved in 50 mL of distilled triethyl amine. The solution was degassed by argon bubbling for 20min. After that(4-ethynylphenoxy) triisopropylsilane 2.12 (4.84 mmol,1.33 g, 1.50 eq), copper iodide (0.06 mmol,0.01 g, 0.02 eq) and bis (triphenyl phosphine) palladium (II) dichloride (0.06 mmol, 0.05 g, 0.02 eq) were added. The reaction was done for 16 h at T = 60 °C. The reaction was evaporated under reduced pressure and the residue was taken by diethyl ether and water. The organic layer was separated and the water phase was washed 3 times with diethyl ether. The organic phase was then dried over magnesium sulphate, filtered and concentrated under reduced pressure. The crude was purified by column chromatography (70 % hexane, 30 % ethyl acetate) to give a brown compound (1.03 g, 93 %). 

Synthesis of (4-iodophenoxy) triisopropylsilane

4-iodophenol (2 g, 9.09 mmol,1 eq) was dissolved in 25 mL of dry dichloromethane. Imidazole (0.65 g, 9.54 mmol, 1.05 eq) was added to the resulting solution followed by the slow addition of triisopropyl chloride (1.75 g, 9.09 mmol,1 eq). The reaction was done for 16 h at T = 20 °C. The obtained compound was diluted with dichloromethane and washed with ammonium chloride. The organic phase was extracted then dried over magnesium sulphate, filtered and concentrated under reduced pressure.

The desired compound was obtained as a transparent oil (3.43 g, quantitative). 

Synthesis of triisopropyl(4-((trimethylsilyl) ethynyl) phenoxy) silane

(4-iodophenoxy) triisopropylsilane (9.12 mmol, 3.43 g, 1 eq) was dissolved in 20 mL of distilled triethylamine and 20 mL of THF. The resulting solution was degassed for 40 min by bubbling argon.

After that ethynyltrimethylsilane (13.68 mmol, 1.35 g, 1.50 eq), copper iodide (0.18 mmol, 0.04 g, 0.05 eq) and bis (triphenyl phosphine) palladium (II) dichloride (0.18 mmol,0.13 g, 0.05 eq) were added. The reaction was done for 16 h at T = 80 °C. The resulting mixture was washed with 50 mL of diethyl ether and 50 mL of brine. The organic phase was extracted then dried over magnesium sulphate, filtered and concentrated under reduced pressure. The desired compound was obtained as a brown oil (3.04 g, 96 %). 38 ➢ 

Synthesis of 2.11

To a suspension of triisopropyl (4-((trimethylsilyl)ethynyl) phenoxy) silane (8.78 mmol, 3.04 g, 1 eq), potassium carbonate (43.90 mmol,6 g, 5 eq) methanol (V = 50 mL) and dichloromethane (V = 50 mL) was stirred for 16 h at room temperature. The reaction was evaporated under reduced pressure and the residue was taken by dichloromethane and water. The organic layer was separated and the water phase was washed 3 times with dichloromethane. The organic phase was then dried over magnesium sulphate, filtered and concentrated under reduced pressure. 38 Synthesis of 2.14 2.13 (2.04 mmol, 1.03 g, 1 eq) was dissolved in 40 mL of distilled tetrahydrofuran. Tetra-nbutylammonium fluoride (TBAF) was added slowly for 1 h at T = 0 °C. The reaction was left for 2 h at T = 0 °C under continuous stirring. The resulting compound was washed by 50 mL of dichloromethane and 50 mL of brine and the organic phase was extracted. The organic fraction was then dried over magnesium sulphate, filtered and concentrated under reduced pressure. The resulting crude was purified by column chromatography (70 % hexane, 30 % ethyl acetate) to give a brown solid (0.76 g, 82 %).

➢ 

Synthesis of 2.15

In a well pre-dried schlenk excess of 1,2-dibromoethane (82 mmol,15.40 g, 5 eq) was added to a solution of 4-hydroxy benzaldehyde (16 mmol, 2g, 1eq) in the presence of potassium carbonate (48 mmol, 6.62 g, 3 eq) in 50 mL of acetonitrile. The reaction mixture was refluxed for 24 h under inert conditions at T = 85 °C. The resulting compound was washed by 50 mL of chloroform and 50 mL of brine and the organic phase was extracted. The organic fraction was then dried over magnesium sulphate, filtered and concentrated under reduced pressure. The resulting crude was purified by column chromatography on silica gel using pure dichloromethane as an eluent to give a white solid (1.08 g, 59 %). 

Synthesis of 2.16

In a well pre-dried Schlenk, excess of 2.14 (0.29 mmol,0.10 g, 1 eq) was dissolved in 50 mL of acetonitrile in the presence of potassium carbonate (0.86 mmol, 0.12 g, 3 eq) followed by the addition of the brominated derivative. The reaction mixture was refluxed for 24h under inert conditions at T = 85 °C. The resulting compound was washed by 50 mL of chloroform and 50 mL of brine and the organic phase was extracted. The organic fraction was then dried over magnesium sulphate, filtered and concentrated under reduced pressure. The resulting crude was purified by column chromatography on silica gel using pure dichloromethane as an eluent to give a white solid (0.14 g, 50 %).

➢ Synthesis of 2.17:

2.16 (0.14 mmol, 0.07 g, 1 eq) was dissolved in 10 mL ethanol and 10 mL of dichloromethane. After that, sodium tetraboron hydride was added (0.56 mmol, 0.02 g, 4 eq). The reaction was done at room temperature for 1h. It was quenched with water and washed with dichloromethane. The organic phase was then dried over magnesium sulphate, filtered and concentrated under reduced pressure. The crude was washed with diethyl ether to give a yellow compound (0.07 g, quantitative %).

➢ 

Synthesis of 2.24 :

2.23 (2.20 mmol,0.55 g, 1 eq) was dissolved in 30 mL of distilled tetrahydrofuran and 20 mL of distilled triethyl amine. The solution was degassed by argon bubbling for 20min. After that, 2.22 (3.30 mmol,0.66 g, 1.10 eq), copper iodide (0.11 mmol,0.02 g, 0.05 eq) and bis (triphenyl phosphine) palladium (II) dichloride (0.11 mmol, 0.06 g, 0.05 eq) were added. The reaction was done for 24 h at T = 80 °C. The reaction was evaporated under reduced pressure and the residue was taken by diethyl ether and water. The organic layer was separated and the water phase was washed 3 times with diethyl ether. The organic phase was then dried over magnesium sulphate, filtered and concentrated under reduced pressure. The crude was purified by column chromatography (80 % hexane, 20 % ethyl acetate) to give a brown compound (0.71 g,73 %).

➢ 

Synthesis of 2.25:

Compound 2.24 (0.20 g, 0.45 mmol, 1 eq) was dissolved in 20 mL of anhydrous dichloromethane. Then trifluoroacetic acid (0.25 g, 2.23 mmol, 5 eq) was added dropwise to the reaction mixture and the reaction was kept for 2 hours. The crude product was evaporated via trap to trap due to the high sensitivity of the compound. The product was used directly to the next step without any purification. The product was obtained as red-orange and the yield was quantitative (0.16 g, quantitative). 

Synthesis of L 3

Compound 2.25 (0.16 g, 0.45 mmol, 1 eq) was dissolved in 10 mL of DMF and 10 mL of water and placed in an ice bath. After that 10 mL of HCl was added to a vigorously stirred reaction. Upon the addition of acid, the solution turned to a yellow colored one. Then NaNO2 (0.03 g, 0.49 mmol, 1.10 eq) dissolved in water (2 mL) was added dropwise into the reaction mixture. Upon the addition of NaNO2 the color changed into orange red color. After waiting for 5 minutes, a freshly prepared solution of sodium azide (0.09 g, 1.35 mmol, 3 eq) was added to the resulting solution. The reaction was left for 1 hour at 0 °C. The reaction was evaporated under reduced pressure and the residue was taken by ethyl acetate and water. The organic layer was separated and the water phase was washed 3 times with ethyl acetate. The organic phase was then dried over magnesium sulphate, filtered and concentrated under reduced pressure to give a brown compound (0.25 g, 85 %).

➢ 

Introduction

In line with what discussed on chapter II concerning the development of novel molecular materials that exhibit stable nonlinear optical (SHG) response particularly on surfaces, it is clear that this goal was not achieved due to the lack of stability of the surface obtained which prevented its metalation. Therefore, going to light-responsive organic material will be a valuable approach. The nonlinear optical properties of the organic molecule, specifically the second order response, will be controlled by photochromism in this project. The combination of photochromism and nonlinear optics gives rise to all-optical molecular systems to write, store, read, and erase the information with light as the only tool. Thus, by photochromism we will be able to control the linear (such as luminescence…) and nonlinear optical properties (precisely second order non-linear optical one).

Out of several photochromic species, diarylethenes family (DAE) and particularly dithienylethenes (DTE) are excellent candidates to design an efficient photo-switch. For that our interest is to photomodulate the NLO properties of a monolayer grafted with photochromic species. Upon photocyclization (OF→CF) reaction triggered by UV irradiation, the closed DTE gives rise to an extended πconjugated system over the molecule which enhances the NLO response ("ON" form). Upon visible light, the photo-cycloreversion reaction takes place leading to the open form ("OFF" form) restoring the weak initial NLO signal due to the disruption of the π-conjugation and the loss of planarity of the DTE moiety.

In conventional NLO measurements, a strong electric field (several tens of kV) is generally applied as the external force that induces the required alignment of the molecular dipoles and after the removing the external electric field the NLO activity is lost due to loss of non-centrosymmetric aspect in the material. However, in this project the alignment of the molecular dipole moments is induced by the surface itself and this strengthen our strategy toward photo-switchable NLO properties on surfaces.

Currently, the instability of these systems in the solid state poses a significant obstacle, preventing the development of functional systems. That's why only few examples are reported in the literature that will be thoroughly explained. Finally, I will present our strategy to photo-switch reversibly the NLO properties on surface.

Monolayers of photochromes

There are several advantages of using a monolayer of photochromes over a multilayer: a monolayer provides greater control over the arrangement and orientation of the molecules, resulting in a more predictable and reproducible response. 1 In addition, it requires less material compared to a multilayer, resulting in cost savings and reduced environmental impact. 2 It is compatible with a wide range of nanofabrication techniques, allowing for precise patterning and integration into complex devices and systems. 3 In the case of monolayers grafted with light-responsive molecular materials, the response time of a photochromic system can be significantly improved, as the molecules are positioned closer to the surface, resulting in faster switching times. 4 In order to preserve the photo-switching behavior on surface, certain criteria must be taken into consideration: the photochromic unit must be electronically decoupled from the surface and this can be achieved by using long linkers. When the layer and the photochrome are in close proximity, their interaction leads to the quenching of the electronic excited states of the photochromes leading to the loss of photo-activity. 5,6 In addition, the steric hindrance 7 and excitonic coupling between the grafted 8 (i.e the dissipation of the excitation among chromophores being in close proximity) must be attenuated by "diluting" with chromophores-free molecules.

Since Blair et al.'s initial studies on the photo-responsive mixed monolayers consisting of certain polymers combined with photochromic spiropyrans and azo polymers, 9 numerous studies have been conducted on monolayers containing various types of photochromes. Different examples of monolayers grafted with photochromic compounds were reported in the literature and here I will discuss few of them.

Monolayers of Spiropyrans for direct writing

In 2019, the group of Ullal prepared surfaces functionalized by spirothiopyran (STP) as a photoresponsive molecule fabricated by chemically modifying the amine terminated monolayers. These surfaces were ideal for quick, mask-free direct writing due to the selective interaction of the merocyanine isomer (MC), particularly its thiolate anion, with maleimide-functionalized molecules through a thiol-Michael addition process. This interaction resulted in the formation of a nonswitchable Michael addition product (MAP), serving as the desired written state (Scheme 3. The silica surface was prepared by amidation reaction between the surface bearing amine functional group and a spirothiopyran terminated by a carboxylic acid functional group (STP-COOH) in presence of a common coupling reagents [2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate and, hexafluorophosphate benzotriazole tetramethyl uronium) (HTBU)] that is used in peptide synthesis. These reagents are usually added in 1:1 stochiometric ratio with the carboxylate to avoid the formation of any side product. However, they intended to purposely increase the percentage of HTBU to allow the formation of the guanidinium as the side product and thus tuning the microenvironmental nature of the monolayer (Scheme 3.2). It is important to note that the equilibrium of photo-switching of STP is greatly influenced by the polarity of the environment and the temperature. 11 The optimized conditions to reach a total fluorescence signal and contrast from Atto 647N were obtained at the ratio 1;7 STP/HBTU. The total fluorescence signal and contrast obtained started to decrease as the excess HBTU was increasing because the STP molecules on the surface become highly diluted. It was discovered that enhancing the guanidinium microenvironment can optimize the kinetics of bidirectional photo-switching in STP (Figure 3 The prepared layers were characterized by X-ray photoelectron spectroscopy (XPS) which showed the composition of the monolayer, 12 atomic force microscopy (AFM) which proved the homogeneity of the covalently modified surface 13 , and confocal microscopy which presented the fluorescence imaging. Tripodal system for anchoring Dithienylethenes on gold surface Ben Feringa and co-workers reported a tripod-functionalized dithienylethene that formed stable monolayers on gold in which all three tripod legs were adsorbed through the thiol units, resulting in a fixed location and orientation of the dithienylethene moiety with respect to the surface. 15 They showed that the immobilization by this method enabled the preservation of both photochemical and electrochemical behavior of the photochromic unit. The molecular design depicted successfully decoupled the photochromic unit from the surface which maintained the photochromic process. In addition, the silicon atom should reduce the through-bond interactions with the gold substrate (Scheme 3.3). 16 The photo-switching behavior of dithienylethene 1 in toluene solution was studied by UV/vis absorption, 1 H NMR spectroscopy, and cyclic voltammetry (CV). These measurements revealed the formation of the typical by-product obtained from photo-degradation. This photo-inactive product has already been observed by Irie and coworkers. 17 The self-assembled monolayers (SAMs) of dithienylethene 1 were prepared by immersing a freshly prepared gold mica substrate into a solution of 1o in dichloromethane for 16 h. It was characterized by XPS, CV, and surface enhanced Raman spectroscopy (SERS). These measurements showed that the three thiol groups of tripodal unit were chemosorbed on gold. It is important to note that after being exposed to UV and visible light, the signal of photo-degraded compound wasn't found in the SAMs in open form, proving that the gold surface immobilization eliminated the photo-switching fatigue that was present in solution (Figure 3.2). They also investigated the electrochemical response of 1o in dichloromethane solution. An irreversible oxidation process was noticed at 1.1-1.2 V, as depicted in Figure 3.3. This oxidation was attributed to a two-electron process that was followed by the cyclization of the DTE unit, resulting in the formation of the closed form, as shown in Figure 3.3a. Upon reversing the cycling potential from 1.10 V to 0.00 V, two reduction waves were observed at 0.72 and 0.38 V. These waves can be attributed to the reduction of 1c 2+ to 1c + and subsequently to the fully reduced form, 1c. In the second and subsequent cycles, two corresponding oxidation waves (1c to 1c + to 1c 2+ ) were observed at 0.44 and 0.78 V. With repeated cycling, the intensity of the redox waves associated with 1c increased until a state of equilibrium was reached, allowing for efficient diffusion to and from the electrode. However, upon immobilizing 1 on gold surface the cycling between 0 and 1.10 V at 2 V.s -1 followed by electrocyclization led to the formation of 1c accompanied with the appearance of a reversible redox waves at 0.46 and 0.73 V (Figure 3.4). For non-volatile organic memory Another example of the photo-switching of DTE on a monolayer was reported by Tao and co-workers in 2022. 18 They used photochromic DTE derivatives to modulate the charge trapping/storage gold nanoparticles, with the aim of preparing memory devices. By modifying the π-conjugation along the DTE core upon photo-isomerization the HOMO-LUMO gap is varied and thus able to impose changes on the barriers for charge trapping and retention. SAM grafted with tunable energy gap induced by DTE will facilitate the charge trapping and prevent its leaking.

The photochromic DTE molecules were functionalized with a thiol group as binding group for gold surface that enabled the formation of a self-assembled monolayer (Scheme 3.4). The photo-switching behavior the free DTE had been analyzed by Fourier-transform infrared spectroscopy (FTIR -KBr pellets), and the one of DTE monolayers by reflection-absorption IR technique.

In both cases, the same signal at ν = 1500 cm -1 , attributed to the C=C stretching vibrations, was observed upon exposure to UV irradiation, indicating photo-isomerization of the DTE from the open isomer to the closed one. After irradiation of visible light (λ > 650nm), the signal at 1500 cm -1 disappeared. However, as evidenced in Figure 3.6 there was a clear difference in the intensity of the signal in the region between 2800 and 3100 cm -1 which were attributed to the vibration of the alkyl chain bonds due to the change in the tilted angle of the alkyl chains. The change in the angle can be explained by the modification of van der Waals interactions induced by UV radiation, which causes rotation of the aliphatic chains during the isomerization. 19 Recently, a novel light-gated ion nanochannel device was fabricated with azobenzene as photoresponsive moiety that enabled the reversible ON-OFF changes of the ionic flux within nano-porous metal organic framework. 21 Metal-organic frameworks (MOFs) are a class of porous and crystalline materials that find wide-ranging utility. These materials consist of metal ions or clusters that serve as nodes, interlinked by organic ligands in a multidirectional manner, thus forming a network structure. 22 These MOF monolayers belong to the family of 2D monolayer films and they are well-known for their large surface area, well-organized porous structures, ultrathin, abundant accessible active site, tunable structure… 23 The most efficient technique to prepare MOF monolayers, was found to be via self-assembled monolayer of MOF (SAMM). First, nanoparticles composed of ZIF-8 (Zeolitic Imidazolate Framework coated with a copolymer brush were prepared [ZIF-8-P(MMA-co-AAAB], Figure 3.7). Second, the prepared nanoparticles were self-assembled through evaporation induced interfacial assembly at the water-air interface to form a centimeter scale MOF monolayer film (Figure 3.8). The photo-isomerization behavior of the prepared layer was monitored by UV-vis absorption spectrum upon alternating UV and vis light irradiation. In the trans form of the azobenzene (without UV irradiation) the absorption spectrum showed two bands at λ = 352 nm and at λ = 440 nm, attributed to π-π* and n-π* transitions respectively. After 2 seconds of UV irradiation the trans isomer was converted into the cis one as evidenced in the absorption spectrum where a decrease in the band at λ = 352 nm and an increase in the band at λ = 440 nm was observed. This behavior is characteristic of the photo-isomerization process from the trans isomer to the cis one (Figure 3.9 a). After irradiation with visible light the spectrum returned back to its original shape. This photo reversibility was tested for five cycles after consecutive irradiation of UV and vis light (Figure 3.9 b). It is good to mention that a similar behavior of photo-isomerization process was observed in the solution. Nevertheless, a significant difference was shown in terms of the conversion percentage from the trans to the cis isomer. The monolayer film exhibited a lower conversion rate (27%) compared to the solution (53 %), probably due to the steric hindrance configuration during the process of photoisomerization. For fabricating the device for light-gated ion nanochannel, the SAMM were transferred to PET films (polyethylene terephthalate). Current-voltage measurements were preformed to test the operation of these devices. After exposing the heterogeneous films to UV irradiation, the ionic current at -2 V increased from 30 nA to 160 nA and when the film was irradiated with visible light the current returned back to its initial value. The photo-switching behavior of ionic current was repeated for at least five cycles without observation of any decrease in the efficiency in performance. This light gated ion can be explained by the fact that upon UV irradiation the copolymer chain isomerized from the trans to cis isomer which increased the size of the nanochannel and thus allowed higher ionic current (Figure 3.10). By harnessing the ability to control and modulate the optical properties of materials using light, researchers have explored new ways for developing advanced photonic devices, optical data storage systems, and sensors. In this context, photo-switchable materials that exhibit reversible changes in their nonlinear optical response have attracted considerable attention. Up to date, few examples reporting the photo-switching of non-linear optical (SHG) properties on surface were published.

Photo-switching the SHG of azobenzene on SAM

In 2015, Tegeder et al reported the photo-switching of SHG on surfaces experimentally and theoretically by incorporating azobenzene into self-assembled monolayer. 24 This approach has been successfully tested by the same group, with fulgimide-functionalized SAMs on Si (111). 25 The azobenzene-functionalized SAM were prepared by immersing the Au/mica (silicate minerals) substrate into a methanolic solution containing azobenzene derivative terminated by a thiol anchoring group (Figure 3.11). The variation of the second harmonic generation signal (SHG) upon alternating illumination of UV and visible light is depicted in Figure 3.12. The higher SHG signal corresponded to the PSS (photostationary state) trans-isomer due to the higher delocalization of the π-system (polarizability). In contrast, the lower signal belonged to the PSS cis-isomer. The photo reversibility of the system was tested over 20 cycles and no decrease in the efficiency of the surface was seen. It is worth to mention that the surface coverage with azobenzene chromophores was estimated to be 65 % (Figure 3.12 A).

The sensitivity of the SHG probe was significantly influenced by the level of conjugation and the alignment of the π-electron system at the interface. In the case of the densely packed sample, the measured SHG signal intensity for the trans-PSS indicated a well-organized and aligned SAM.

Conversely, for the bent cis-form, this conjugation was disrupted, resulting in a lower measured SHG signal level. (Figure 3.12 B) The measured NLO contrast [ΔISHG= (Itrans-Icis)/I trans] of the SHG signal change between the two isomers at the PSS state was estimated to be 16 %. A remarkable increase in the NLO contrast was evident when the chromophore coverage increased from 7 % to 18 %. The arrangement and the alignment of the chromophores, which was expected to increase with the coverage density, was also likely to enhance the intensity of the SHG signal. 26 However, the SHG contrast remained constant across a broad range of coverage levels (20-85 %). This can be explained by the fact that as the coverage distance increased, the excitonic coupling rised. Besides, for higher coverage percentages, a significant decrease in the NLO contrast, was observed due to an increase of the steric hindrance, resulting in the suppression of photo-switching behavior (Figure 3.13). To investigate the switching efficiency of this desirable system, they measured the kinetics of the photo-isomerization processes. They observed mono-exponential for both isomerization reactions (Figure 3.14). These observations suggested that a cooperative effect on the photo-isomerization can be dismissed (i.e an individual photo-switching behavior dominated) and the interaction between neighbors' molecules have a minimal influence.

In addition, theoretical calculations confirmed these results, where the average quadratic hyperpolarizability (β0) showed a higher value for the trans-isomer (7846 a.u) compared to the cis one (1825 a.u).

However, the cross-section values of the UV-induced trans-cis reaction was smaller than the one measured by visible light irradiation. This result contradicted a previous observation reported by Wagner et al 27 on similar photochromic system, where the UV-vis absorption spectra exhibited a strong band in the UV region attributed to the trans-isomer and a weak band in the visible attributed to the cis one. This discrepancy can be due to the presence of the SAM which induced an hypsochromic shift of the absorption band of the trans-form in the UV region. This shift depends on chromophore coverage and the fact that azobenzene tend to form an H-aggregates which lead to hypsochromic shift, reducing the absorbance at 365 nm. 28 To achieve their goal of reaching reversible photo-switching process of high NLO-contrast on the SAM, three different combinations indolylfulgimide compounds with alkyne linkers were prepared. These systems were compared in terms of NLO contrast, stability, and switching efficiency (Scheme 3.6). 25 The compounds 3-IF-Al and 2-IF-Al differ simply on the indolylfulgimide core, that may impact the switching efficiency. Concerning 2-IF-Sp-Al a methylene spacer was inserted to interrupt the electronic delocalization between the fuligimide unit and the phenyl ring of the linker system.

These obtained fulgimides were grafted to the surface via a Sonogashira cross-coupling reaction between the iodo-fulgimides and the alkyne prepared Si (111) monolayer. The efficiency of photo-induced responses played a crucial role in a photo-switchable surfaces. By analyzing the number of molecules switched and the corresponding changes in the SHG signal over time, the effective cross sections (σ) values were calculated. In general, fulgimides have a high cross section of magnitude order 10 -18 cm 2 value.

The cross sections values (Table 3.1) of the three systems for the ring-closure reaction were higher than that of their ring-opening process. The cross sections for the reversible reactions in 3-IF-Al/Si (111) and 2-IF-Sp-Al/Si (111) were similar, while for 2-IF-Al/Si (111), the values were much lower. 3-IF-Am/Si (111) had a cross section for the ring-opening reaction, higher than the other systems [σC→E/Z = (1.2 ± 0.3) × 10 -18 cm 2 ] and the σE/Z→C for the ring-closure process was in the same range as that of ringopening [(2.3 ± 0.3) × 10 -18 cm 2 ] which indicated the efficiency and stability of both forms. So, by replacing the amide linker by an alkyne one a decrease in the efficiency was evident. Also, upon inserting the -CH2-spacer, the switching efficiency was enhanced compared to the other systems without a spacer group 3-IF-Al/Si (111) and 2-IF-Sp. This enhancement can be attributed to the decoupling effect of the switch from the phenyl alkyne linker. *The values for the 3-IF-Am/Si(111) have been adapted from ref 25 .

Based on what illustrated in details before, photo-switching of the NLO properties on surfaces is a challenging task, and even more demanding is achieving a high NLO contrast along with a high photoswitching efficiency in the photochromic system. The challenge with such bistable systems is maintaining their photo-reactivity in surface with higher molecular density. Also, the surface's nature plays a crucial role, as seen with gold surfaces where the mobile bond Au-S bond 31,32 can impact the arrangement and orientation of grafted molecules over time. The grafting methodology will be similar to the one proposed in Chapter II that involves i) electrodeposition, ii) deprotection and then iii) click reaction. Thus, to enable the grafting of the DTE photo-switch onto the surface, all the synthesized dithienylethenes must be functionalized with an azide-terminated anchoring group. To achieve our goal, two families of DTE-based azide compounds are envisaged in this Chapter.

The first family is devoted to investigating the impact of the nature of the linker on the arrangement of the photo-switch on the surface and the NLO response (Scheme 3.7).

Scheme 3. 7 Molecular design of the targeted first family of DTE with various linkages and connections.

For the second family, a naphthylamide moiety will be introduced. It is worth mentioning that no luminescence is expected from the naphthylamide unit, because of the luminescence quenching induced by the photo-isomerization reaction of the DTE unit through the well-known Fӧrster resonance energy transfer (FRET). However, the naphthylamide will be employed as a NLO-phore as it represents a good π-acceptor (Scheme 3.8). In terms of designing molecular switchable systems, the introduction of chirality is an interesting feature to obtain chiroptical photo-switches that can be used in chiral logic gates, data communication, chiral separation and asymmetric catalysis. 33 Moreover, incorporating a switch into a chiral NLO chromophore is expected to enhance the NLO contrast significantly. Thanks to chirality, a better organization of NLO-phores on surface is expected. Recently, optoelectronic properties of organic chromophores on a surface have been considerably increased by using enantiopure compounds. This behavior was attributed to a better organization of the molecular layer in the solid state, affecting both the charge transport properties and the morphology within in the active layers. 34 Therefore, we tend to study the impact of chirality on the molecular arrangement of the surface and on the second order non-linear optical properties.

Synthesis and characterization of azide functionalized DTE

First family of the synthesized azide functionalized DTE

The target design from the first family of synthesized DTEs is illustrated in Scheme 3.9. These DTEs differ in the type of connection and length of the linkage between the DTE and the surface. All of these synthesized DTEs have an azide functional group as a terminating moiety. Among the series, DTE-1 represents the simplest design. We believe that the DTE in this design is already decoupled from the surface due to the presence of the phenyl and triazole rings that were previously grafted onto the surface. It is worth noting that increasing the decoupling from the substrate can help in preventing the quenching of the photochromic reaction.

To increase the length of the linker, we introduced n-hexyl chain between the DTE and the surface in DTE-2. Therefore, and in comparison to DTE-1, we will investigate the impact of the linkage length on both the photochromic behavior and NLO response. It is anticipated that DTE-2 will exhibit an enhanced NLO response due to the presence of the electron-donating alkoxyl chain.

Concerning DTE-3, an alkyne bridge will be introduced between the DTE core and the linker. DTE-3 is expected to exhibit a higher NLO response compared to DTE-1 and DTE-2 due to the increased conjugation particularly in the presence of alkyne group. 

Synthesis of DTE-1

The synthesis of DTE-1 was achieved as shown in Scheme 3.10. 3,5-dibromo-2-methylthiophene (3.1) was prepared from the commercially available 2-methyl thiophene via bromination reaction using N-Bromosuccinimide reagent in excess. 35 Then, the preparation of 3.2 was done under the action of nbutyl lithium, followed by the addition of tributyl borate. This derivative can be either isolated or prepared in situ for the next step without any further purification. 36 Afterthat, a Suzuki cross-coupling reaction with 2-(4-bromophenyl) -1,3-dioxolane, previously prepared from 4-bromobenzaldehyde as described in Chapter I and using a Dean-Stark apparatus, afforded compound 3.3. The protection of aldehyde was crucial to protect the electrophilic carbon of the carbonyl functional group from any attack from n-BuLi, leading to the formation of undesired by-products.

The photochromic compound 3.5 was synthesized by lithiating 3.3 derivative followed by cannulating the perfluoro part, prepared as described in the literature, 37 resulting in a 50 % as yield. Subsequently, the deprotection of the acetal group was achieved in the presence of p-toluenesulfonic acid, with 87 % as yield. Following this, the aldehyde derivative 3.6 was reduced into alcohol 3.7 using the common reducing agent sodium borohydride (NaBH4). Finally, DTE-1 was synthesized in 70 % yield from 3.7 in presence of 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU) as a base and diphenylphosphrylazide (DPPA) as the source of azide functional group. The resulting product was purified by column chromatography on silica gel using with a solvent mixture of hexane/ethylacetate (1:1). Scheme 3. 10 Synthetic pathway to the target photochromic DTE-1.

2.1.1.2.

Synthesis of DTE-2 DTE-2 was synthesized following the procedure presented in Scheme 3.11. Similar to DTE-1, compound 3.9 was prepared by lithiating 3.8 followed by cannulation of 3.4 at -78 °C with a yield 50 %. The protection of the hydroxyl functional group was done to prevent the acid-base reaction between the hydroxyl group of compound 3.9 and n-BuLi. Then, 3.9 was deprotected by tetrabutylammonium fluoride (TBAF) at 0 °C to afford 3.10 with 87 % yield. A Williamson ether synthesis was then performed to give 3.11, incorporating a long n-hexyl chain. Finally, DTE-2 was obtained by a nucleophilic substitution reaction to convert the bromine into azide functional group with a quantitative yield and without any purification. 

Synthesis of DTE-3

The synthetic methodology of DTE-3 is depicted in Scheme 3.12. Starting with the mono brominated DTE 3.12,which is well-known in the literature and it is well described in the experimental section, 38 Sonogashira cross-coupling reaction was done with the alkyne terminated compound 3.13 that was prepared in the lab according to the reported synthesis in the literature 39 to afford compound 3.14 with 80 % yield. Similarly, to DTE-2, the deprotection of the TIPS group resulted in the formation of 3.15 with a 97 % yield. Subsequently, alkylation using the Williamson ether synthesis produced 3.16 with a 75 % yield. At the end, DTE-3 was obtained quantitatively by SN2 reaction with no further purification. The main challenge of this synthesis is the lack of stability especially 3.15 and DTE-3 where they were degrading at RT so they were stored at 0 °C under argon.

The purity of each reactant and product for all of the synthesized DTEs was verified by NMR, IR, EA, HR-MS. Scheme 3. 12 Schematic presentation of the target DTE-3.

Characterization of the first family of DTE compounds by NMR and IR spectroscopy

Characterization of DTE-1 by IR and NMR spectroscopy

The 1 H-NMR spectrum shown in Figure 3.17 confirms the structure of DTE-1. In the aromatic part, the two signals at 7.55 and 7.33 ppm are attributed to "a" and "b" respectively, and the ones at 7.28 and 6.75 ppm are the thienyl protons "c" and "d" respectively. The signal "e" at δ = 4.35 ppm is attributed to the methylene protons near the phenyl rings that is more shielded (δ = 4.35 ppm) compared to those near hydroxyl functional group (δ = 4.70 ppm) in compound 3.7 due to the higher electronegativity of the hydroxyl group compared to the azide (Figure 3.18). The other signals correspond to the methyl groups of the DTE with "f" at 2.43 ppm and both "g, h" at 1.94 and 1.88 ppm.

In addition, this effect is also observed in 13 C-NMR spectrum, in which the chemical shift of -CH2-near the hydroxyl group is at δ = 65 ppm, while for the one near the azide group, it is at δ = 54.50 ppm due to the same reason explained before (see experimental part). It's worth to mention that in 13 C-NMR for any DTE, with perfluoro cyclopentene as the bridge between the two thienyl rings, the carbons of the perfluoro cyclopentene are not observable since they are quaternary carbon atoms with high coupling with fluorine atoms leading to the splitting and this explain the fact that 18 carbons out of 23 are noticed (see the experimental part). In parallel, DTE-1 was characterized by IR spectroscopy where it shows a strong and sharp band at 2095 cm -1 attributed to the stretching of N=N=N which is well-known in the literature (Figure 3.19). [START_REF] Lieber | Infrared Spectra of Organic Azides[END_REF] 

2.1.2.2.

Characterization of DTE-2 by IR and NMR spectroscopy DTE-2 is also confirmed by 1 H NMR (Figure 3.20). Two doublets at 7.45 and 6.90 ppm are attributed to the aromatic protons of the phenyl ring "a" and "c". The two thienyl protons at 7.13 and 6.73 ppm are assigned to the "b" and "d" respectively. In addition, two clear triplets at 4.00 ppm and 3. Additionally, the IR spectrum shows a sharp and strong band at 2092 cm -1 evidencing for the formation of the azide group (Figure 3.21). However, the major difference appeared in the IR and 13 C spectra. In the IR spectrum a little bump appeared at 2089 cm -1 corresponding to the stretching band of C≡C and it is known in the literature as being sharp and weak (Figure 3.23). 41 The another band at 2094 cm -1 is attributed to the vibrational stretching of N=N=N that is known to be sharp and strong.

In the 13 C spectrum, two new peaks appeared at δ = 80.29 and 93.84 ppm which are attributed to C≡C carbons (see experimental part). In addition, the photo-isomerization of compound DTE-1 was followed by NMR spectroscopy enabling the estimation of conversion percentage from the open to the closed form. For simplicity, I will mainly discuss the thienyl protons "c "at 7.27 ppm and "d" at 6.73 ppm, methylene protons "e" at 4.35 ppm, and the methyl groups "f" at 2.43 ppm and "g,h" at ≈ 1.89 ppm (Figure 3.25).

Upon UV light irradiation at λ = 365 nm (bench lamp: polychromatic UV-light), a decrease in the intensity of the signals of the open DTE isomer, and the appearance of new signals corresponding to the closed DTE isomer are observed. Thienyl protons (c and d) were up field shifted from 7.27 and 6.73 ppm to 6.64 and 6.04 ppm respectively. The observed upfield shifting of the thienyl protons can be related to the increase of conjugation along the thienyl skeleton of the DTE leads to a higher electron density, resulting in a shielding effect. The signal of "e" protons is slightly downfield shifted from 4.35 to 4.38 ppm. Protons "f" are upfield shifted from 2.43 to 2.23 ppm which can be explained by the same reason that of the increase π-conjugation during the photocyclization process. However, the methyl protons (g, h) are significantly downfield shifted from ≈ 1.89 to 2.11 ppm. The downfield shifting behavior can be rationalized by the decrease of the electronic density at the reactive carbon site since the electronic delocalization is located at the thienyl framework (Figure 3.25).

Upon irradiation with visible light at λ = 580 nm, the spectrum returns back to its initial state with no observation of any additional signals which confirms the good photo-reversibility in the solution (Figure 3. 25).

By integrating the area of the new signals corresponding to the closed isomer and the area of the signals from the remaining open form (based on the thienyl, methyl, and methylene signals), the percentage of photo-conversion is calculated to be 42 % of the closed isomer at the PSS.

Despite the relatively low percentage, it is noteworthy that the stability of DTE-1 was maintained even after 40 minutes of UV irradiation. This is particularly advantageous considering that azide compounds are prone to degradation when exposed to UV light. 42 For the open isomer, the thiophene arm is freely rotating with a speed higher than the NMR time scale, which means that the fluorine atoms connected to the same carbon are equivalent. However, when the DTE unit is closed, this free rotation is blocked that creates two faces that are not equivalent (see the position of the methyl group in the Scheme of Figure 3.26). Thus, the peripheral fluorine atoms are not equivalent anymore due to distinct electronic and magnetic environments and thus show significant 2 J couplings. For the central fluorine atoms, the difference in coupling constant with the two peripherals pairs of fluorines is very small, resulting in apparent identical multiplicity.

Photo-isomerization by absorption and NMR spectroscopy for DTE-2

The following of photo-isomerization by UV-vis absorption spectra for DTE-2 is depicted in Figure 3.27.

Upon UV irradiation at λ = 365 nm (bench UV-lamp), the colorless solution of dichloromethane of C = 2.50 ×10 -5 M turns into a violet with a decrease in the bands at 300 nm and appearance of bands at 350 and 560 nm which is indicative of formation of the closed form of the DTE. To verify the photoreversibility of the system, irradiation with visible light (λ = 580 nm) was performed. The spectrum reverts back to its original shape, clearly demonstrated by the presence of an isosbestic point at λ = 320 nm. This observation signifies a clean process without any indication of photo-degradation. To further confirm that no degradation has occurred, following of photo-isomerization by 19 These quantum yields differ from one DTE to another, and it depends on the ratio between the parallel and anti-parallel conformers in the solution.

For a 1:1 ratio, the ՓO → C will not be more than 0.5. This indicates that almost all photo-excited antiparallel conformers can participate in the cyclization reaction.

The photo-kinetics of ring-closure and ring-opening reactions were examined using a UV-Vis spectroscopy setup. The absorption time profiles obtained under continuous irradiation at 350 nm and 580 nm were analyzed numerically to determine the photochromic quantum yields, Фo→c and Фc→o, for DTE-1, as indicated in Table 3.2. The quantum yield for the photocyclization reaction (Фo→c) was found to be 0.85. This high value can be attributed to the high ratio of anti-parallel conformation of the thienyl rings. The quantum yield for the cycloreversion reaction (Фc→o) induced at 575 nm falls within the typical range observed for similar DTE derivatives. 

DTE-1 ФO

→ C 0.85 ФC → O 0.077
The photochromic quantum yield measurements for DTE-2 and DTE-3 are under progress.

Second family of the synthesized DTE

As explained before, the difference between the first family and the second one is the presence of a naphthylamide moiety. 1,8-naphthalimide is a well-known class of organic dye, notably for its excellent photostability, good structural flexibility, and high fluorescence quantum yield. The structure of 1,8naphthalimide is depicted below in Scheme 3.13 where the naphthalene rings act as a π-bridge fused with an imide group, which is formed by the linkage of a carbonyl group (C=O) with a nitrogen atom.

Naphthylamides can be readily synthesized through various synthetic methods, allowing for the introduction of different substituents on the naphthalene ring or imide group (R1 and R2) indicating their versatility in synthesis. In addition, they are known as an electron-deficient system and in presence of an electron-rich substituent a D-π-A system can be constructed. Their rich photophysical properties which are highly dependent on the nature and the substitution pattern of the aryl ring make them prime candidates in various applications such as ion sensing, 43,44 biological application, 45 solar cells, 46 organic light emitting diode (OLED) 47 , and optical data storage. 48 Scheme 3.14 illustrates the target design for the second family of DTE compounds. In this design, the DTE photochrome serves as the photo-switching unit, that will allow, or not, the electronic delocalization from the alkoxyl phenyl group to the naphthylamide moiety. In the case of the closed DTE isomer, a D-π-A system is formed that likely exhibits high hyperpolarizability. Additionally, the presence of the azide group enables the grafting of the compound into the prepared surface.

It is good to mention that, the naphthylamide is symbolized as F (fluorophore) just because it is widely known in the literature as a fluorophore but in this approach, we know that this compound will not be luminescent in solution due to the quenching of the luminescence by the photocyclization of the DTE As explained in the strategy before, chirality feature will be introduced to optimize the arrangement of the molecular kit depicted in order to enhance the SHG signal and contrast on surface. The chirality will be inserted in the naphthyl core and precisely in the imide arm that can be easily functionalized (Scheme 3.14).

Scheme 3. 14 Schematic presentation of the second family of DTE.

Synthesis of the second family of the targeted photochromic DTE

The synthetic route of DTE-4a-c is based on a convergent approach where both thienyl fragments are functionalized separately before being connected to the perfluorocyclpentene bridge Scheme 3.15.

Compound 3.18 is prepared by lithium-halogen exchange on 3.8 followed by the nucleophilic substitution on the perfluorocyclopentene derivative 3.17, with a yield of 56 %. One can notice that 56 % of yield is typical for the synthesis of asymmetrical DTEs. Then, a bromination reaction with NBS afford 3. 19 The low yield (45 %) obtained for 3.21 is not due to the purity of the compound, but rather to the formation of a by-product (3.21'). This Williamson reaction was conducted several times and this byproduct was present each time in a large quantity. From the 1 H-NMR analysis we weren't able to identify the structure where it showed the similar peaks as 3.21. However, a significant difference was observed in the disappearance of the triplet peak at 3.43 ppm, which is attributed to the -CH2Br-alkyl chain (Figure 3.33). Once again, this by-product was obtained for each reaction attempts and in a quiet large amount. Also, the 1 H-NMR analysis didn't give precise information on its structure.

Similarly, suitable crystals were grown and analyzed by XRD-analysis (Figure 3. 35) where the thienyl rings are displayed in antiparallel manner and the distance between the two reactive centers enables the photochromic process, as discussed previously. The formation of such homo coupling can be explained by the dehalogenation of the DTE 3.21 in presence of potassium carbonate, water, and palladium catalyst. Then, a C-H bond activation reaction can be envisaged with another 3.21 compound. 50 The high reactivity in palladium-catalyzed C-H bond activation of the α-position of the thiophene is well-documented in the literature. 51 Finally, DTE-4 is obtained by nucleophilic substitution reaction in presence of sodium azide in a quantitative yield in a small-scale reaction however upon increasing the scale this yield is no longer quantitative and the reaction needed longer time.

The boronic derivative of naphthylamide 3.22 is synthesized as reported in the literature from their brominated analogues 3.25 and 3.26. 52 The yield obtained for the synthesis of 3.25 is comparable to the reported yield in the literature (91 %). In contrast, the yield for the formation of 3.26 (88 %) is higher than the yield reported (51 %). 52 The brominated derivatives 3.25 and 3.26 are obtained from the commercially available anhydride derivative 3.24 (Scheme 3.16).

Scheme 3. 16 Synthetic methodology of compound 3.23.

Characterization of the DTE-4a by IR and NMR spectroscopy

In deuterated chloroform solution, the 1 H-NMR spectrum of DTE-4a shows eleven aromatic protons precisely five of them attributed to the naphthyl derivative (a-e), four for the phenyl ring (f and i) near the thienyl ring, and two for the thienyl protons (g, h). Two triplets at 4.00 and 3.30 ppm were observed corresponding to the -OCH2-and -CH2N3-respectively where the methylene near oxygen atom is more deshielded due to the electronegativity factor. The two singlets observed at 2.19 and 2.08 ppm are assigned to the methyl groups of the DTE core. The spectral range between 1.83 and 0.97 ppm corresponds to the aliphatic protons, which have been accurately assigned in the spectrum (Figure 3.36). It is good to mention that all the assignments are based on 2D-NMR analysis (HSQC, HMBC, COSY…) When comparing the NMR spectra of the precursor 3.23a (Br derivative) with that of DTE-4a, clues of the presence of the azide functional group can be identified. Specifically, the signal corresponding to protons "3" [-CH2X (X: Br, N3)] is up-field shifted in DTE-4a (δ = 3.30 ppm) compared to 3.23 (δ = 3.44 ppm). Moreover, the best evidence of the presence of the azide group comes from its IR spectrum, where a sharp and strong band 2091 cm -1 is observed which corresponds to the stretching of N=N=N (Figure 3.37). 

Characterization of DTE-4b and DTE-4c by IR and NMR spectroscopy

Concerning the DTE-4b compound, both 1 H-NMR and IR spectroscopy, reveal the successful formation of the desired product. In the 1 H-NMR spectrum, sixteen aromatic protons are observed in the region 8.52-6.90 ppm. Out of them, five corresponding to the naphthyl part (a-e), four for the phenyl ring near the thiophene (f and g), and seven overlapping signals in the range of 7.21-7.06 ppm assigned to the two thienyl protons and five protons attributed to the phenyl ring in the chiral chain. These seven overlapping signals were designated as Haryl. A multiplet signal is observed at 6.02 ppm corresponding to the -C-H of the chiral center. In addition, two triplets were observed at 4.00 and 3.31 ppm corresponding to the -OCH2-and -CH2N3-respectively. The methyl of the ester functional group "2" appears as a singlet at 3.75 ppm. The two diastereotopic protons (3,4) appeares as two sets of doublets of doublet at 3.50 and 3.71 ppm since they have different chemical environment. The two methyls of the DTE core show two singlets at 2.19 and 2.07 ppm. The protons of the alkyl chain are seen as three sets of multiplets in the region 1.83-1.50 ppm (Figure 3

.38).

Similar to DTE-4a, a significant upfield shift in the -CH2N3-group of DTE-4b is observed at δ = 3.30 ppm when compared to its analogue (-CH2Br-) 3.23-b, which appears at δ = 3.44 ppm due to the same reason mentioned previously. Furthermore, the formation of the desired product is also confirmed by IR where it shows a strong and sharp band at 2092 cm -1 corresponding to the N=N=N stretching of azide (Figure 3.39). It is worth to note that exactly the same 1 H-NMR and IR spectra were obtained for the S-enantiomer DTE-4c. For the upcoming characterization I will explain only the behavior of DTE-4b "R enan." because DTE-4c "S-enan." behaves in identical manner. Similar to the first family of the synthesized DTE, following of the photo-isomerization by NMR spectroscopy was necessarily done. The process involved irradiating a solution of DTE-4a in deuterated chloroform stepwise, with subsequent recording of the 1 H-and 19 F-NMR spectra after each irradiation step. For simplicity, I will comment only the thienyl protons (g,h) and methyl groups (4,5).

Optical properties of the second family of DTE compounds

An upfield shifting is observed for the thienyl protons, "g" at δ = 7.22 ppm and "h" at δ = 7.16 ppm, to 6.63 and 6.53 ppm respectively. While the methyl groups (4 and 5) were downfield shifted from 2.18 to 2.46 ppm. This behavior was already commented before. These new formed species are attributed to the formation of DTE-4c. When irradiating the sample with visible light, it returned back to its original state with no observation of any additional peaks which indicates the good photo-stability of the system (Figure 3.41).

In addition, this photo-reversibility was also observed in the 19 

Photo-isomerization by absorption and NMR spectroscopy for DTE-4b

The absorption spectrum shown below in Figure 3. 43 shows that the open non-conjugated form of DTE-4b display two bands with λmax = 300 and 383 nm corresponding to the π-π* transitions localized mainly on the thienyl ring, and on the naphthylamide respectively. The colorless solution of DTE-4b-o isomerizes upon 350 nm irradiation to form the blue closed isomer DTE-4b-c. During the photocyclization process, a new absorption band at 600 nm appears which is characteristics for the formation of the closed form of DTE. After reaching the PSS, the latter is reopened upon irradiation with visible light and the spectrum returns back to its original state showing that the system is photoreversible. 

Photochromic quantum yield measurements for the second family of DTEs

The three DTEs demonstrate comparable quantum yield values for both the photocyclization and cyclo-reversion processes. Upon analyzing the obtained values, it shows that the quantum yield for photocyclization is low. This indicates that the photochromic process is slow. But by comparing the high photoconversion obtained from the 1 H-NMR spectroscopy, the closed form gradually accumulates over time, until it reaches the 90 % of the resulting solution with less than 1 % of the closed form reverting back to the open form. It is worth noting that the closed form of the DTE also absorbs in the UV region and can revert back to the open form (Table 3.3). 

DTE-4a (achiral) DTE-4b (R-enan.) DTE-4b (S-enan.)

ϕo-c 0.07 0.06 0.09 ϕc-o < 1% < 1% < 1%

Surface measurements for the synthesized DTEs

The surface measurements were done by Dr. Yann Leroux as illustrated previously in Chapter II where the electrochemical response was examined by cyclic voltammetry (CV) using ferrocyanide as the redox probe.

Recall that the grafting is accomplished by electrografting based on aryldiazonium salts, and that the procedure is carried out in two steps: first, the production of ethynylaryl monolayers, and subsequently the immobilization of the functionalized DTE. The grafting of DTE-1 is depicted in Scheme 3.17. In this design of DTE-1, we anticipated that the triazole aryl group would serve as an effective spacer, facilitating the decoupling of DTE-1 from the surface.

Scheme 3. 17 Grafting process of DTE-1.

The CV of the prepared layers reveals that this method of electrografting is efficient to obtain a successful immobilization of DTE-1 on the transparent indium tin oxide (ITO) surface. To briefly comment, the black curve corresponds to the naked surface (black curve). Then the oxidation of the ferrocyanide is inhibited due to the blockage of the surface by the TIPS protecting group (red curve).

After deprotecting the silylated species, the oxidation of the ferrocyanide reappeared which shows that the charge transport among the layers has successfully occurred (blue curve). Then DTE-1 was grafted on the alkyne terminated surface by azide-alkyne click reaction (Click reaction) (Figure 3.47). Following that, DTE-3 was grafted using a similar approach (Figure 3.48), and the CV exhibited analogous behavior to that of DTE-1. As mentioned before the long spacer n-hexyl chain was introduced to effectively decouple the photochromic core from the ITO surface. Subsequently, NLO measurements were performed by Grégory Taupier and Dr. Yann Molard using λlaser = 810 nm and λSHG = 405 nm (SHG: second harmonic generation measurement). The surface showed photo-switching of the NLO response upon UV and visible light irradiation with a very weak NLO contrast (<10 %) (black and red curves). Furthermore, we are aware of the inherent SHG intensity of the ITO surface. Thus, we conducted measurements on the nude surface (green curve) which revealed that the surface's contribution to the observed signal was estimated to be in the range of 60-70 %, indicating that the organic layer's contribution is minimal. (Figure 3.49) However, the X-ray photoelectron spectroscopy (XPS) measurements revealed a significantly poor grafting density, with almost no DTE detected on the surface. In order to rationalize this result, two hypotheses can be considered: either the deprotection of the surface by TBAF was ineffective, or the click reaction is inefficient. After conducting numerous surface measurements, it was determined that the problem lay in the deprotection step using TBAF, as it was unexpectedly damaging the ITO surface. Therefore, it was decided to switch from the ITO surface to a carbon one which is known to be more efficient and easier to manipulate so by that a higher grafting density is expected.

Considering the significant time investment in the synthesis process, we decided to utilize the recently prepared DTE-4a for grafting onto the carbon surface. Subsequently, we performed XPS measurements to confirm the successful immobilization of DTE-4a on the carbon surface. This was substantiated by the XPS survey, which revealed the elemental composition of the obtained surface, with the highest atomic percentage attributed to carbon atoms. It is worth mentioning that fluorine atoms are typically good tags in XPS measurements. The traces of copper presented in this survey is due to the copper catalysed azide-alkyne click reaction (Figure 3.50). From the peak fitted C1s spectrum, there is clear contribution at high energy (≈ 720 eV) attributed to the C-F bonds, precisely a CF2 which is also presented only on the perfluorocyclopentene bridge. In addition, there is a good agreement between the theoretical and experimental atomic percentage which confirms the successful immobilization of DTE-4a on carbon surface (Figure 3.51). Thus, NLO measurements were performed using λlaser = 810 nm and λSHG = 405 nm (SHG: second harmonic generation measurement) where the irradiation of the laser beam was done in the same single site of the surface. The surface showed photo-switching of the NLO response upon UV and visible light irradiation. But after moving to the second and third cycle of alternating in UV (blue)-vis (black) irradiation, it is clearly evident that the SHG intensity of the obtained surface is decreasing which indicated that the surface was unexpectedly degrading (Figure 3.52). To avoid this degradation, we performed ten measurements where the irradiation was performed on various sites of the surface. The calculated modulation upon UV (left) and visible light irradiation was estimated to be of 12-15 % (Figure 3.53).

Figure 3. 53 SHG measurements of DTE-4a performed on various sites of the carbon surface upon alternating UV (left) and visible light irradiation (right).

Based on the previous discussed examples in the literature (refer to section 1.2) we can say that we had a photo-switching of NLO properties on surfaces with NLO contrast estimated to be of 12-15 %. But in my point of view, this is not scientifically reliable since this percentage relies within the experimental error values for performing such experiments. Moreover, we can clearly see that the contribution of the surface to the obtained SHG signal display a 60 -70 % and thus the contribution of the organic layer is minimal. Moreover, upon changing the surface nature (from ITO to carbon) and by changing the site of irradiation we had drastic changes in the SHG intensity. This indicates that the SHG intensity was driven by the environmental nature of the surface.

Conclusion and perspectives

The objective of this PhD work is to develop an efficient strategy to photo-switch the NLO behavior relying on the influence of the isomerization a photochromic unit embedded on a transparent surface.

The grafting methodology will induce the stabilization of the grafted chromophores caused by the alignment of the molecular dipole moments. This will significantly enhance our strategy for achieving photo-switchable NLO properties on surface. Few examples are reported in literature focusing on the photo-switching of the NLO properties on surfaces and the characterization of the obtained surfaces.

Based on this, the challenge of this work is to photo-modulate the NLO signal upon alternating between UV/ vis irradiation on a monolayer and to characterize the obtained surface using various techniques (XPS, AFM…).

In this chapter, we described the synthesis and characterization of two families of DTEs. The first family contained three DTE units (DTE-1-3), each varying in the type and length of the linkage between the DTE and the surface. Notably, all of these synthesized DTEs have an azide group as an anchoring moiety. The second family consisted of three DTE units (DTE-4a-c) where the methyl group is replaced by a naphthylamide moiety and chirality is inserted on the amide arm of the naphthyl core to obtain chiroptical photo-switches (Scheme 3.18). We have characterized these compounds mainly by NMR and IR spectroscopy. The following of the photo-isomerization of these compounds was done by electronic absorption and NMR spectroscopy. The absorption studies reveal the standard known photo-isomerization of DTE compounds; i.e. the open form absorbs in the UV range (350 nm) and the closed one in the visible range (650 nm). DTE-1, and DTE-3 were grafted on the ITO surface, however as revealed by the XPS there is almost no DTE grafted (very low grafting density) mainly due to the TBAF ions that was destroying the prepared surface. So, we decided to change the type of the surface into carbon one by which we can obtain higher grafting density compared to the other grafted DTEs. By XPS measurements, we proved the successful immobilization of DTE-4a on the carbon surface. Then SHG measurements were done for DTE-4a that showed the photo-switching of the signal upon UV-Vis irradiation with NLO contrast of 12-15 %.

As perspective, we need to complete all the photophysical measurements for all of the synthesized DTEs (photochromic quantum yields…) and there is still some mass analysis for some compounds which are in progress. In addition, we will complete with the surface engineering for the obtained monolayer (grafting density, layer thickness, AFM measurements …).

As a general perspective, we will go towards multilayers of photochromes. This approach will allow us to enhance the contribution of the organic layer to the SHG signal. This transition is motivated by our prior observations of the considerable difficulties and challenges associated with achieving a photoswitching behavior in monolayers.

The next chapter will focus on different project concerning the synthesis of an efficient chemo and photo-switch on solution through azide-alkyne click reaction between azide terminated rhodamine and a free acetylene thienyl perfluoro cyclopentene.

Experimental Part

All manipulations were performed using Schlenk techniques under argon atmosphere. All solvents were dried and purified by standard procedures. Elemental Analysis and High-resolution mass spectrometry were performed at the CRMPO (Centre de Mesures Physiques de l'Ouest) in Rennes.

UV/vis absorption spectra were recorded with a Jasco V-770 UV-Vis-NIR spectrophotometer using quartz cuvettes of 1 cm pathlength.

Irradiations for 1 H NMR experiments have been made using a Rayonet with 350 nm light emitting lamps. Routine UV-vis irradiations were performed in UV cells or NMR tubes with a LS series Light Source of ABET technologies, Inc (150 W xenon lamp) equipped with single wavelength light filters "330FS 10-25", "350FS 10-25", "450FS 20-25", "650FS 20-25", and "580FS 20-25".

Single crystal X-Ray diffraction (SCXRD). Data were collected on a D8 Venture (Bruker-AXS) diffractometer Mo-Kα radiation (λ = 0.71073 Å, graphite monochromator) at T = 150(2) K. The cell parameters were initially determined using more than 50 reflections. Experimental details are described in tables. The crystal structures were solved with dual-space algorithm using SHELXT program and refined with full-matrix least-squares using anisotropic thermal displacement parameters for all non-hydrogen atoms. The FTIR spectra are obtained with an IRAffinity-1S spectrometer from SHIMADZU. The analysis was performed using Gladi ATR module from Pike, in which the compounds were deposited on diamond crystal.

The photoreaction quantum yield was deduced from the measurement of the photoreaction kinetic. The sample is equipped with a stirring bar and placed in a temperature-controlled chamber (Peltier). The sample is irradiated (Xenon source Zolix 300PU) while absorption spectra are acquired at 90° using an OceanOptics Flame spectrophotometer at specific time interval. To prevent the any interference of the DHBAL 2000 (OceanOptics) light source, the spectra acquisitions are synchronized with the internal shutter of the DHBAL 2000 lamp. The irradiation wavelength is selected thanks to a monochromator (Omni 𝜆-200i, Zolix instruments) with a bandwidth of +/-10 nm. SHG spectra were recorded using a femtosecond laser chain (Ti-Sapphire Chameleon ultra II Coherent + pulse picker, pulse duration: 100-130 fs; pulse frequency: 5 MHz) and an Ocean optics QEPro CCD detector. The excitation beam crossed a lens before arriving on the sample and a short-pass 700 nm filter after the sample to remove the excitation signal and prevent damages on the CCD detector. The SHG signal was recorded perpendicularly to the beam using an optical fiber connected to a CCD detector (integrating times about 60 s).

Surface measurements: Commercially available reagents were used as received without further purification. Aniline precursors were prepared using the Sonogashira coupling reaction. All diazonium ions were synthesized from the corresponding aniline using a published procedure (see Scheme 2).9 4-((Triisopropylsilyl)ethynyl)-benzenediazonium tetrafluoroborate (TIPS-Eth-ArN2 + ) was synthesis and purified according to the already published procedure. All electrochemical measurements were performed with an Autolab PGSTAT 12 (Metrohm) and a conventional three-electrode system, comprising the modified substrate as working electrode, a platinum foil as the auxiliary electrode, and SCE electrode (Metrohm) as reference. The GC electrodes were purchased from CH Instruments, Inc. (TX, USA) as 2-mm-diameter rods. The electrodes were polished successively with 1.0, 0.3, and 0.05 μm alumina slurry made from dry alumina powder and Milli-Q water on microcloth pads (CH Instruments, Inc., TX, USA). The electrodes were thoroughly rinsed with Milli-Q water, acetone, and ethanol. Before derivatization, the electrodes were dried with an argon gas stream. Surface modification was performed in a solution of 10 -2 mol.L -1 aryldiazonium salt and 0.1 mol.L -1 tetrabutylammonium hexafluorophosphate (Bu4NPF6) in acetonitrile (ACN) using cyclic voltammetry with a scan rate of 50 mV.s -1 for five cycles between +0.60 and -0.75 V. The electrodes were rinsed with a copious amount of ACN and acetone, stirred 20 min in THF solution, and dried under a stream of argon. The deprotection step consists of stirring the modified surface 20 min in a THF solution containing 0.1 mol.L -1 tetrabutylammonium fluoride (Bu4NF) as deprotecting agent. The deprotection step is followed by a last cleaning of the sample.

For DTE-1

Synthesis of 3.1

To a solution of 2-methylthiophene (10 g, 0.11 mol, 1 eq.) in THF (125 mL) placed at 0 o C was added N-Bromosuccinimide (36.29 g, 0.21 mol, 2 eq.) in 6 portions every 5-10 minutes and the reaction mixture was further stirred overnight at 0 o C. The reaction was then quenched with Na2S2O3 (31 mL) and the phases were separated. The aqueous phase was then extracted with Et2O (40 mL, 3 times). The organic phase was then collected and dried over MgSO4, filtered and concentrated under reduced pressure. The compound was purified on silica column using petroleum ether as an eluent. The desired compound was obtained as a clear yellow liquid (16.94 g, 65 %). 35 ➢ 1 H-NMR (400 MHz CDCl3, ppm): δ = 2.35 (s, 3H, CH3-Th), 6.85 (s, 1H, CH-Th).

Synthesis of 3.2

To a solution of dibromo methyl thiophene (3 g, 11.70 mmol,1 eq) in 84 mL of dry diethyl ether at -80°C, n-butyl lithium (2.4 M in hexane, 0.83 g, 12.9 mmol,1.10 eq, 2.50 M in hexane) was added dropwise and kept for 30 min at that temperature. To the obtained solution, tributyl borate (4.85 g, 21.20 mmol,1.60 eq) was added to the solution and kept stirring for 4 hrs at the same temperature -78 °C. After that, it was allowed to warm up to RT and left stirring for 16 hrs. The reaction was quenched with 34 mL of hydrochloric acid (1.20 M) and the organic phase was then separated and washed with sodium hydroxide (1 M, 4 × 10 mL). the combined aqueous phases were acidified using concentrated hydrochloric acid while stirring until it reached pH = 1 at 0 °C. A white precipitate appeared that was filtered and allowed to dry under vacuum (2 g, 97 %). 36 ➢ 1 H-NMR (400 MHz, (CD3)2CO, ppm): δ = 7.47 (s,1H, CH thiophene), 7.42 (s,2H, hydroxyl OH, 2.41(s,3H, CH3).

➢ 11 B-NMR (128 MHz, (CD3)2CO, ppm) δ = 26.24.

Synthesis of 3.3

Compounds 3.2 (1 g, 4.55 mmol, 1 eq) and 2-(4-bromophenyl)-1,3-dioxolane(0.83 g, 3.63 mmol, 1 eq) ,that was prepared according to the literature 53 , were dissolved in 30 mL of dry THF. Then palladium (II)bis(triphenylphosphine) (0.16 g, 0.23 mmol, 0.05 eq) dichloride and a solution of sodium carbonate dissolved in 10 mL of distilled water (1.20 g, 11.37 mmol, 2.50 eq) were added. The reaction was kept for 48hrs at T = 90 °C. The mixture was extracted three times with dichloromethane then the combined organic solution was dried with anhydrous magnesium sulfate and evaporated to yield yellow solid (0.94 g, 80 %).

➢ 

Synthesis of 3.5

To a -78 °C cooled solution of 3.3 (0.50 g, 1.54 mmol, 1 eq.) in THF (20 mL) was added n-butyl-lithium (2.40 M in hexane, 0.11 g, 1.70 mmol, 1.10 eq.) dropwise under stirring for 40 minutes. To the obtained solution was added 3.4 (0.46 g, 1.54 mmol, 1.00 eq.) dropwise under stirring at -78 °C and the resulting mixture was allowed to warm up to room temperature. Dichloromethane (25 mL) was added to the solution mixture followed by brine (25 mL) and the phases were separated. The organic fraction was then dried over sodium sulphate, filtered and concentrated under reduced pressure affording a white solid. After flash chromatography on a silica gel column (hexane; ethyl acetate) the desired compound was obtained (0.41 g, 50 %).

➢ 

Synthesis of 3.4

To a solution of 3-bromo-2,5-dimethylthiophene (1.34 g, 7.05 mmol, 1 eq.) in THF (50 mL) was added nbutyl-lithium (2.40 M, 3.30 mL, 7.61 mmol, 1.10 eq.) dropwise under stirring at -78 °C and left for one hour at the same temperature. This was then transferred to a solution of perfluorocyclopent-1-ene (16.70 mL, 12.4 mmol, 3 eq.) dissolved in THF (20 mL) dropwise and under stirring at -78 °C. The reaction mixture was then left overnight. The reaction was then quenched by water and the product extracted by diethyl ether. The organic phase was then collected and washed with brine, dried over magnesium sulphate, filtered and concentrated over reduced pressure affording a transparent liquid (1.40 g, 64 %). 37 ➢ 1 H-NMR (300 MHz CDCl3, ppm): δ = 2.39 (d, 3H, CH3-Th), 2.43 (s, 3H, CH3-Th), 6.73 (q, 1H, CH-Th). 

Synthesis of 3-bromo-2,5-dimethylthiophene

2,5-dimethylthiophene (5 g, 44 mmol, 1 eq) was dissolved in a (1;1) mixture of chloroform (40 mL) and acetic acid (40 mL) and cooled to 0 °C. Then NBS (7.83 g, 44 mmol, 1 eq) was added to the solution over portions. The mixture was stirred at 0°C for 1h. After that, it was allowed to warm to room temperature. Dichloromethane (25 mL) was added to the solution mixture followed by brine and sodium carbonate (25 mL) and the phases were separated. The organic fraction was then dried over magnesium sulfate, filtered and concentrated under reduced pressure affording a colorless to yellow oil s. After flash chromatography on a silica gel column (petroleum ether 100 %) the desired compound was obtained (0.41 g, 96 %). 54 ➢ 1 H-NMR (400 MHz, CDCl3, ppm) δ = 6.61 (d, 1H, thienyl), 2.47 (s, 3H, methyl near Br), 2.41 (s, 3H, methyl).

Synthesis of 3.6

Compound 3.5 (0.20 g, 0.38 mmol, 1 eq) was dissolved in a mixture of acetone (15 mL) and water (10 mL). Then p-toluene sulfonic acid monohydrate (0.14 g, 0.75 mmol, 2 eq). The reaction mixture was stirred for overnight at room temperature. Dilute the reaction mixture with ethyl acetate (3 × 15 mL) and saturated sodium hydrogen carbonate (10 mL) and the phases were separated. The organic fraction was then dried over sodium sulphate, filtered and concentrated under reduced pressure affording a white solid (0.16 g, 87 %).

➢ 

Synthesis of 3.6

To a solution of 3.6 (0.14 g, 0.29 mmol, 1 eq) dissolved in a mixture of methanol (10 mL) and dichloromethane (10 mL), sodium borohydride (0.04 g, 1.15 mmol,4 eq) was added. The reaction was stirred for 1 hour at RT. Dichloromethane (10 mL) was added to the solution mixture followed by brine (25 mL) and the phases were separated. The organic fraction was then dried over magnesium sulphate, filtered and concentrated under reduced pressure affording a white to yellow solid (0.14 g, quantitative yield). 

Synthesis of DTE-1

To a solution of 3.7 (0.10 g, 0.21 mmol, 1 eq) dissolved in 30 mL of anhydrous THF, 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU) (0.05 g, 0.32 mmol, 1.50 eq) was added dropwise with vigorous stirring. The reaction was kept at 0 °C under argon atmosphere for 15 min. After that, diphenylphosphoryl azide (DPPA) (0.09 g, 0.36 mmol, 1.70 eq) was added and the reaction was allowed to warm to RT overnight. Ethyl acetate (10 mL) was added to the solution mixture followed by brine (10 mL) and the phases were separated. The organic fraction was then dried over magnesium sulphate, filtered and concentrated under reduced (0.08 g, 70 %). 

➢

For DTE-2

Synthesis of 3.9

To a -78 °C cooled solution of compound 3.8 (0.68 g, 1.60 mmol, 1 eq.) in THF (20 mL) n-butyl-lithium was added (2.40 M in hexane, 0.11 g, 1.76 mmol, 1.10 eq.) dropwise under continuous stirring for one hour. To the obtained solution, 3.4 (0.49 g, 1.60 mmol, 1 eq.) was added dropwise under stirring at -78 °C. The resulting mixture was allowed to warm up to room temperature. Dichloromethane (25 mL) was added to the solution mixture followed by brine (25 mL) and the phases were separated. The organic fraction was then dried over magnesium sulphate, filtered and concentrated under reduced pressure affording as a yellow oil. After flash chromatography on a silica gel column using petroleum ether and dichloromethane (9;1) respectively as eluents the desired compound was obtained (1g, 50 %). Compounds 3.2 (1.50 g, 6.80 mmol, 1 eq) and (4-iodophenoxy) triisopropylsilane (2.56 g, 6.80 mmol, 1 eq), that was prepared according to the literature, 55 were dissolved in 50 mL of dry THF. Then palladium (II)bis(triphenylphosphine) (0.24 g, 0.34 mmol, 0.05 eq) dichloride and a solution of sodium carbonate dissolved in 10 mL of distilled water (1.20 g, 11.37 mmol, 2.50 eq) were added. The reaction was kept for 18 hr at T = 85 °C. The mixture was extracted three times with dichloromethane then the combined organic solution was dried with anhydrous magnesium sulfate and evaporated to yield yellow solid (2.30 g, 82 %). 

Synthesis of (4-iodophenoxy) triisopropylsilane

The 4-iodophenol (2 g, 9.09 mmol,1 eq) was dissolved in 25mL of dry dichloromethane. Imidazole (0.65 g, 9.54 mmol, 1.05 eq) was added to the resulting solution followed by the slow addition of triisopropyl chloride (1.75 g, 9.09 mmol,1 eq). The reaction was done for 16h at T = 20 °C. The obtained compound was diluted with dichloromethane and washed with ammonium chloride. The organic phase was extracted then dried over magnesium sulphate, filtered and concentrated under reduced pressure.

The desired compound was obtained as a transparent oil (3.43 g, quantitative). 

Synthesis of 3.10

In a well dried and argon flushed Schlenk compound 3.9 (0.36 g, 0.56 mmol, 1 eq) was introduced in dry THF (10 mL). The solution was cooled to 0 °C and tetrabutylammonium fluoride of 1M concentration (0.60 mL, 0.56 mmol, 1 eq) was added dropwise. The solution was stirred for 1 h at 0 °C and then it was allowed to warm to RT at 1 h. Water (20 mL) was added and the mixture was extracted with dichloromethane and brine. The organic fraction was dried over MgSO4 and evaporated. The product was afforded as a brown solid (0.23 g, 86 % yield).

➢ 

Synthesis of 3.11

In a well dried schlenk, 3.10 (0.05 g,0.11 mmol, 1 eq) was dissolved in 10 mL of dry acetone. After that, potassium carbonate (0.26 mmol, 0.04 g, 2.50 eq) was added to the reaction mixture followed by the addition of 1,6 dibromo hexane (0.03 g, 0.11 mmol, 1 eq). Then the mixture was refluxed at 60 °C for 24 h. Dichloromethane (10 mL) was added to the solution mixture followed by brine (25 mL) and the phases were separated. The organic fraction was then dried over magnesium sulphate, filtered and concentrated under reduced pressure. After recrystallization using acetonitrile, the product was obtained as brown solid (0.05 g, 80 %). 

Synthesis of DTE-2

In a well dried schlenk, 3.11 (0.08 g, 0.13 mmol, 1 eq) was dissolved in 10 mL of dry dimethylformamide. Then an excess of sodium azide (0.02 g, 0.38 mmol, 3 eq) was added to the reaction mixture. The reaction was left under continuous stirring for 24 h at RT. The reaction mixture was diluted with ethyl acetate and washed with water. The organic phase was dried over magnesium sulfate and evaporated to dryness under reduced pressure. The compound was obtained without further purification as brown solid (0.03 g, 75 %).

➢ Compound 3.12 (1.73 mmol, 0.80 g, 1 eq) was dissolved in 15 mL of distilled triethylamine and 50 mL of dry THF. The resulting solution was degassed for 40 min by bubbling argon. After that, 3.13 (2.6 mmol, 0.71 g, 1.50 eq), copper iodide (0.09 mmol, 0.02 g, 0.05 eq) and bis (triphenyl phosphine) palladium (II) dichloride (0.18 mmol,0.13 g, 0.05 eq) were added. The reaction was done for 16 h at T = 80 °C. The resulting mixture was washed with 50mL of diethyl ether and 50 mL of brine. The organic phase was extracted then dried over magnesium sulphate, filtered and concentrated under reduced pressure. The desired compound was obtained as a colorless viscous oil (0.91 g, 80 %).

➢ 

Synthesis of 3.13

To a suspension of triisopropyl (4-((trimethylsilyl)ethynyl) phenoxy) silane (8.78 mmol, 3.04 g, 1 eq), potassium carbonate (43.90 mmol,6 g, 5 eq) methanol (V = 50 mL) and dichloromethane (V = 50 mL) was stirred for 16 h at room temperature. The reaction is evaporated under reduced pressure and the residue is taken by dichloromethane and water. The organic layer is separated and the water phase was washed 3 times with dichloromethane. The organic phase was then dried over magnesium sulphate, filtered and concentrated under reduced pressure. The crude was purified by column chromatography using hexane; ethyl acetate (7;3) to give a brown compound(1.68 g,70 %). 56 

Synthesis of 3.12

A solution of 3.12-TMS (1.03 g, 2.31 mmol, 1 eq) in dried THF (10 ml) was cooled to 0 °C. NBS (0.50 g, 2.80 mmol, 1.20 eq.) was added. The reaction mixture was stirred at 0 °C overnight, then a saturated solution of sodium thiosulfate Na2S2O3 (10 ml) was added. The organic layer was separated and the aqueous layer was extracted with Et2O. The combined organic layer was washed with brine, separated, and then dried over MgSO4, filtrated and concentrated to dryness. 3.12 was obtained, after purification with silica column chromatography using petroleum ether as eluent, as white crystals (1.07 g, 70 %). 38 ➢ 1 H NMR (300 MHz, CDCl3, ppm) δ = 7.02 (s, 1H, thienyl near Br), 6.69 (s, 1H, thienyl near methyl), 2.41 (s, 3H, methyl external), 1.86 (d, 6H, methyl internal).

Synthesis of 3.12-TMS

(4-bromo-5-methylthiophen-2-yl) trimethyl silane (1.23 g, 4.93 mmol, 1 eq) was dissolved in dried THF (30 mL) and cooled to -78 °C. Then, n-BuLi (2.40 M in hexane, 0.35 g, 5.42 mmol, 1.10 eq.) was added dropwise to the resulting mixture. After 1 h, the solution of 3.4 was slowly cannulated to the resulting mixture (1.50 g, 4.93 mmol, 1 eq.) in dried THF (5 ml). The mixture was stirred overnight at room temperature, and then brine was added. The organic layer was separated and the aqueous layer was extracted twice with Et2O. The combined organic layers were washed with brine, separated, and then dried over MgSO4, filtrated and concentrated to dryness. 3.12-TMS was obtained as a dark yellow oil (1 g, 45 %) after column chromatography (SiO2, using pure petroleum ether as an eluent). 38 ➢ 1 H-NMR (400 MHz, CDCl3, ppm): δ = 7.10 (s, 1H, thienyl), 6.71 (s, 1H, thienyl), 2.41 (s, 3H, CH3), 1.94 (s, 3H, CH3), 1.73 (s, 3H, CH3), 0.28 (s, 9H, TMS).

Synthesis of (4-bromo-5-methylthiophen-2-yl) trimethyl silane

To a solution of 2,4-dibromo-5-methylthiophene (4.24 g, 16.50 mmol, 1 eq.) in THF (60 mL) n-butyllithium (2.40 M in hexane, 1.15 g, 18 mmol mol, 1.10 eq.) was added dropwise under continuous stirring at -78 °C over one hour. To the obtained solution chlorotrimethylsilane (2 mL, 16.50 mmol, 1 eq) was added dropwise under stirring and the resulting mixture was allowed to warm up to room temperature overnight. The reaction was then quenched with distilled water (40 mL). Diethyl ether (30 mL) was then added and phases were separated. The aqueous phase was extracted two more times with diethyl ether (30 mL × 2 times). The organic fractions were then combined and washed with distilled water (50 mL), dried over magnesium sulfate, filtered and concentrated under reduced pressure affording a clear yellow liquid. The crude product was purified by column chromatography using petroleum ether (100 %) as an eluent. The desired compound was obtained as a colorless liquid (4.11 g, 90 %). 57 ➢ 1 H-NMR (400 MHz, CDCl3, ppm): δ = 0.47 (s, 9H, CH3-Si), 2.57 (s, 3H, CH3-Th), 7.21 (s, 1H, CH-Th).

Synthesis of 3.15

In a well dried and argon flushed Schlenk compound 3.14 (0.36 g, 0.56 mmol, 1 eq) was introduced in dry THF (10 mL). The solution was cooled to 0 °C and tetrabutylammonium fluoride of 1M concentration (0.60 mL, 0.56 mmol, 1 eq) was added dropwise. The solution was stirred for 1 h at 0 °C and then it was allowed to warm to RT at 1 h. Water (20 mL) was added and the mixture was extracted with dichloromethane and brine. The organic fraction was dried over MgSO4 and evaporated. The product was afforded as a brown solid (0.23 g, 86 %). 

Synthesis of 3.16

In a well dried schlenk, 3.15 (0.67 g,1.34 mmol, 1 eq) was dissolved in 50 mL of dry acetone. After that, potassium carbonate (0.55 g, 4.03 mmol, 2.50 eq) was added to the reaction mixture followed by the addition of 1,6 dibromo hexane (0.33 g, 1.34 mmol, 1 eq). Then the mixture was refluxed at 60 °C for 24 h. Dichloromethane (10 mL) was added to the solution mixture followed by brine (25 mL) and the phases were separated. The organic fraction was then dried over magnesium sulphate, filtered and concentrated under reduced pressure. After recrystallization using acetonitrile, the product was obtained as brown solid (0.66 g,75 %).

➢ 

Synthesis of DTE-3

In a well dried schlenk, 3.16 (0.05 g, 0.08 mmol, 1 eq) was dissolved in 10 mL of dry dimethylformamide. Then an excess of sodium azide (0.02 g, 0.27 mmol, 3 eq) was added to the reaction mixture. The reaction was left under continuous stirring for 24 h at RT. The reaction mixture was diluted with diethyl ether and washed with water. The organic phase was dried over magnesium sulfate and evaporated to dryness under reduced pressure. The compound was obtained without further purification as brown solid (0.04 g, 75 %). water and the product extracted by diethyl ether. The organic phase was then collected and washed with brine, dried over magnesium sulphate, filtered and concentrated over reduced pressure affording a transparent liquid after purification in silica column chromatography using petroleum ether as an eluent (2.10 g, 60 %). 58 ➢ 1 H-NMR (300 MHz, CDCl3, ppm) δ = 7.20 (s, 1H, thienyl proton), 2.51 (d, J = 3.00 Hz, 3H, CH3), 0.35 (s, 9H, TMS). ➢ 

Synthesis of 3.19

To a solution of 3.18 (0.97 g, 1.41 mmol, 1 eq.) in THF (40 mL) placed at 0 °C, N-Bromosuccinimide (0.45 g, 2.53 mmol, 1.80 eq.) was added in 6 portions every 5-10 minutes and the reaction mixture was further stirred overnight at 0 °C. The reaction was then quenched with Na2S2O3 (15 mL) and the phases were separated. The aqueous phase was then extracted with Et2O (40 mL × 3 times). The organic phase was then collected and dried over MgSO4, filtered and concentrated under reduced pressure. The compound was purified on silica column using petroleum ether and dichloromethane (9;1) as eluents.

The desired compound was obtained. (0.64 g, 65 %). 

Synthesis of 3.20

In a well dried and argon flushed schlenk compound 3.19 (0.40 g, 0.57 mmol, 1 eq) was introduced in dry THF (30 mL). The solution was cooled to 0 °C and tetrabutylammonium fluoride of 1 M concentration (0.60 mL, 0.56 mmol, 1 eq) was added dropwise. The solution was stirred for 1 h at 0 °C and then it was allowed to warm to RT at 1 h. Water (20 mL) was added and the mixture was extracted with dichloromethane and brine. The organic fraction was dried over MgSO4 and evaporated. The product was afforded as a brown highly viscous compound (0.27 g, 90 % yield). 

Synthesis of 3.21

In a well dried schlenk, 3.20 (0.44 g,0.82 mmol, 1 eq) was dissolved in 10 mL of dry acetone. After that, potassium carbonate (0.34 g, 2.45 mmol, 2.5 eq) was added to the reaction mixture followed by the addition of 1,6 dibromohexane (0.22 g, 0.89 mmol, 1 eq). Then the mixture was refluxed at 60 °C for 24h. Dichloromethane (10 mL) was added to the solution mixture followed by brine (25 mL) and the phases were separated. The organic fraction was then dried over magnesium sulphate, filtered and concentrated under reduced pressure. After recrystallization using acetonitrile, the product was obtained as sticky brown solid (0.27 g, 45 %). 

For DTE-4a

Synthesis of 3.25

Compound 3.24 (2 g, 7.22 mmol, 1 eq) and n-butyl amine (5.30 g, 72.20 mmol, 10 eq) were dissolved in 30 mL of acetic acid. Then the mixture was refluxed under argon for 16 h. After cooling, the mixture was poured into water and the organic layer was separated and washed with saturated brine solution, and dried over MgSO4. The solvent was removed in vacuum, and the residue was purified by recrystallization from acetic acid to afford a brown solid compound (1.60 g, 67 %). 52 

Synthesis of 3.22-a

Compound 3.25 (1.60 g, 4.82 mmol, 1 eq) and bis (pinacolato) diboron (3.50 g, 13.70 mmol, 3 eq) were dissolved in 130 mL of dry dioxane. This mixture was charged with potassium acetate (1.34 g, 13.70 mmol, 3 eq), bis (triphenylphosphine)palladium dichloride (0.17 g, 0.24 mmol, 0.05 eq), and the mixture was heated to 85 °C under argon atmosphere. After 12 h stirring at this temperature, it was cooled and poured into water (150 mL), then extracted with dichloromethane (50 mL × 3), the organic layer was separated and concentrated in vacuum. The residue was purified by column chromatography on silica gel (petroleum ether: ethyl acetate = 1:1) and washed with pentane to afford white powder in 88 % yield (4.57 g). 52 ➢ 

Synthesis of 3.23a

To a stirred solution of 3.22-a (26 mg, 0.07 mmol, 1.20 eq) and 3.21 (40 mg, 0.06 mmol, 1 eq) in THF (10 mL), Na2CO3 (15 mg, 0.14 mmol, 2.50 eq) in aqueous solution (2.50 mL), and dichlorobis-(triphenylphosphine) palladium (II) (2 mg, 0.003 mmol, 0.05 eq). The mixture was heated to 80 o C under argon atmosphere. After 24 h stirring at this temperature, it was cooled and poured into water (20 mL), then extracted with dichloromethane (10 mL × 3), the organic layer was separated, washed with saturated brine solution and dried over MgSO4, then concentrated in vacuum. The residue was purified by column chromatography on silica gel (hexane: ethyl acetate =9:1) to afford green solid in yield 60 % (30 mg). ➢ HR-MS: M +. (C43 H38 N O3 F6 [START_REF] Becht | Click-Switch" -One-Step Conversion of Organic Azides into Photochromic Diarylethenes for the Generation of Light-Controlled Systems[END_REF] 

Synthesis of DTE-4a

In a well dried schlenk, 3.23a (15 mg, 0.02 mmol, 1 eq) was dissolved in 6 mL of dry dimethylformamide. Then an excess of sodium azide (6 mg, 0.38 mmol, 3 eq) was added to the reaction mixture. The reaction was left under continuous stirring for 24 h at RT. The reaction mixture was diluted with ethyl acetate and washed with water. The organic phase was dried over magnesium sulfate and evaporated to dryness under reduced pressure. The compound was obtained without further purification as green solid (0.03 g, quantitative %).

➢ 

For DTE 4b

For compound 3.26 3.24 (1.50 g, 5.41 mmol, 1 eq) and L/D-phenylalanine methyl ester hydrochloride (3.50 g, 16.23 mmol, 3 eq) were dissolved in 8mL of triethylamine and 150 mL of dioxane. Then the mixture was refluxed under argon for 10 h. After cooling, the mixture was poured into water (100 mL), the organic layer was separated and washed with saturated brine solution, and dried over MgSO4. The solvent was removed in vacuum, and the residue was purified by column chromatography on silica gel using petroleum ether and dichloromethane (3;7) as eluents to afford white solid in 60 % yield (1.43 g). 3.26 (2.46 g, 5.61 mmol, 1 eq) and bis(pinacolato)diboron (4.30 g, 16.80 mmol, 3 eq) were dissolved in 120 mL of dry dioxane. This mixture was charged with potassium acetate (1.65 g, 16.80 mmol, 3 eq), bis(triphenylphosphine) palladium dichloride (196 mg, 0.28 mmol, 0.05 eq), and the mixture was heated to 85 °C under argon atmosphere. After 12 h stirring at this temperature, it was cooled and poured into water (150 mL), then extracted with dichloromethane (50 mL × 3), the organic layer was separated and concentrated in vacuum. The residue was purified by column chromatography on silica gel (petroleum ether: dichloromethane 1:2) and washed with pentane to afford white powder in 91 % yield (2.48 g). 

For compound 3.23-b

To a stirred solution of 3.22-b (80 mg, 0.16 mmol, 1.20 eq) and 3.21 (94 mg, 0.13 mmol, 1 eq) in THF (20 mL), Na2CO3 (35 mg, 0.34 mmol, 2.50 eq) in aqueous solution (5 mL), and dichlorobis (triphenylphosphine)palladium (II) (4.70 mg, 0.01 mmol,0.05 eq). The mixture was heated to 80 o C under argon atmosphere. After 24 h stirring at this temperature, it was cooled and poured into water (20 mL), then extracted with dichloromethane (10 mL × 3), the organic layer was separated, washed with saturated brine solution and dried over MgSO4, then concentrated in vacuum. The residue was purified by column chromatography on silica gel (hexane: ethyl acetate 9:1) to afford green solid in yield 70 % (92 mg).

➢ 1 H-NMR (400 MHz, CDCl3,ppm) δ = 8. 56 

For compound DTE-4b

In a well dried schlenk, 3.23-b (31 mg, 0.03 mmol, 1 eq) was dissolved in 10 mL of dry dimethylformamide. Then an excess of sodium azide (6.20 mg, 0.09 mmol, 3 eq) was added to the reaction mixture. The reaction was left under continuous stirring for 24 h at RT. The reaction mixture was diluted with ethyl acetate and washed with water. The organic phase was dried over magnesium sulfate and evaporated to dryness under reduced pressure. The compound was obtained without further purification as green solid (0.03 g, quantitative %).

➢ 1 H-NMR (400 MHz, CDCl3,ppm) δ = 8. 56 

For DTE-4c

For compound 3.23-c

To a stirred solution of 3.21 (80 mg, 0.16 mmol, 1.20 eq) and 3.22-c (94 mg, 0.13 mmol, 1 eq) in THF (20 mL), Na2CO3 (35 mg, 0.34 mmol, ,2.50 eq) in aqueous solution (5 mL), and dichlorobis (triphenylphosphine)palladium (II) (4.70 mg, 0.01 mmol,0.05 eq). The mixture was heated to 80 o C under argon atmosphere. After 24 h stirring at this temperature, it was cooled and poured into water (20 mL), then extracted with dichloromethane (10 mL × 3), the organic layer was separated, washed with saturated brine solution and dried over MgSO4, then concentrated in vacuum. The residue was purified by column chromatography on silica gel (hexane: ethyl acetate 9:1) to afford green solid in yield 70 % (92 mg). (C49 H40 N O5 F6 [START_REF] Becht | Click-Switch" -One-Step Conversion of Organic Azides into Photochromic Diarylethenes for the Generation of Light-Controlled Systems[END_REF] Br S 2 ) m/z calculated: 979.143 m/z Found:979.1441. ➢ EA:C49H40NO5F6BrS2 calculated: C 60, H 4.11, N 1.43, S6.54; found C 60.5, H 4.5, N 0.91, S 6.2.

For compound DTE-4c

In a well dried schlenk, 3.23-c (31 mg, 0.03 mmol, 1 eq) was dissolved in 10 mL of dry dimethylformamide. Then an excess of sodium azide (6.20 mg, 0.01 mmol, 3 eq) was added to the reaction mixture. The reaction was left under continuous stirring for 24 h at RT. The reaction mixture was diluted with ethyl acetate and washed with water. The organic phase was dried over magnesium sulfate and evaporated to dryness under reduced pressure. The compound was obtained without further purification as green solid (0.03 g, quantitative %). 

Introduction

Efforts have been devoted for the development of responsive switching molecular system that is valuable to the miniaturization of electronic components at the molecular level. 1,2 However, it is still difficult to construct multiple responsive switches that can respond to two or more different inputs (electron, pH, light, metal ion…) and thus producing various outputs (luminescence, photochromism,…). Currently, fluorescent sensors based on photochromic molecules have been successfully constructed due to their unique switching properties. The combination of a fluorescent chemo-sensor and a photochromic system can afford a photo and chemo switchable materials that can be orthogonally controlled by light and chemical sensing. Numerous studies have focused on controlling the fluorescence properties of photochromic molecules as a viable method of molecular switch signalling due to their potential application in sensors 3,4 , switches [5][6][7] , high density optical data storage, 8 and logic gates. 9 Many examples have been provided by Irie 10,11 , Branda, 12 Tian, 8,13 and Feringa, 14 among others.

This chapter is dedicated to novel diarylethenes (DAE)-based rhodamine dye, exhibiting photo and chemo switching properties. In the introduction, after presenting the main optical and structural properties of rhodamines, some examples of the use of rhodamine as chemo sensor in biological applications are presented. Then, the previous work reported by our group based on platinumrhodamine systems is illustrated followed by describing the strategy formulated in this thesis toward the development of photo and chemo switching systems. They are one of the most widely used organic dyes and have been extensively used for chemo sensing 15 bioimaging 16 , fluorescent probes to characterize the surface of polymer nanoparticles 17 and as molecular switches 18 owing to their high molar extinction coefficient, excellent photostability compared to other organic dyes, high fluorescence quantum yield, emission in the visible light region, as well as its good water solubility.

Structural and optical properties of rhodamine and their application

Scheme 4. 1 Molecular structures of xanthene (A) and rhodamine dyes (B).

Rhodamine are known to exist in two isomeric forms: a spirolactam ring closed form and an opened form, with each form exhibiting distinct optical properties. The closed form is colorless and nonfluorescent, while the opened form shows intense color and fluorescence emission upon exposure to external stimuli such as acid or metal cations (Scheme 4.2). This transformation involves the opening of the spirolactam ring, resulting in the extension of the π-conjugation system, which accounts for the observed optical properties (intense color and high emission property).

This unique feature enables the rhodamine derivatives to be used as a desirable chemo sensor in high selectivity and sensitivity with OFF-ON characteristic emission.

Scheme 4. 2 Chemo-switching behavior of Rhodamine.

Chemo sensors and fluorescent probes

As mentioned before, rhodamines can be used for chemo sensing. A chemo sensor is a molecule that interacts with a particular analyte to induce a remarkable change. In this case, it is a fluorescent chemo sensor so the signal is fluorescence. Typical examples will be illustrated showing the selective binding to a metal cation and its impact on the photophysical processes of the molecular system.

In 1997 Czarnik and co-workers were the first to introduce the idea of chemo sensing where they took the advantage of the ring opening mechanism of the rhodamine to selectively sense Cu (II) ion. 19 Subsequently, significant research efforts have been undertaken to explore the chemosensing properties in various domains.

In 2011, Wong and co-workers designed a bichromophoric compound through the combination of an iridium (III) complex with a rhodamine (Scheme 4.3). It showed spectral changes and modulation of energy transfer upon the selective sensing of mercury ion Hg (II). 20 The binding properties of 4.1 and 4.2 complexes towards various cations, including alkali and alkalineearth metals, as well as transition metals, were investigated. The cations studied included K + , Na + , Li + , Ca 2+ , Mg 2+ , Ba 2+ , Pb 2+ , Cd 2+ , Zn 2+ , Co 2+ , Ni 2+ , Ag + , Fe 2+ , Cu 2+ , and Hg 2+ . Upon addition of these cations, selective binding was observed towards Hg 2+ ions, as evidenced by a visible color change from pale yellow to magenta. In contrast, only a pale-orange color change was observed for the Cu (II) ion (Figure 4.1). In order to investigate the emission response upon opening of the rhodamine ring by Hg 2+ ions or a source of proton, emission titration experiments were performed for both complexes. By increasing the concentration of Hg 2+ in complex 4.1, the Iridium (III)-based MLCT's emission at 675 nm intensity ratio to rhodamine at 555 nm was significantly enhanced (Figure 4.3).

Complex 4.1 showed efficient intramolecular energy transfer (ICT) from a rhodamine being as the donor to a luminescent transition metal complex behaving as an acceptor with 52-fold enhancement of iridium (III) emission at 675 nm compared to the rhodamine. This can be proved by the fact that the rhodamine in its open form strongly absorbs at 520 nm and it emits at 530 nm. Relying on this, the observed enhancement of emission at 675 nm was induced by the intramolecular charge transfer from the rhodamine to the Iridium complex. Such an energy-transfer process can be modulated by the ring opening of rhodamine through the selective binding of Hg 2+ ion (Figure 4.3). In contrast, the emission spectra of 4.2 after the addition of acid revealed that the emission of rhodamine was significantly increased, with no discernible change in the emission intensity of the iridium (III) luminophore, suggesting no energy transfer from rhodamine to the Iridium complex has happened. This can be rationalized by the presence of the ethyl group that interrupted the conjugation between the rhodamine and the Iridium (III) luminophore.

In 2018, this group synthesized two platinum (II) terpyridine complexes connected by an organic rhodamine derivative (Scheme 4.4). This approach showed the distinctive photophysical properties of platinum and the chemo switching behavior of rhodamine. 21 For the closed form of the rhodamine, the photophysical properties of both complexes were basic. For both complexes, the high energy band at 270-345 nm is attributed to n-π* absorption of xanthenes skeleton and π-π* of terpyridine. Concerning complex 4.3, the low-energy absorption band at 350-420 nm observed was mainly ascribed to metal-to ligand charge transfer (MLCT) [dπ(Pt)→π*(terpy)] transition, while that of complex 4.4 the low energy band at 440-500 nm was ascribed as a mixture of metal-to-ligand charge transfer (MLCT) transition and ligand-to-ligand charge transfer (LLCT) [π(C≡C) →π*(terpy)] transition (Figure 4.4). Out of the various alkali, alkaline-earth, and transition-metal ions tested, only the Hg 2+ ion displayed distinct spectral and color changes. These results indicated that both complexes had the potential to act as selective probes for detecting Hg 2+ ions, and no interference was observed from other metal ions in the probe's solution with Hg 2+ ions (Figure 4.7). In addition, the sensitivity was monitored by spectroscopic titration studies. Upon increasing the concentration of Hg 2+ , an emergence of a band at 585 nm (for both complexes) was observed which is indicative for the spiro-ring opening of the rhodamine derivative. (Figure 4.8) For their luminescence measurement, it's clearly evident that upon increasing the concentration of Hg 2+ an appearance of an emission band at 585 nm with a quantum yield of luminescence of 17 % was observed and certainly it corresponds to the ring opening of the rhodamine derivative (Figure 4.9). From their absorption and emission titration measurements, similar binding constants of 4.06-4.47 were found. Based on the binding constants, two conclusions can be driven: First, there is a minimal effect on the binding affinity upon replacing the chloro ligand by alkynyl group. Second, by comparing the values of binding constants obtained from these measurements the values are very similar and this indicates that the new emerged bands observed in both absorption and emission spectra arise from the same origin which is the ring opening of the rhodamine moiety. This study demonstrated the interaction and interrelationship of aggregation, disaggregation, and ringopening processes in a rhodamine-containing alkynyl platinum (II) terpyridine system (Scheme 4.5), enabling ratiometric emission measurements with a remarkable enhancement factor of up to 2500 for sensing applications. 

Biological application

Furthermore, the chemo reversibility, low toxicity, and high-water solubility of rhodamine make it wellsuited for biomedical applications. There are numerous examples in the literature that demonstrate the chemoswitching behavior in biological applications; however, I will only discuss three specific examples on this topic.

Tae and co-workers synthesized in 2009 a novel fluorescent chemosensor based on rhodamine and hydroxamic acid for the accurate detection of hypochlorous acid (HOCl) in aqueous medium (Scheme 4.6). Although HOCl has powerful antibacterial capabilities, the excess of HOCl can seriously damage biological systems. 22 The obtained system showed an irreversible oxidation process promoted by HOCl and proved by the fluorescence imaging of lung cancer (A549 cells) and zebrafish that successfully detected HOCl in living cells and organisms. Initially, A549 cells were incubated with and without NaOCl; subsequently, these treated cells were exposed to compound 4.5. The cells that were not subjected to NaOCl treatment exhibited no fluorescence, whereas cells treated with NaOCl displayed a robust red fluorescence. Similarly, when only compound 4.5 was introduced to zebrafish, no fluorescence was observed. However, a vivid red fluorescence emerged upon treating the zebrafish with both NaOCl and compound 4.5 (Figure 4.11). Near Infrared (NIR: 650-900 nm) wavelengths are extremely well-suited for biological applications, primarily owing to their minimal photodamage to biological samples and the enhanced depth of tissue penetration they offer. The noteworthy "OFF-ON" fluorescence response observed can be attributed to the binding of the dye within the cell's surface protein-binding cavity.

As depicted in Figure 4.13, when HeLa cells (cancer cells) were subjected to concentrations below 8 μM of either SO2R4 or SO2R5 for 12 hours, a high cell viability exceeding 90 % was achieved across all scenarios. Interestingly, even following an extended incubation period of 24 hours, the cell viability remained significant, surpassing 70 %. These results showed that the compounds had low cytotoxicity (the degree to which a substance can cause damage to a cell)., In 2020, an efficient and sensitive probe to detect Fe 3+ ions based on rhodamine (RBTN) was successfully designed where a high fluorescence signal was observed upon sensing the ions. This signal can be reversibility recovered when adding Na4P2O7 (Scheme 4.8). 24 The importance of detecting Fe 3+ ion is due to the fact if it exceeds its normal level in blood it can cause serious diseases and disorders (cancer…) while its deficiency lead to anaemia and affects the cell metabolism process. Biological tests verified that RBTN could be used to sense Fe 3+ in plant tissues, vivo, and cells. After testing and proving that RBTN exhibited good cell permeability and could be used for living cell imaging, researchers confirmed the viability of using RBTN to detect Fe 3+ in both plant and animal tissues. In this context, zebrafish proved particularly valuable for in vivo imaging. Usually, zebrafish was not luminescent and after 30 minutes of incubation in an aqueous solution containing RBTN, no fluorescence was seen. However, when the zebrafish was then exposed to Fe 3+ for 30 minutes, a substantial fluorescence was seen (Figure 4.15). 

Molecular photo-switch

In 2012, Pu and co-workers reported a novel photo molecular switches with multiple addresses (optical and proton dual control) based on photochromic diarylethenes with a rhodamine unit as the fluorescent dye (Scheme 4.9). 18 Upon the addition of trifluoroacetic acid (TFA), the colorless non-luminescent solution of 4.6o and 4.7o became pink colored solution with highly fluorescent intensity at 558 nm upon excitation at 520 nm, due to the ring opening of the rhodamine derivative. Upon increasing the amount of TFA up to 1.4 μL, the fluorescence emission of 4.6o increased rapidly, but a gradual increase was seen for 4.7o over 55 min, revealing the rapid acid-sensitivity of 4.6o compared to 4.7o (Figure 4.18).

To verify the reversibility of the system, a gradual back addition of triethyl amine (C = 3.56×10 -3 mol. L - 1

) restored the spiro lactam form of the rhodamine accompanied by the decrease in the fluorescence intensity until the original spectrum was recovered. In 2018, the group of Easwaramoorthi was able to develop a gated and reversible photochromic system based on azobenzene as the photochromic molecule and rhodamine as the fluorophore where the photochrome and fluorophore were connected covalently through phenyl bridge. 25 In presence of metal ions that will be bind to the rhodamine derivative causing the opening of the spiro ring, the photochromism of azobenzene will be gated. The emission of rhodamine will be activated by the binding effect of Fe 3+ , and the process operates via through bong energy transfer (TBET).

There are two commonly observed types of energy transfer between an energy donor and acceptor fluorophore, known as "through space" and "through-bond" mechanisms, depending on the nature of the spacer or linker connecting the two fluorophores. When the donor and acceptor fluorophores are connected by a non-conjugated spacer, intramolecular energy transfer occurs through space. However, TBET is a non-radiative process where the excitation energy from the donor is transferred to the nearby acceptor through a rigid, electronically conjugated π-system linker. This linker twists the donor and acceptor groups and causes them to deviate from being coplanar. Unlike FRET, TBET does not require spectral overlap between the donor and acceptor components (Figure 4.21). 26,27 As illustrated in Scheme 4.10, the trans-4.9 compound in its free form (no binding) was converted into cis-isomer upon irradiation at 365 nm. As known for azobenzene they are thermally unstable so the cis isomer returned thermally into the trans isomer under dark conditions. However, in the case of binding into Fe 3+ the isomerization was restricted. The decomplexation occurs in the presence of TBAF (F -) ions. The binding effect of Fe 3+ was clearly evident from the UV-vis absorption spectra. Upon UV irradiation and as the concentration of Fe 3+ increased, the solution turned into pink color accompanied by the emergence of a band centred at 556 nm. Notably, there was a discernible decrease in the intensity of the band at 425 nm, all of which occurred without any observable isomerization upon irradiation. Importantly, this transition was entirely reversible, with the solution promptly reverting to its original photochromic state and displaying metal ion-binding affinity in the presence of F -ions. This reversal was evidenced by the reappearance of the absorption band at 425 nm and the disappearance of the band at 556 nm (Figure 4.22). Figure 4.23 depicts the enhancement in emission intensity of 4.9-Fe 3+ at 465 nm and 583 nm upon UV irradiation. This intensified absorption and emission properties, observed with increasing the concentration of Fe 3+ , can be attributed to photo-excitation energy transfer from the azobenzene to the rhodamine molecule. This transfer prompted the opening of the spiro lactam, resulting in the generation of fluorescent rhodamine. The fact that the emission originateed from the rhodamine, while the excitation occurs in the azobenzene, provided an evidence for the occurrence of energy transfer.

The system exhibited reversibility upon the addition of F -ions, leading to the dissociation of the complex and the regeneration of the free form of 4.9. This was marked by the reappearance of the band at 465 nm and the disappearance of the band at 583 nm. 

Our strategy toward photo and chemo-switchable systems

Our strategy for building an efficient photo and chemo molecular switch relies on click reaction between an azide terminated rhodamine, as the fluorescent dye and an acetylene thienyl perfluorocyclopentene for photochromic behavior. Among all organic photochromic compounds diarylethenes (DAE) are considered the best candidates for photonics applications due to their high thermal stability, good fatigue resistance, extremely efficient photoisomerization, and fast response. DAE can easily and reversibly interconvert upon UV irradiation from the open to the closed form. In this case, light has been used as an external stimulus to achieve a reversible photo switchable fluorescent system. Certainly, this can be accomplished by introducing the fluorescent chromophore.

For the chemo-switching feature, we will take the advantage of the rich chemistry of rhodamine described in section 1, where it exhibits an equilibrium between two isomers having different spectroscopic properties. This equilibrium involves the colorless and non-fluorescent ring-closed form and the highly colored and fluorescent ring-opened form centred around the spirocarbon.

Through photochromism induced by the DAE, we will achieve the capability to reversibly control the optical properties of the molecule which enables it to be used in the development of sensors, switches, high density optical data storage… This project was done in collaboration of Dr. Keith Man-Chung Wong (SUSTech University, Shenzhen, China).

This chapter was inspired by the work of Jӓschke and co-workers where they developed a novel class of DAEs in which a 1,2,3-triazole aryl ring is present. 28 A crucial point is that this triazole ring is part of the DAE core and accomplished in a single step by the copper-catalyzed alkyne-azide cycloaddition (CuAAC) (Figure 4.24). This methodology is versatile in term of variety of azide derivatives (presence of EWG and EDG) and many of the obtained DAEs exhibit photochromism. So, this paves the way toward the introduction of other azide-based substituents like fluorophore as a future building block for photo molecular switches. Upon ring opening the of the rhodamine using p-TSA, significant differences were observed in the absorption spectra between the two forms (4.10 and 4.11). The absorption band at 432 nm for 4.10 displayed minimal intensity, while significant increase was observed for 4.11. Moreover, in 4.10, a much higher absorbance was generated for the newly emerged structured absorption band (from 500 to 600 nm) compared to that in 4.11.

In addition, two isosbestic points at 348 nm and 422 nm were observed in 4.10, which were absent in A tentative explanation of these differences in optical properties was proposed based on the formation of an allenylidene complex within the ring-opened form of 4.10, which had extended resonance throughout the xanthene core, allenylidene bridge, and platinum (II) metal center (Scheme 4.12). However, for 4.11 where the alkyne was connected to the 7' position, the electronic conjugation was interrupted and the formation of the allenylidene form was not possible. Based on the preceding discussion, it is evident that DAE offers a promising route for efficient photoswitching behavior, while rhodamine serves as an excellent candidate for a chemo switch. Consequently, our design is depicted in Scheme 4.13, encompassing two distinct types of connection sites. The first involves the attachment of DAE to the para position of the rhodamine, while the second entails connection to the meta position.

The interest of using different connection modes lies in the conjugation disparity between para and meta positions, with para exhibiting extended conjugation. This variation in conjugation holds significant implications for the resulting photophysical properties, as exemplified in the earlier illustration.

Scheme 4. 13 Schematic presentation of the proposed molecular design.

Synthesis and characterization of Rho-DAE.

The general synthetic procedure is shown in Scheme 4.14. The bromo derivative of rhodamine, which was prepared by our collaborator (performed by Dr. Shunan Zhao under the supervision of Dr. Keith Man-Chung Wong), 29 was converted into azide derivative in the presence of sodium azide, copper iodide as catalyst and 1,2-dimethylethylenediamine (DMEDA). 30 After that, a Huisgen 1,3-dipolar cycloaddition reaction between the azide terminated compound and the previously prepared acetylene thienyl perfluorocyclopentene derivative 27 afforded the corresponding DAE-rhodamine target compounds, symbolized as Rho1-DAE and Rho2-DAE.

Scheme 4. 14 Synthetic procedure of Rho1-DAE and Rho2-DAE.

Synthesis of Rho1-DAE

As previously discussed, it is essential to transform the brominated derivative 4.13 into its corresponding azide form, 4.15. However, it's important to note that in this particular instance, the phenyl bromine was not directly transformed into an azide group. Instead, it went through an intermediate amino derivative, denoted as 4.14. During the analysis of 4.14 using 1 H-NMR spectroscopy, a broad singlet at 3.92 ppm was observed, corresponding to the presence of two protons from the primary amine (as shown in Scheme 4.15). Subsequently, to convert the amine into an azide group, a diazotization reaction was performed, resulting in an 85 % yield. The successful and complete formation of the amine can be attributed to the presence of an electron-withdrawing group (EWG) in the para position of the rhodamine in relation to the azide moiety, which favored its formation. This effect was observed due to the relative positions of the substituents.

Following the diazotization reaction, a click reaction was carried out, resulting in the formation of Rho1 -DAE as a bright pink powder with a yield of 33 %. (Scheme 4.13). The relatively low yield can be attributed to the presence of residual starting materials. Despite several attempts to improve the yield by modifying various conditions such as temperature and equivalences, these efforts were unsuccessful.

The obtained product, Rho1-DAE, underwent purification using silica gel and was characterized using NMR, IR, EA, and mass spectroscopy, as illustrated in the experimental section. Several attempts were made to crystallize Rho1-DAE; however, the resulting crystals were too small for conducting single Xray diffraction analysis. 

Synthesis of Rho2-DAE

In contrast to Rho1-DAE, the synthesis of Rho-2 azide 4.17 was achieved directly, selectively, and quantitatively, without necessitating any further reactions. This straightforward process can be attributed to the influence of the substituent located in the meta position in relation to the triazole moiety. Unlike the para derivative, the mesomeric effect observed in this case did not exert an impact, thus facilitating the formation of 4.17 (refer to Scheme 4.16). The formation of the azide derivative 4.17 was also confirmed through IR and NMR spectroscopy. Subsequently, this compound underwent azide-alkyne click cycloaddition with 4.12, leading to the synthesis of the brown-colored Rho2-DAE. The final product was purified using silica column chromatography, yielding a 33 % yield. It is worth to note that the synthesis of both compounds was reproducible. The signals in the aromatic region mainly correspond to the xanthene core with a significant singlet attributed to the triazole proton "a" at δ = 7.89 ppm and a broad singlet assigned to the thienyl proton "b" at δ = 6.65 ppm. In the aliphatic region, there are two broad singlets corresponding to the methyl groups of the thienyl rings where "c "is deshielded compared to "d" due to its less electron rich environment. For the ethyl alkyl chain the -CH2-"e" shows a quartet at 3.37 ppm and a triplet for-CH3-protons "f" at 1.19 ppm. As a clear evidence that the rhodamine cycle is closed first from the 1 H-NMR spectroscopy, there is no appearance of a peak at ≈ 11.50 ppm corresponding to carboxylic acid. Second from the 13 C-NMR spectroscopy where a peak at 170 ppm appeared and this corresponds to the C=O of the ester moiety.

Characterization of

According to the analysis using IR spectroscopy, the distinct band observed at 2100 cm -1 , which is attributed to N=N=N, is no longer present. In addition, a vibrational stretching band at 1766 cm -1 remains, indicating the presence of the C=O corresponding to the ester functional group. This suggests that the spirocarbon ring remains closed.

For Rho2-DAE

Similar to Rho1-DAE, Rho2-DAE was characterized by NMR and IR spectroscopy. For its corresponding 1 H-NMR which is depicted below, in the aromatic region (6.60-8.07 ppm) it is mainly assigned to the protons of the xanthene core with a characteristic triazole proton at 7.63 ppm and a thienyl proton at 6.57 ppm. The aliphatic part resembles the DAE derivative with a quartet at 3.40 ppm for "c" protons attributed to the -CH2-of the ethyl group and a triplet at 1.17 ppm assigned to the -CH3-of the ethyl. Concerning the two methyl groups of the thienyl ring, two clear singlets were shown at 2.45 and 2.08 ppm assigned to "e" and "f" respectively (Figure 4.28).

Furthermore, Rho2-DAE was also characterized by IR where it showed the absence of the stretching band observed at 2100 cm -1 corresponding to azide functional group and importantly the presence of the band at 1766 cm -1 attributed to the ester functional group which indicated that the spiro ring of the rhodamine is still closed. The ring closed rhodamine was also confirmed by 13 C-NMR where a peak was observed at 170 ppm corresponding to C=O of the ester. Based on the distinct chemical shifts of the triazole and thienyl protons for both derivatives, it is clear that the connection site impacts on the spectroscopic and optical properties of the molecule. By comparing the 1 H-NMR spectra of both systems, the major differences are in the aromatic region where the triazole proton of Rho2-DAE was upfield shifted compared to that of Rho1-DAE, from 7.89 to 7.63 ppm. Similar shielding effect is observed for the thienyl proton. This can be reasonably explained by the extended π-conjugation observed when the rhodamine is connected at the para position, while for the meta connection this π-conjugation is diminished (Figure 4.29). As previously explained in the earlier section of this chapter, it has been established that the spirolactam ring of rhodamine can only be opened in the presence of an acid or a metal cation. In our case, it is likely that the opening of the rhodamine cycle is a result of the presence of an acidic source which was already observed by Jӓschke and co-workers. 28 Scheme 4. 17 Plausible mechanism of degradation reported in the literature. (Taken from ref 28) The plausible mechanism that elucidates the observations obtained in the absorption spectra is illustrated below in Scheme 4.18. Upon UV irradiation, DAE undergoes photo-isomerization, resulting in the formation of the corresponding closed isomer, which, unfortunately, proves to be highly unstable and quickly degrades. This degradation process leads to the formation of a well-documented six-membered degraded cycle, as studied by Irie and his coworkers.

The presence of rhodamine in the para-position, with its conjugation effect, along with the high electronegativity of the six fluorine atoms and the triazole derivative, renders the triazole proton highly acidic. This acidity prompts the elimination of HF as an acid source. The release of the acid is readily observed through the opening of the rhodamine derivative, known for its acid-responsive nature.

Upon the addition of triethylamine, the rhodamine cycle closes, but the DAE core undergoes a significant transformation. To assess the photo-switching behavior, TD-DFT calculations were conducted by Dr. Arnaud Fihey in the Université de Rennes to verify the potential efficiency of the photochromic reaction in Rho1-DAE system. While the photochromism mechanism of DAE has been extensively studied for derivatives featuring two methyl-thiophene rings as aryl units, there is a scarcity of theoretical investigations on DAEs with a combination of different aryl groups (e.g., thiophene + pyrrole or furan). Additionally, only one prior study has explored a DAE molecule incorporating a thiophene and a triazole as its aryl constituents. The geometry of Rho1-DAE is optimized together with a reference compound Ph-Rho, using the spin-flip approach (CAM-B3LYP def2/TZVP CPCM(CH2Cl2)). 

For Rho2-DAE

Upon UV irradiation at 250 nm, the colorless solution of Rho2-DAE turned into a pale pink with a weak absorption band in the visible region corresponding to the closed form with no luminescence detected indicating that the rhodamine ring is closed. Within this weak photochromic response, two clear isosbestic points at 270 nm and 373 nm are observed (Figure 4.32). Upon irradiating with visible light, the spectrum didn't return back to its original state.

Similar to Rho1-DAE, we recorded the photochromism in toluene to explore the potential solvent effect, however, no discernible change was observed in this case as well. Comparing the photo-switching characteristics of the Rho1-DAE and Rho2-DAE systems reveals a significant impact based on the position of the connection site. While both systems experience degradation, they do so through distinct mechanisms: Rho1-DAE through HF-elimination and Rho2-DAE, which likely results in the formation of the degraded species which is depicted below in Scheme 4. 19. This comparison underscores the electronic influence of the para and meta positions on the photophysical properties. Upon the addition of 100 eq. of trifluoroacetic acid (TFA) on the solution of Rho1-DAE in DCM, the rhodamine spiro ring was opened and the colorless solution turned into pink. As matter of fact, the absorption spectrum exhibited new absorption bands at 500 nm and 380 nm, together with the decrease of the band at 327 nm (Figure 4.33). However, no isosbestic point can be seen indicating that more than another species is involved during this protonation reaction. The close inspection of the profiles of the absorption versus the concentration of protons, recorded at two significant wavelengths, 327 and 502 nm, indicates a two-step protonation process. One can notice that the absorption at 327 nm rapidly drops until the addition of ≈ 1 equivalent of TFA, before re-increasing slowly. On the contrary, the absorbance at 500 nm showed a gradual increase as the acid equivalence increases, but with a distinct acceleration after 1.5 to 2 equivalents of TFA. This segregation in titration profile indicates that the absorption bands at 327 and 500 nm belong to two different protonation sites of the molecule. As the absorbance at 500 nm is clearly assigned to the rhodamine part, the one at 327 nm can be reasonably attributed to the triazole moiety. Thus, the triazole being firstly protonated (pKa ≈ 12. The reversibility of the protonation reactions is verified upon addition of triethylamine (Et3N) in the same solution. Initially we tried to investigate the impact of the DAE on the opening process of the rhodamine fluorophore and we monitored its behaviour by 1 H-NMR spectroscopy. Upon the addition of acid, a slight deshielding was observed on the aromatic protons near the ammonium cation compared to the neutral amine (Figure 4.36). Furthermore, the chemo reversibility of the Rho1-DAE system was investigated using 1 H-NMR spectroscopy. Upon the addition of TFA (>100 eq.), the color of the solution transformed from orange to a deep red hue. Surprisingly, the aromatic protons near the ammonium cation vanished, exhibiting a remarkable deshielding effect on the other aromatic protons. In contrast, the -CH2-groups of the ethyl alkyl chain experienced shielding effects. This behavior was distinct from that observed in free rhodamine, as demonstrated in Figure 4.36, where only a slight deshielding effect was observed and no additional peaks were obtained. The newly detected signals in the NMR spectrum were assigned to the aromatic protons near the ammonium cation based on their integration values. These protons displayed a significant deshielding effect, although the reason behind this phenomenon remains unknown. Consequently, the presence of DAE in the system played a crucial role in influencing the behavior of rhodamine (Figure 4.37). TEA was added in order to regenerate the closed ring of rhodamine and investigate the reversibility of the system. As shown below in Figure 4.38, upon the addition of triethyl the spectrum returns to its original state with no observation of any additional peaks. This indicates that the system is reversible, which is compatible with the previous analysis illustrated earlier. Among several alkali, alkaline-earth, and transition-metal ions, upon adding 1 equivalence of metal ion, Hg 2+ ion showed a remarkable color alteration and a very pale pink was observed for Zn 2+ , Fe 3+ and Pb 2+ ions. Other metal ions did not show any significant effect in sensing (Figure 4.39A). Remarkably, as the concentration of the metal cations was increased, a proportional enhancement of color intensity was observed (Figure 4.39B). 3.2.2. Chemo-switching of Rho2-DAE by absorption and NMR spectroscopies.

Similar to Rho1-DAE, upon the addition of 100 eq. of trifluoroacetic acid (TFA) on the solution of Rho2-DAE in DCM, the rhodamine spiro ring was opened and the colorless solution turned into pink. As matter of fact, the absorption spectrum exhibited new absorption bands at 500 nm and 380 nm, together with the decrease of the band at 327 nm. Depending on the kinetics observed in Figure 4.40, it proves the same fact that the protonation process is occurring via two steps: First, protonation of the triazole then followed by the opening of the rhodamine cycle. Triethyl amine was added to the resulting solution (1×10 -4 M+ 100 eq. of TFA + Et3N) to examine the reversibility of the system. During the titration of triethylamine, an increase of the band at 327 nm and decrease at 499 nm became evident. Subsequently, the spectrum reverted to its original state without any noticeable degradation. The kinetics of the evolution of bands showed an increase at 327nm and a decrease at 499 nm upon increasing the equivalences of triethyl amine (Figure 4.46). Concerning the ion sensing, one equivalent of a metal ion was added to a various alkali, alkaline-earth, and transition-metal ions, causing Hg 2+ to exhibit a significant color change and Zn 2+ and Pb 2+ ions to turn a very pale pink. The sensing performance of other metal ions was insignificant. The color has been intensified with increasing metal cation concentration with Hg 2+ , Zn 2+ , and Pb 2+ while a pale pink color appeared for Fe 3+ (Figure 4.43).

Regarding the impact of the connection site on the photo-physical properties of both systems, it is evidant that their chemo-sensing behavior is similar. NMR spectroscopy was used to examine both the activation of the rhodamine ring by the addition of an acid and the subsequent exposure to UV light in a similar manner to that of Rho1-DAE (Figure 4.44).

In the beginning we tried to investigate the impact of addition of acid in the rhodamine moiety alone to identify if the DAE will have an impact on the behavior of rhodamine. The presence of TFA has resulted in significant deshielding of the aromatics adjacent to the amino group, causing them to overlap with the other aromatic groups in the xanthene core. Additionally, the methylene (-CH2-) of the alkyl chain (marked as green and pale orange boxes) has also experienced deshielding, as the nitrogen atom has become positively charged under the influence of TFA, leading to a decrease in its donation effect. Upon the addition of TFA on a deuterated chloroform solution of Rho2-DAE, the color changed from orange into deep red and surprisingly the aromatic protons near the ammonium cation has disappeared. This caused a remarkable deshielding effect for the other aromatic protons, while leading to shielding effect for the -CH2-of the ethyl alkyl chain. Moreover,new peaks emerged, attributed to the aromatic protons adjacent to the ammonium cation that were evidenced by the integration of the aromatic protons which were highly deshielded for unknown reason. Thus, similar behavior to the free rhodamine was observed for Rho2-DAE (Figure 4.45).

In order to regenerate the closed ring of rhodamine and investigate the reversibility of the system we added triethyl amine as a base. As shown below in Figures 4. 45 and 4.46, upon the addition of triethyl an appearance of new additional peaks was clearly significant both in 1 H-NMR and 19 F-NMR spectroscopy and the color changed from bright red-pink to a brown color one instead of orange color which indicates that the system degraded upon the acid-base addition. This was repeated several times however it gave the same result, a lack of chemo-reversibility of this system even after the UV irradiation. To determine the characteristics of the degraded compound, a preparative thin-layer chromatography (TLC) was performed for the NMR tube. This analysis revealed the presence of four separate spots. The primary spot observed corresponds to the original compound Rho2-DAE, which aligns with the findings illustrated in Figure 4.45 and the other impurities appeared mainly in last spot.

It can be inferred that Rho2-DAE exhibits a notable lack of stability upon the opening of its rhodamine derivative. The introduction of the base resulted in the emergence of additional peaks, indicating the formation of new chemical species. The instability of Rho2-DAE upon the opening of the spirocarbon of the rhodamine moiety prevented us from proceeding with UV irradiation, as the same underlying instability concerns persisted.

Conclusion and Perspectives

The goal of this project is to synthesize diarylethenes based on rhodamine fluorescent dye which allows the building of an efficient photo and chemo molecular switch based on azide-alkyne click reaction between and azide-terminated rhodamine and acetylene thienyl perfluorocyclopentene. In the introduction, I showed some examples that clarify the structural and optical properties of rhodamine and then I explained in details the strategy which included the chemistry of DAE and an example reported by our group that highlighted on the photophysical behavior of a novel cyclometallated alkynylplatinum (II) complexes with rhodamine-like (Rhodyne: rhodamine+alkyne) ligands.

Then we described the synthesis and characterization of two novel Rho1-DAE and Rho2-DAE with distinct connection modes as para and meta derivative respectively (Scheme 4.20). These two compounds showed different behavior in terms of photophysical properties and NMR spectroscopy.

Focusing on the photophysical properties, both DAE are non-photochromic even after irradiation for a long time and a problem of stability was really a challenge for performing the necessary characterization where both compounds were degrading but with different mechanisms (Rho1-DAE via HF elimination while Rho2-DAE didn't evidence such a liberation).

Both systems showed a good chemo-reversibility indicating that the DAE part had no impact on the chemoswitching behavior of the rhodamine derivative. Considering the ambiguous nature of the photochromic and high emissive mechanisms, future investigations should be performed by exploring the characteristics of the degraded species, which requires scaling up the reaction to enable clear observation through NMR spectroscopy.

Experimental Part

All manipulations were performed using Schlenk techniques under argon atmosphere. All solvents were dried and purified by standard procedures.

1 H, 13 C, 19 F and NMR spectra were recorded on a Bruker Avance III 400 MHz and 300 MHz spectrometer equipped with a tuneable BBFO probe. Chemical shifts δ are given in ppm and coupling constants J in Hz. 1 H and 13 C NMR chemical shifts were determined using residual signals of the deuterated solvents on deuterated chloroform ( 1 H δ = 7.26 ppm, 13 C δ = 77.16 ppm). The terms s, d, t, q, m indicate respectively singlet, doublet, triplet, quartet, multiplet; b is for broad. Assignments of proton carbon signals are based on COSY, NOESY, edited-HSQC, and HMBC experiments.

Elemental Analysis and high-resolution mass spectrometer were performed at the CRMPO (Centre de Mesures Physiques de l'Ouest) in Rennes.

UV/vis absorption spectra were recorded with a Jasco V-770 UV-Vis-NIR spectrophotometer using quartz cuvettes of 1 cm pathlength.

The FTIR spectra are obtained with an IR Affinity-1S spectrometer from SHIMADZU. The analysis was performed using Gladi ATR module from Pike, in which the compounds were deposited on diamond crystal.

The xanthene core assignment remains unchanged from what was discussed earlier, so I didn't repeat it in relation to proton. For the carbon NMR I assigned the final molecules Only the noteworthy correlations are considered.

Synthesis of 4.14

Bromo-terminated rhodamine derivative 4.13 (0.10 g, 0.22 mmol, 1 eq) and N, N-Dimethyl ethylenediamine (0.01 g ,0.03 mmol, 0.45 eq) were dissolved in mixture of ethanol; water (14;6). Then argon was bubbled to the reaction mixture for 20 min. After that, CuI (0.01 g, 0.02 mmol, 0.10 eq), ascorbic acid (0.01 g, 0.01 mmol, 0.05 eq), and sodium azide (0.03 g, 0.44 mmol, 2 eq) were added to the reaction mixture. The reaction was heated to 100 °C for 16 hr. The organic phase was extracted with ethyl acetate and washed with water several times. The crude was purified on alumina by using ethyl acetate. 

Synthesis of 4.15

4.14 (69.40 mg, 0.18 mmol, 1 eq) was dissolved in a mixture of DMF and water (1:1). The reaction was done at 0 °C. After that 10 mL of concentrated HCl was added to the vigorously stirred reaction. Then sodium nitrite (NaNO2) (0.01 g, 0.19 mmol,1.10 eq) dissolved in water were added dropwise to the reaction mixture. After 10 min a freshly prepared solution of sodium azide (0.03 g, 0.54 mmol,3 eq) was added and the reaction was left for 1h. the reaction was quenched with NaHCO3. The organic phase was extracted by ethyl acetate and washed with water. The product was purified by SEC chromatography. (0.07 g, 94 % yield).

➢ ➢ IR: ν=2100 cm -1 (N=N=N); and C=O at ν =1600 cm -1 .

Synthesis of 4.12

THF was degassed by flushing with argon under stirring and was then cooled to -78 °C. Trimethylsilylacetylene (1.96 g, 20 mmol, 1 eq) was dissolved and n-butyllithium (1.34 g, 21 mmol, 2.16 eq) was added slowly at -78°C to avoid warming. The clear colorless solution was stirred for 2h at -78 °C and thereafter 30 min at 0 °C to complete the reaction. At the end, it was cooled down at -78 °C again. The 2,5-dimethyl-3-(perfluorocyclopent-1-en-1-yl) thiophene (2.90 g, 9.53 mmol, 2.10 eq) was dissolved in 20 mL of dry THF. This solution was then slowly added dropwise to the acetylene solution (1.96 g, 2 mmol, 1 eq) at -78 °C. After the addition was completed, the mixture was stirred at -78 °C for 1.5 h and then at 0 °C for 30 min, during which the mixture turned dark red. The mixture was then stirred at room temperature for 30 min during which the solution turned into brown. Water was added and the phases were separated. The aqueous phase was then extracted three times with diethyl ether and the combined organic phases were washed once with water before drying over MgSO4. The solvents were removed on a rotatory evaporator and the brown oil obtained was then purified by column chromatography (silica gel, hexane). The product was obtained as viscous brownish oil (90 % ,5.60 g). 28 ➢ 1 H-NMR (400 MHz, CDCl3, ppm) δ = 6.78 (d, J = 1.30 Hz, 1H thienyl), 3.63 (s, 1H, acetylenic proton), 2.43 (m, 6H,2×CH3). ➢ 19 F-NMR (376 MHz, CDCl3, ppm) δ = -110.75 (s, 2F), -111.18 (s, 2F), -131.93 quintet, 2F).

Synthesis of Rho1-DAE

In a very well dried Schlenk, the azide terminated rhodamine derivative 4.15 (0.11 g, 0.26 mmol, 1 eq), ethynyl compound 4.12 (0.24 g, 0.77 mmol, 3 eq), ascorbic acid (0.04 g, 0.26 mmol, 1 eq) and copper sulfate pentahydrate (0.01 g, 0.02 mmol,0.10 eq) were dissolved in 10 mL of DMF. The resulting solution was stirred at 50 °C for three days. The crude product was extracted with dichloromethane and purified over alumina by using (hexane; ethyl acetate) (1;1) as eluents. (60 mg, 33 %). 

Synthesis of 4.17

Bromo-terminated rhodamine derivative 4.16 (0.10 g, 0.22 mmol, 1 eq) and N, N-Dimethyl ethylenediamine (0.003 g, 0.03 mmol, 0.45 eq) were dissolved in mixture of ethanol; water (14;6).

Then argon was bubbled to the reaction mixture for 20 min. After that, CuI (0.01 g, 0.02 mmol, 0.10 eq), ascorbic acid (0.01 g, 0.01 mmol, 0.05 eq), and sodium azide (0.03 g, 0.44 mmol, 2 eq) were added to the reaction mixture. The reaction was heated to 100 °C for 16 hr. The organic phase was extracted with ethyl acetate and washed with water several times. The crude was purified on alumina by using ethyl acetate. 

Synthesis of Rho2-DAE

In a very well dried Schlenk, the azide terminated rhodamine derivative 4.17 (0.11 g, 0.26 mmol, 1 eq), ethynyl compound 4.12 (0.24 g, 0.77 mmol, 3 eq), ascorbic acid (0.05 g, 0.26 mmol, 1 eq) and copper sulfate pentahydrate (0.01 g, 0.03 mmol, 0.10 eq) were dissolved in 10 mL of DMF. The resulting solution was stirred at 50 °C for three days. The crude product was extracted with dichloromethane and purified over alumina by using (hexane; ethyl acetate) (1;1) as eluents. For further purification the product was washed with pentane (60 mg,33 %). 

General Conclusion and Perspectives

The global objective of my PhD was to study novel molecular systems for the efficient switching of NLO and/or luminescence properties. This objective has been pursued via two distinct projects, after a bibliographic survey: i) Surface grafting of organic and organometallic complexes for modulating the NLO properties, ii) Solution study of novel diarylethenes (DAE)-based rhodamine dyes, exhibiting photo and chemo-switching properties.

Conclusion i)

Regarding the organometallic complexes of the first project, I described the synthesis and the characterization of three different ligands with various linkers, ranging from rigid to flexible. Through various examples, I demonstrated the impact of altering the coordination sphere of the metal complex. I successfully immobilized ligand L 1 ; however, I encountered challenges during the final metalation step. As for ligands L 2 and L 3 , I faced difficulties concerning their synthesis and stability (Scheme 5.1). Therefore, I made the decision to investigate organic NLO-phores and focus on developing lightresponsive molecular switches. Within the realm of organic NLO-phores, two distinct families were synthesized, with and without naphthylamide dye.

In the first family (DTE1-3), a series of DTEs without dye were synthesized and characterized. This particular section of the study is dedicated to examining the influence of connection and linkage units on the arrangement of the photo-switch on the surface, as well as its impact on the NLO response. The modulation of the SHG signal will be accomplished through the use of an organic photochrome DTE core. Upon photoisomerization, an enhanced SHG signal is observed due to the extended conjugation of the π-electron system along the DTE framework (Scheme 5.2).

Scheme 5. 2 Schematic presentation showing the NLO response upon photo-isomerization

For the second family (DTE4a-c), a fluorophore was inserted as a NLO-phores whose luminescence in solution will be directly quenched by the photochromism of DTE while we are expecting excimer

Perspectives

Looking ahead, in my perspective, there are a few key aspects to consider regarding the utilization of platinum (II) complexes on surfaces. Firstly, I believe that exploring alternative sources of platinum and adjusting the conditions of electro-grafting could lead to an increase in grafting density, thereby enhancing the NLO response. If this objective is successfully accomplished, it would be intriguing to investigate the incorporation of a photochromic unit as a linker to enable photo-modulation of the NLO response on surfaces.

Concerning the work involving light-switchable materials, specifically the DTE compounds, there are several tasks that need to be completed. First and foremost, comprehensive photophysical measurements, such as quantum yields and photo-switching of chirality (CD), need to be carried out. Additionally, the remaining DTE compounds must be grafted onto the surface to fully investigate the impact of introducing chirality and naphthylamide on the organization of these chromophores. This exploration will enable a thorough examination of the resulting NLO response.

Regarding the final project discussed in Chapter IV, due to the ambiguous nature of the photochromic and highly emissive mechanisms involved, it is crucial to explore the characteristics of the degraded species. To facilitate clear observation and analysis using NMR spectroscopy, it is necessary to scale up the reaction and generate a sufficient quantity of the degraded species. This will enable a comprehensive investigation of their properties and behavior.

In addition to the aforementioned work, a novel project is proposed based on the combination of a photochromic DTE compound with polyoxometalates (POM) to achieve a highly effective photochromism in solid-state materials. The photochromic DTE will be prepared through azide-alkyne click chemistry between an azide terminated DTE and free alkyne of ammonium cation. As mentioned before, photochromic diarylethene derivatives have attracted much attention as highly promising candidates for optoelectronic devices not only because of their excellent thermal stability of both isomers and their remarkable fatigue resistance, but also because of their high reactivity in solid state. 1 This work is done in collaboration with Dr. Remi Dessapt of the Université de Nantes (IMN). Though incomplete, these results provide an important perspective for our work and are thus presented here in their current state. This work represents an extension of a prior study reported by our group, where they showed the enhanced and reversible photo-switching behavior of a cationic DTE when assembled with a POM moiety in the solid state. 2,3 By definition, polyoxometalates (POMs) are a class of inorganic compounds composed of metal atoms, typically transition metals, arranged in a polyhedral structure and linked by oxygen atoms. They possess a large molecular size and can exhibit a variety of geometries, including clusters, chains, or even three-dimensional frameworks. Polyoxometalates often contain heteropolyanions, which are negatively charged polyatomic ions with a central metal atom surrounded by oxygen atoms. [4][5][6] POMs exhibit a wide range of chemical and physical properties, including high catalytic activity, redox behavior, and optical activity, making them versatile in applications such as catalysis, energy storage, and materials science. The performance of POM-based devices and materials depends strongly on their self-assembly structures at different scales including nano-, micro-, and framework structures. By means of covalent or ionic bonding, polyoxometalates have the capacity to combine with photo-active organic molecules, resulting in the formation of crystallized hybrids. These hybrids exhibit diverse characteristics such as photo-luminescence, nonlinear optics, electrochromism, and photochromism, among others.

Considering now the specific optical features of DTEs, their coupling with POMs appears as a promising alternative strategy to reach photo-bistable solids with improved photo-switching rates and cyclability. In other words, the presence of the POM unit in the solid state introduces modifications to the photoswitching behavior of the DTE compound. These modifications occur through both steric and electronic effects, leading to an enhanced cycloreversion rate and a nearly complete re-opening process.

Our group reported the first crystallographically resolved material The solid-state photo-coloration kinetics of 1-Mo8 and 1-OTf showed that both exhibited similar fast coloration rates characterized which proved the photocyclization of 1o wasn't affected by ionic interactions with the POMs in 1-Mo8. Interestingly upon red light irradiation, the fading rate of 1-Mo8 was faster than that of 1-OTf. This improvement in the cycloreversion process can be rationalized by both effects the electronics and steric factors.

Firstly, the POM-induced dilution effect reduced stacking interactions between neighboring 1c molecules that could restrict their photoconversion. Secondly, as electron-acceptors, the POMs enhance the electron-withdrawing properties of the methylpyridinium groups. This strengthened electron-withdrawing character contributes to the weakening of the central C-C bond, thereby promoting the ring-opening process. 7 In addition, 1-Mo8 showed a high light driven "recordingerasing" processes by performing several coloration/fading cycles.

The crystal structure analysis of 1-Mo8 upon initial exposure to UV light revealed the presence of both 1o and 1c conformers in the crystal lattice. Remarkably, the conversion rate of the ring-closure reaction within the crystal lattice is measured to be approximately 28 %. This finding represents a rare example where the extent of the ring-closure reaction within a solid crystal structure is quantified.

Furthermore, our group expanded their investigation to gain deeper insights into the synergistic effects between the POM and DTE units during photo-irradiation, with the aim of enhancing the fading rate and photo-fatigue resistance. Notably, they made significant changes to both the organic DTE component and the inorganic POM component in this study, further broadening the scope of their research. 3 In order to enhance and expand the findings of this study, a novel approach is proposed, which entails modifying the ammonium cation by transitioning from a pyridinium cation to an alkyl ammonium cation (2). Additionally, it is important to note that the DTE unit, crucial to the investigation, has already been synthesized and is conveniently designated as DTE-1. Subsequently, based on click chemistry, azide-alkyne click reaction occurred between an azide terminated DTE compound and alkyne ammonium cation resulting in the synthesis of cationic DTE-5 with bromide anions as counter ions in a low yield around 10 % (Scheme 5.4). Thus, for this reaction, the conditions need to be optimized. The synthesis of DTE-1 was illustrated in chapter III. A broad singlet at δ = 9.07 ppm is attributed to the triazole proton "a". The broadness of the peak is due to its presence near a cationic center. Two doublets at 7.50 and 7.37 ppm attributed to the aromatic protons of the phenyl ring "b" and "c". The thienyl protons at 7.23 and 6.71 ppm are assigned to the "d" and "e" respectively. In addition, the clear singlet at 5.56 ppm corresponding to the methylene protons of the DTE unit and they are designated as "*".

The methylene protons near the cationic center appears as a broad singlet at 5.11 ppm and symbolized as "*". The peripheral methyl group "g" is observed as a clear singlet at 2.41 ppm whereas the internal one "*" appeared as doublet at 1.88 ppm. In the aliphatic region ranging from 1.81-1.25 ppm, there are 36 protons corresponding to the n-octyl chain. Moreover, a triplet at 0.87 ppm are assigned to the nine methyl protons "i" of the n-octyl chain. Finally, the assembly between the DTE and the POM will be done by our collaborator and this work is in progress. C'est pourquoi la miniaturisation est apparue comme une stratégie précieuse pour les dispositifs de stockage de données, servant d'outil d'innovation puissant dans l'industrie de l'électronique. Par conséquent, le concept de stockage d'informations dans des molécules est devenu un défi majeur, exigeant des approches originales et efficaces. Pour être fonctionnelle, la molécule doit présenter un état métastable (pour imiter les états binaires 0-1), déclenché par un stimulus externe: Un interrupteur moléculaire. Cela ouvre la voie au développement de nouveaux dispositifs qui sont non seulement plus petits et plus économes en énergie, mais aussi plus rapides et plus adaptables. Une pléthore d'exemples ont été rapportés dans le domaine des commutateurs de courant moléculaires, mettant en évidence le phénomène remarquable de la commutation "ON-OFF" de la conductivité/résistivité moléculaire obtenue par photo-isomérisation. [3][4][5] Dans la mesure où la lumière est utilisée comme stimulus externe pour le traitement des données au niveau moléculaire, elle doit être capable d'écrire (stocker) et d'effacer l'information de manière réversible. Les photocommutateurs moléculaires se présentent donc comme des candidats viables

Pour la deuxième famille (DTE4a-c), un fluorophore a été inséré en tant que NLO-phore dont la luminescence en solution sera directement éteinte par le photochromisme du DTE alors que nous nous attendons à une émission d'excimères à la surface en raison de la proximité étroite entre les molécules (empilement π-π). En outre, l'incorporation d'un commutateur dans un chromophore optique non linéaire (ONL) chiral devrait améliorer de manière significative le contraste ONL en cas de contact étroit entre les photophores ONL. La présence de chiralité devrait permettre d'améliorer l'organisation des NLO-phores sur la surface. Notre étude se concentrera donc sur l'influence de la chiralité sur l'arrangement des molécules sur une surface transparente et ses effets conséquents sur les propriétés optiques non linéaires du second ordre. 

Title: Synthesis and Characterization of Photo-activatable Systems

Keywords: photochromism, molecular switches, dithienylethenes, non-linear optics, luminescence, surface grafting. Abstract: This research focuses on the synthesis of organometallics and organic chromophores towards the all-optical systems. The global objective of this thesis is to explore novel molecular architectures that can efficiently respond to external light stimuli, leading to modulations in their physicochemical properties. The strategy proposed is based on the preparation of a molecular material that display stable and light-activatable nonlinear optical (NLO) responses and/or luminescence properties. Following a comprehensive review of the literature on photo-switching luminescence and nonlinear optical properties, this research pursued two distinct projects: i) The surface grafting of organic and organometallic complexes to modulate NLO properties, and ii) The investigation of novel diarylethenes (DAE)-based rhodamine dyes in solution showcasing their photo and chemo-switching capabilities. The first project is discussed in the second and third part of this work. The first project is discussed in the second and third part of this work. The second part shows the synthesis of cyclometalated platinum complexes and their grafting on surface. The third part aims to explore organic NLO-phores and emphasize the development of molecular switches responsive to light. In the fourth part of this research, significant attention is devoted to synthesizing and characterizing novel diarylethenes incorporating a fluorescent rhodamine dye. These newly developed compounds were specifically designed to exhibit remarkably efficient photo and chemo-switching behavior.

Scheme 1 . 1

 11 Scheme 1. 1 Synthesis of NDI-DBU and its chemo-switching behavior. (Reproduced from ref.18) 

Figure 1 . 1

 11 Figure 1. 1 (A) UV-vis absorption spectra of NDI-DBU in the presence of different concentrations of TFA in MeCN solution ([NDI-DBU] = 20 μM, [TFA] = 3.0, 4.5, 6, 7.5, 9, 10.5, 12.0, 13.5, 15.0, 16.5, 18.0, 19.5, 21 μM. Inset of A Color change of NDI-DBU in MeCN solution in the presence of TFA. (B) UV-vis absorption spectra of a solution of NDI-DBU and TFA in the presence of different concentrations of TEA in MeCN. ([NDI-DBU] = 20 μM, [TFA] = 20 μM, [TEA] = 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20 μM).(Reproduced from ref. 18)

Figure 1 . 2 (

 12 Figure 1. 2(A) Fluorescence spectra excited at 340 nm of NDI-DBU in the presence of different concentrations of TFA in acetonitrile (MeCN) solution ([NDI-DBU] = 20 μM, [TFA] = 3.0, 4.5, 6, 7.5, 9, 10.5, 12.0, 13.5, 15.0, 16.5, 18.0, 19.5, 21 μM. Inset of A fluorescence color of NDI-DBU in MeCN solution in the presence of TFA. (B) fluorescence spectra of a solution of NDI-DBU and TFA in the presence of different concentrations of TEA in MeCN. ([NDI-DBU] = 20 μM, [TFA] = 20 μM, [TEA] = 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20 μM). ).(Reproduced from ref. 18)

Figure 1 . 3

 13 Figure 1. 3 Fluorescence response of NDI-DBU in MeCN solution upon the alternate addition of TFA (purple lines) and TEA (green lines). Inset: Fluorescence changes at 450 nm. (λex = 340 nm, [NDI-DBU] = 20 μM, [TFA] = 20 μM, [TEA] = 17.5 μM).(Taken from ref. 18)

Figure 1 .

 1 4a illustrated that upon the addition of an extra equivalent of H and AgSbF6, the diffusion coefficient of the solution increased, indicating the disassembly of [H⋅G⋅Ag]n and the formation of [H2⋅G⋅Ag2⋅acetone2]. The polymerization of [H2⋅G⋅Ag2⋅acetone2] was reactivated by adding one equivalent of G, resulting in a decrease in the diffusion coefficient.

Scheme 1 . 2

 12 Scheme 1. 2 Chemical structures and representations of H, G, Ag + and acetone, and representations of the formation of [2] pseudorotaxane H⊃ G from H and G, together with the reversal transformations between polypseudorotaxane [H⋅G⋅Ag] n and [3] pseudorotaxane H2⋅G⋅Ag2.acetone2. (Taken from ref. 20) The diffusion coefficients of [H⋅G⋅Ag] n and [H2⋅G⋅Ag2⋅acetone2] were transformed multiple times in a cyclic manner, as depicted in Figure 1.4b. This observation indicated the complete reversibility between [H⋅G⋅Ag] n and [H2⋅G⋅Ag2⋅acetone2 ], demonstrating their infinite switching capability.

Figure 1 . 4

 14 Figure 1. 4 Diffusion coefficients D (500 MHz, [D6]acetone, 298 K) of a) [H⋅G⋅Ag]n (10.0 mM) upon adding extra H+AgSbF6 (from 0 to 1.0 equiv.) and G (from 0 to 1.0 equiv.) gradually and b) multiple switching cycles between [H⋅G⋅Ag]n and [H2⋅G⋅Ag2⋅acetone2 ].(Taken from ref. 20)

Figure 1 . 5

 15 Figure 1. 5 Photochromism: a two-way light-induced reaction between two molecules A and B. (A) Potential energy diagram and (B) the related schematic absorption spectra. (Taken from ref. 33)

Figure 1 .

 1 Figure 1. 6 (a) Geometry of second-harmonic generation. (b) Energy-level diagram describing second-harmonic generation.

  photo-excitation at 365 nm, the open-ring structure of 1.1-o was converted to the close form 1.1-c accompanied by the decrease of the band in the UV and appearance of the band in the visible. This process was photo reversible by irradiating at 588 nm (Figure 1.7).

Figure 1 . 59 Scheme 1 . 5

 15915 Figure 1. 7 UV/Vis absorption change 1.1 in CHCl3 (1.5×10 -5 M) upon irradiation. (-○-) open form, (-•-) photostationary state (PSS) after irradiation at 365 nm, (- - - -×- - - -) PSS after irradiation at 588 nm (reverse reaction).Taken from ref. 58)It is important to note that the π-conjugation between the two thienyl rings plays a vital role in the NLO-response during the photocyclization process. The initial hyperpolarizability (β) value of the openring complex 1.1-o was relatively small. However, upon photo-isomerization to the closed-ring Zn (II) complex 1.1-c, there was a significant and remarkable change in the NLO activity, increasing from 160 × 10 -48 esu to 1800 × 10 -48 esu. This substantial enhancement in the β value can be attributed to the effective distribution of the π-electron system and the strong intra ligand charge transfer (ILCT) that occurred during the formation of the closed-ring structure. This demonstrated the efficient photoswitching of the NLO responses and indicated the effectiveness of the transformation process.In 2014, Boixel et al. reported the first example of photo-switchable NLO polymer films based on cyclometalated platinum complexes (Scheme 1.5).[START_REF] Boixel | Second-Order NLO Switches from Molecules to Polymer Films Based on Photochromic Cyclometalated Platinum(II) Complexes[END_REF] 

Figure 1 . 8

 18 Figure 1. 8 Photo-switching of the poled thin film: (A) complex 1.2a and (B) complex 1.2b (UV irrad: λ = 325 nm ; visible light: λ > 550 nm).(Reproduced from ref. 59)In addition, Kytik and co-workers functionalized DTEs by attaching a donor and an acceptor group to both ends of the molecule as illustrated in Figure1.9,left.[START_REF] Deng | Synthesis and Features of Nonlinear Optical Switches Based on Dithienylethene Unit[END_REF] This push-pull arrangement is highly advantageous for NLO characteristics since it promotes increased π-conjugation. DTEs 1.3 and 1.4 displayed absorption characteristics around 371 nm in their open state, as depicted in Figure 1.9 (right). When subjected to UV irradiation at 365 nm, both 1.3 and 1.4 showed a new absorption band in the visible region (around 730 nm), accompanied by a decrease in the intensity of the bands near 370 nm which was attributed to the formation of the closed isomer of DTE. In contrast

Figure 1 . 9 (

 19 Figure 1. 9(left) structure of DTE 1.3 and 1.4 (right): UV-vis spectra of 1.3 and 1.4 in their open and closed form.(Reproduced from ref.60) 

Figure 1 .

 1 Figure 1. 10 Jablonski diagram.(Taken from ref. 69)

Figure 1 .

 1 Figure 1. 11 Schematic depiction of Forster and Dexter energy transfer processes. (Taken from ref. 70)

Scheme 1 . 6

 16 Scheme 1. 6 Photoisomerization process of complexes 1.5 and 1.6 to the closed analogues. (Reproduced from ref. 71)The absorption spectra of the two complexes, 1.5 and 1.6, in CH2Cl2 (C = 10 -5 mol.L -1 ) exhibited identical characteristics for the photochromic behavior of DTEs. Upon irradiation of the solutions of 1.5ooo and 1.6ooo at λ = 350 nm until reaching their photostationary state (PSS), a simultaneous decrease in the absorption of these two bands was observed. This decrease was accompanied with the appearance of a broad absorption band in the visible region at λmax = 631 nm, which is assigned to an intra-ligand (IL) transition centered on the closed form of the DTE moiety. These solutions can be effectively turned back to their original open forms when exposed to visible light irradiation at λ = 650 nm (Figure1.12).

Figure 1 .

 1 Figure 1. 12 Absorption spectra of 1.5ooo (right) and 1.6ooo (left) in CH2Cl2 solutions (C = 1.4×10 -5 mol. L -1 , black line) and 1.5ccc and 1.6ccc (red line) obtained upon UV irradiation to PSS (λ = 350 nm). The initial spectrum was recovered after irradiation at λ = 650 nm. (Taken from ref. 71)

Figure 1 .

 1 Figure 1. 13 Emission spectra of 1.5ooo (up) and emission decrease at 610 nm (down) in CH2Cl2 solutions ([c] ≈ 10 -5 mol.L -1 cm -1 ) obtained upon continuous UV excitation at λex = 350 nm to PSS. The initial spectra were recovered after irradiation at λ = 650 nm between each decay. (Taken from ref. 71)

Figure 1 .

 1 Figure 1. 14(up) Emission spectra of 1.6 captured by a CCD camera (λex = 350 nm) in CH2Cl2. (middle) Successive emission decrease of 1.6 measured at 1000 nm upon UV excitation at λex = 350 nm to PSS in CH2Cl2 with an indium/gallium/arsenic detector, the initial spectra were recovered after irradiation at λ = 650 nm between each decay. (bottom) Emission spectrum obtained with a NIR-CCD camera with 5 s integration time (λex = 350 nm). (Taken from ref. 71).

Figure 1 .

 1 Figure 1. 15 (Up) Absorption spectral changes of 1.7 and (1 × 10 -5 mol. L -1 ) in water solution (with 0.25 ‰ Triton X-100) upon irradiation with UV (254 nm) and visible light (> 500 nm). (down)Fatigue resistance of 1.7 (1 × 10 -5 mol. L -1 ) in water solution (with 0.25 ‰ Triton X-100) upon alternating irradiation with UV and visible light shown in absorption switching cycles. (Taken from ref. 72).

Figure 1 .

 1 Figure 1. 16 Fluorescence changes (λexc = 408 nm) of 1.7 upon alternating irradiation with UV (254 nm) and visible light (450 nm). (Taken from ref. 72)

Figure 1 .

 1 Figure 1. 17 Fluorescence changes (a) and fatigue resistance (b) of 1.7o in water solution (with 0.25 % Triton X-100) uponalternating addition with TFA (6 eq.) and TEA (6 eq.). (Taken from ref.72) 
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 118 the CDB1 (o) isomer in toluene, which is the ring-open form, exhibited a strong absorption band at 470 nm attributed to the π -π* transition. When irradiated with blue light (λ = 460-470 nm), the CDB1 (o) isomer underwent a gradual transformation, leading to the emergence of a lower-energy absorption band at 724 nm. This change was a consequence of the formation of the corresponding ring-closed isomer, CDB1 (c), indicating near-infrared photochromism. Upon exposure to near-infrared light (760-770 nm), the green-colored ring-closed isomer CDB1 (c) returned back to its initial state. Notably, the photochromic behavior of CDB1 demonstrated good reversibility, as evidenced by alternating irradiation with blue light and near-infrared light.

Figure 1 .

 1 Figure 1. 18 Absorption spectra changes of CDB1 in toluene (2.0 × 10 -5 mol/L) upon alternating irradiation with blue light at 460-470 nm and near-infrared light at 760-770 nm. (Inset) Corresponding color changes of CDB1 upon photoirradiation. (Taken from ref. 74)As depicted in Figure1.19, CDB1 displayed a strong yellowish green fluorescence in toluene, with the maximum emission occurring at 542 nm for CDB1 (o). However, upon exposure to blue light, the luminescence intensity at 542 nm gradually decreased, accompanied by a noticeable fading of the yellowish green fluorescence. This phenomenon could be attributed to efficient energy transfer from the excited BF2bdk unit to the ring-closed DTE isomer in its photostationary state, the luminescence intensity of CDB1 (o) was significantly reduced by approximately 92 %, resulting in a decrease in the quantum yield from 0.52 to 0.048. Furthermore, when irradiated with near-infrared light, the original emission could be restored due to the formation of CDB1 (o).

Figure 1 .

 1 Figure 1. 19 Emission spectra changes of CDB1) in toluene (2.0×10 -5 mol/L), upon alternating irradiation with blue light at 460 -470 nm and near-infrared light at 760 -770 nm. (Inset) Corresponding fluorescent color changes upon photoirradiation, in toluene (λex = 470 nm).(Taken from ref. 74) Furthermore, when incorporated into PMMA films, it demonstrated a similar fluorescent switching behavior upon alternating irradiation with blue light and near-infrared light. However, the fluorescence quantum yield in the PMMA films was reduced to 0.05, as depicted in Figure 1.20.
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 1 Figure 1. 20 Emission spectra changes of CDB1 (λex = 484 nm), in the PMMA film upon alternating irradiation with blue light at 460-470 nm and near-infrared light at 760-770 nm. (Inset) Corresponding color and fluorescence changes of CDB1 upon photoirradiation. (Taken from ref. 74)

Figure 1 .

 1 Figure 1. 21 a) Chemical structures of the open-and closed-ring isomers of 1,2-bis(2,5-dimethyl-3-thienyl) perfluoro cyclopentene, b) Corresponding absorption spectra of the open-(black line) and the closed-ring (red line) isomers. (Taken from ref .32).

Figure 1 .

 1 Figure 1. 22 Top-and side-views of the geometrical structures of isomers of 1,2-bis (2,5-dimethyl-3-thienyl) perfluoro cyclopentene in crystals.(Taken from ref. 11).

Figure 1 .

 1 Figure 1. 23 Schematic presentation showing the novel DAE system.(Reproduced from ref. 79).

Figure 2 . 1

 21 Figure 2. 1 Schematic illustration of the influence of cyclometallation on the energies of MLCT and MC states. (Reproduced from ref. 7)

Figure 2 . 2

 22 Figure 2. 2 Simplified molecular orbital diagram for a generic transition metal complex and relative spectroscopic excitation transitions. (Reproduced from ref. 8)

Figure 2 . 3 A

 23 Figure 2. 3 A typical Jablonski diagram showing the possible radiative and non-radiative transitions. (Reproduced from ref. 14)

Figure 2 . 4

 24 Figure 2. 4 The illustration of the displacement of the potential energy surface for the d-d excited state in a square planar d 8 complex, formed by population of the dx 2 -y 2 orbital, compared to the ground state. (Reproduced from ref. 8)

Scheme 2 .

 2 Scheme 2. 10 Multistep synthesis of L 3 .

Figure 2 .

 2 Figure 2. 6 1 H NMR of Ligand L 1 (400 MHz) in deuterated chloroform.

Figure 2 . 7 ,

 27 the three derivatives show different methylene chemical shift where the hydroxyl one shows the most deshielded chemical shift (δ = 4.70 ppm) compared to the others while the azide shows the most shielded one (δ = 4.23 ppm). The high deshielding effect is caused by the presence of the oxygen as the electronegative atom.

Figure 2 . 7

 27 Figure 2. 7 Comparison between the chemical shift of the methylene protons among the three derivatives.Infrared spectroscopy measurement was performed for L1 . It shows a sharp and strong band at ν = 2093 cm -1 which corresponds to the stretching of N=N=N and a small bump is present at ν = 2119 cm - 1 corresponding to the C≡C stretching (Figure2.8).
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 28 Figure 2. 8 IR spectrum of L 1 .

Figure 2 .

 2 Figure 2. 9 1 H-NMR of Ligand L 3 (400 MHz) in deuterated methanol.

Figure 2 .

 2 Figure 2. 10 IR spectrum of L 3 .

Figure 2 .

 2 Figure 2. 11 Cyclic voltammetry of ferrocyanide on various stages of ligand immobilization in acetonitrile + 10 -3 M Fc + 0.1 M NBu4PF6 solution of (black) bare glassy carbon (GC) electrode, (red) GC electrode modified by TIPS-Eth-ArN2 + , and (green) GC electrode modified by TIPS-Eth-ArN2 + after deprotection (blue) after grafting of ligand L 1 . Scan rate, 0.1 V/s.
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➢ 1 H

 1 -NMR (400 MHz, CDCl3, ppm) δ = 7.51 (d,2H, J = 8.40 Hz, aromatic protons near Br), 7.36 (d,2H, J = 8.40 Hz, aromatic protons near CH), 5.77 (s,1H, CH), 4.06 (m,4H, CH2).

➢ 1 H

 1 -NMR (400 MHz, CDCl3, ppm): δ = 7.48 (d, J = 8.30 Hz, 2H, aromatic protons near triple bond), 7.41 (d, J = 8.30 Hz, 2H, aromatic protons near acetal), 5.79 (s, 1H, -CH of acetal), 4.15 -3.95 (m, 4H, -CH2 of acetal), 0.26 (s, 9H, CH3 of TMS).

➢ 1 H

 1 -NMR (400 MHz, CDCl3, ppm) δ = 7.54 (d, J = 8.30 Hz, 2H, aromatic protons near triple bond), 7.44 (d, J = 8.30 Hz, 2H, aromatic protons near acetal), 5.79 (s, 1H, CH), 4.15 -3.81 (m, 4H, CH2 of acetal), 3.12 (s, 9H, CH3 of TMS).

➢ 1 H

 1 -NMR (400 MHz, CDCl3, ppm): δ = 8.72 (d, J=7.60 Hz, 2H, Ha) 8.55 (t, J = 1.60 Hz, 1H, Hb), 8.22 (d, J=1.6 0Hz, 2H, Hc), 7.80 (m, 4H, Hd,e), 7.28 (ddd,2H, Hf).

➢ 1 H

 1 -NMR (400 MHz, CDCl3,ppm) δ = 8.69 (d, J=7.60 Hz, 2H), 8.61(s,1H), 8.22 (d, J = 1.70 Hz, 2H), 7.82 (d, 2H, 2 aromatic protons near triple bond), 7.72 (d, 2H, 2 aromatic protons near acetal), 7.56 (m, 2H), 7.48 -7.43 (m, 1H), 7.21 (m, 2H), 5.80 (s, 1H, -CH-of acetal), 4.05 (m, 4H, CH2 of acetal).(similar order of assignment of N^C^N similar to N^C^N-Br).

➢ 1 H

 1 -NMR (400 MHz, CDCl3,ppm) δ = 10.04 (s,1H, aldehydic proton), 8.75 (d,2H), 8.66 (t, J = 1.70 Hz, 1H), 8.28 (d, J = 1.70 Hz, 2H), 7.89 (m,4H), 7.81 (t,2H), 7.71 (d, J = 8.10 Hz, 2H) ,7.3 (m,2H).

➢ 1 H

 1 -NMR (400 MHz, CDCl3,ppm) δ = 8.72 (d,2H), 8.59 (t, J = 1.70 Hz, 1H), 8.22 (d, , J = 1.70 Hz, 2H), 7.86 (m,2H), 7.79 (m,2H), 7.64 (ddd, J = 12.10, 8.30, 1.40 Hz, 1H), 7.52 (d, , J = 8.20 Hz, 2H), 7.48 -7.45 (m, 1H), 7.33 (d, J=8.80 Hz,2H), 7.28 (m,2H), 4.7 (s,2H). ➢ X-ray structure

➢ 1 H

 1 NMR (400 MHz, CDCl3,ppm) δ = 8.77 -8.68 (m, 2H), 8.60 (t, J = 1.70 Hz, 1H), 8.22 (d, J = 1.60 Hz, 2H), 7.87 (d, J = 8.50 Hz, 2H), 7.82 -7.74 (m, 4H), 7.50 (d, J = 8.20 Hz, 2H), 7.33 (d, J = 8.0 Hz, 3H), 7.30 -7.26 (m, 2H), 4.69 (s, 2H, CH2), 2.43 (s, 3H, CH3 of tosyl).

➢ 1 H

 1 NMR (400 MHz, CDCl3,ppm) δ = 8.71 (d, J = 4.80 Hz, 2H), 8.60 (s, 1H), 8.21 (d, J = 1.70 Hz, 1H), 7.86 (m 2H), 7.75 (m, 2H), 7.47 -7.38 (m, 2H), 7.27 (m, 2H), 6.87 (d, J = 8.60 Hz, 2H), 1.31 -1.20 (m, 3H), 1.10 (d, J = 7.30 Hz, 18H).

➢ 1 H

 1 -NMR (400 MHz, CDCl3, ppm) δ = 9.90 (s, 1H, aldehyde proton), 7.85 (d, J = 8.80 Hz, 2H, aromatic protons near aldehyde), 7.02 (d, J = 8.70 Hz, 2H, aromatic protons near O), 4.37 (t, J = 6.20 Hz ,2H, CH2 near O), 3.67 (t, J = 6.20 Hz, 2H, CH2 near Br).

➢ 1 H

 1 NMR (400 MHz, MeOD, ppm) δ = 8.77 (d, J = 5.40 Hz, 2H), 8.40 (t, J = 1.

  Scheme 3. 1 Scheme illustrating photochromic switching in spirothiopyran. The merocyanine isomer can participate in athiol-Michael addition with maleimide-functionalized compounds. (Reproduced from ref.10) 

Figure 3 . 1

 31 Scheme 3. 2 Schematic representation depicting the synthetic route to spirothiopyran functionalized monolayers.(Reproduced from ref.10) 

Scheme 3 . 3

 33 Scheme 3. 3 Structure of 1o (left) Photochemical switching between the open and closed forms of dithienylethenes whenimmobilized on a gold surface. (Reproduced from ref.15) 

Figure 3 .

 3 Figure 3. 2 SERS spectra of a SAM of dithienylethene 1o on a roughened gold bead before irradiation (top), after irradiation at 365 nm (middle), and after subsequent irradiation at 785 nm (bottom).(Reproduced from ref. 15)

Figure 3 . 3

 33 Figure 3. 3 Electrochemical and photochemical switching processes typically observed for DTE 1. (b) Cyclic voltammogram of DTE 1o in DCM/0.1 M (TBA)PF6, recorded at 0.5 V s -1 with a glassy carbon working, Pt counter, and SCE reference electrode. (Reproduced from ref. 15).

Figure 3 . 4

 34 Figure 3. 4 Cyclic voltammograms of a SAM of dithienylethene 1o on a gold bead electrode, recorded at 2 V s -1 in DCM/0.1 M (TBA)PF6 with a Pt counter electrode and SCE reference electrode. Repeated cycling results in the formation of 1c.(Taken from ref. 15)

Figure 3 . 5

 35 Figure 3. 5 Cyclic voltammogram of a SAM of dithienylethene 1o on a smooth gold bead electrode before irradiation (thin line), after irradiation at 365 nm (thick line), and after subsequent irradiation at > 440 nm (dashed line). Recorded at 0.5 Vs -1 in DCM/0.1 M (TBA) PF6 with a Pt counter electrode and an SCE reference electrode.(Taken from ref. 15) 1.1.2.2.For non-volatile organic memory Another example of the photo-switching of DTE on a monolayer was reported by Tao and co-workers in 2022.18 They used photochromic DTE derivatives to modulate the charge trapping/storage gold nanoparticles, with the aim of preparing memory devices. By modifying the π-conjugation along the DTE core upon photo-isomerization the HOMO-LUMO gap is varied and thus able to impose changes on the barriers for charge trapping and retention. SAM grafted with tunable energy gap induced by DTE will facilitate the charge trapping and prevent its leaking.

Scheme 3 . 4

 34 Scheme 3. 4 Molecular structures of DTE derivatives (DTEC4SH and DTEC12SH) and photo-switching of π-conjugation lengthalong with photocyclization reaction.(Reproduced from ref.18) 

Figure 3 .

 3 Figure 3. 6 (a) Transmission FTIR spectra for the DTEC4SH and DTEC12SH powder samples in KBr. (b) Reflection-absorption IR spectra for the monolayers of DTEC4SH and DTEC12SH on the Au surface.(Taken from ref. 18) In this article they mainly focused the properties of the device but they didn't go in details about the photochromism on surface, fatigue resistance, etc. The purpose of such example is just is show the application of such photochromic monolayers. Moreover, an interesting work was presented by Lacroix et al., where thin layers of diarylethene oligomers [oligo (DAE)] were deposited through the electrochemical reduction of a diazonium salt on glassy carbon and gold electrodes. Subsequently, DAE was photoswitched between its open and closed forms. The solid-state molecular junctions using the open form of DAE exhibited high resistance, while employing DAE in its closed form resulted in more conductive molecular junctions. 20 1.1.3. Monolayers of azobenzenes for light-gated ion nanochannel

Figure 3 . 7

 37 Figure 3. 7 Synthesis of core-shell ZIF-8-P(MMA-co-AAAB) NPs.(Taken from ref. 21)

Figure 3 . 8

 38 Figure 3. 8 Procedure of evaporation-induced interfacial assembly to prepare SAMM film. (Taken from ref. 21)

Figure 3 .

 3 Figure 3. 9 a) UV-vis spectra under 365 nm UV light irradiation for different times. b) Schematic diagram of the reversible photo-isomerization under alternating irradiation with 365 nm UV and white light.(Taken from ref. 21)

Figure 3 .

 3 Figure 3. 10 a) Current-voltage curves of the heterogeneous film before (blue) and after(orange) UV irradiation for 30 min. b) Schematic diagram of ionic current switching (at -2 V) of the heterogeneous film under alternating irradiation with 365 nm UV and white light.(Taken from ref. 21) 1.2. Photo-switching of Nonlinear optical properties on surface (SHG)

Figure 3 .

 3 Figure 3. 11 The diluted azobenzene SAM can be switched from the trans-PSS to the cis-PSS and vice versa, by illumination with UV and visible light at wavelengths of 365 nm and 445 nm, respectively. (Reproduced from ref. 24)

Figure 3 .

 3 Figure 3. 12 A) SHG measurements on a sample with an azobenzene coverage of 65 %. The data labeled in purple and blue denote measurements conducted subsequently to illumination with UV (365 nm, photon dose nUV = 1.3 × 10 20 cm -2 ) and visible (445 nm, nvis = 4.4 × 10 19 cm -2) light, respectively. The average SHG signal amplitude change of 16 ± 3 % is attributed to the trans-cis isomerization. B) Scheme of the correlation between the NLO contrast measured in the SHG experiment and the rearrangement of the π-electron system during isomerization (Taken from ref. 24)

Figure 3 .

 3 Figure 3. 13 Change in the SHG signal intensity upon switching between the PSSs ΔISHG = (Icis -Itrans)/Itrans as a function of the chromophore coverage. (Taken from ref. 24)

Figure 3 . 14

 314 Figure 3. 14 Cross sections of (A) the cis → trans and (B) the trans → cis isomerization reactions of the azobenzene SAM (65 % coverage) were determined by assuming a linear correlation between the number of switched chromophores and the illumination-induced changes in the SHG signal intensity ΔISHG, yielding mono-exponential fits to the intermediate signal levels. For these experiments' low excitation intensities on the order of 1 mW cm -2 have been used. (Taken from ref. 24).1.2.2. Photo-switching the NLO properties of fulgimides on SAMAnother work of combining the photo-induced switching ability and the second order NLO for preparing a two-dimensional nonlinear optical switching material was published also by Tegeder and coworkers.29 This was done by incorporating a fulgimide as a molecular switch into SAM immobilized on Si (111). As a reminder, the photochromism of fulgimide occurs upon UV irradiation from the open non-conjugated colorless to a closed colored conjugated form. It is worth to mention that fulgimide in its open form exist in a mixture of E and Z-isomers and the reversible photochromic reaction (open to closed) occurs only from the open E-isomer (Scheme 3.5).30 

Scheme 3 .

 3 Scheme 3. 6 a-c) Schematic presentation of fulgimide-containing SAMs on Si (111) investigated in the present study. d) Scheme of the SAM containing fulgimide moiety, immobilized via an amide (Am) linker studied in ref 25, called here 3indolylfulgimide (3-IF-Am). (Reproduced from ref. 29)The second order NLO response was measured for three surfaces during alternating the irradiation between UV and visible light. As expected, the closed-form of fulgimides exhibited an increase in the NLO response compared to the open one due to the extended π-conjugation upon photocyclization. Specifically, for the 3-IF-Al/Si (111) surface, the signal amplitude showed a reversible change of 25 ± 2 % between the two isomers at their PSS. By comparing this NLO contrast (25 %) with a previously reported value of 18 ± 2 %,25 it can be concluded that replacing the amide linker (3-IF-Am)25 with an alkyne linker enhanced the NLO contrast. Additionally, going from 3-IF to 2-IF resulted in a decrease of approximately 5 % in the NLO contrast. Furthermore, the introduction of a -CH2 spacer slightly increased the contrast by about 2 % (Figure3.15).

Figure 3 .

 3 Figure 3. 15 Changes in the SHG signal amplitude as a function of light exposures at different wavelengths of λ = 365 and 530 nm, for (a) 3-IF-Al/Si (111), (b) 2-IF-Al/Si (111), and (c) 2-IF-Sp-Al/Si (111). In all systems, light-induced reversible changes in the NLO interfacial response due to the ring-opening/closure process is found. The values are referenced to the SHG intensities of the closed forms.(Reproduced from ref. 29)

1. 3 .

 3 Our strategy to achieve photo-switching of NLO properties on surface According to the reported examples discussed previously and in spite of the great features of DTEs presented in Chapter I -section 4.1, we aim to achieve the photo-modulation of the NLO properties of selectively functionalized DTEs grafted as monolayers on ITO surfaces (Figure3.16). The grafting approach represents a promising alternative to overcome the previously mentioned issues, i.e., loss of symmetry and molecular arrangement.

Figure 3 .

 3 Figure 3. 16 Illustrating the NLO behavior on surface upon photochromism.

Scheme 3 . 8

 38 Scheme 3. 8 Schematic presentation of the second family of DTEs.

Scheme 3 . 9

 39 Scheme 3. 9 Schematic presentation of the target DTE for the first family. 2.1.1. Synthesis of the first family of the targeted photochromic DTE 2.1.1.1.Synthesis of DTE-1The synthesis of DTE-1 was achieved as shown in Scheme 3.10. 3,5-dibromo-2-methylthiophene (3.1) was prepared from the commercially available 2-methyl thiophene via bromination reaction using N-Bromosuccinimide reagent in excess.35 Then, the preparation of 3.2 was done under the action of nbutyl lithium, followed by the addition of tributyl borate. This derivative can be either isolated or prepared in situ for the next step without any further purification.36 Afterthat, a Suzuki cross-coupling reaction with 2-(4-bromophenyl) -1,3-dioxolane, previously prepared from 4-bromobenzaldehyde as described in Chapter I and using a Dean-Stark apparatus, afforded compound 3.3. The protection of aldehyde was crucial to protect the electrophilic carbon of the carbonyl functional group from any attack from n-BuLi, leading to the formation of undesired by-products.

Scheme 3 .

 3 Scheme 3. 11 Synthetic pathway to the target photochromic DTE-2.

Figure 3 .

 3 Figure 3.171 H NMR spectrum of DTE-1 in deuterated chloroform (400 MHz).

17

 17 Figure 3.171 H NMR spectrum of DTE-1 in deuterated chloroform (400 MHz).

  Figure 3.171 H NMR spectrum of DTE-1 in deuterated chloroform (400 MHz).

Figure 3 .

 3 Figure 3. 18 1 H-NMR spectrum showing the difference in chemical shift between DTE-1 and its hydroxyl derivative 3.7.

Figure 3 .

 3 Figure 3. 19 IR spectrum of DTE-1.

  28 ppm corresponding respectively to the methylene protons near the oxygen atom and near the azide group are observed. The long n-hexyl chain signals appear in the region of 1.49-1.81 ppm. The peripheral methyl group is observed as a singlet at 2.42 ppm, while the internal one appeared as doublet at 1.88 ppm. The structure of the DTE-2 was confirmed by comparing the chemical shifts of carbon and protons NMR spectra with the brominated precursor 3.11 (See experimental part).

Figure 3 .

 3 Figure 3. 20 1 H NMR spectrum of DTE-2 in deuterated chloroform (400 MHz).

Figure 3 .

 3 Figure 3. 21 IR spectrum of DTE-2. 2.1.2.3. Characterization of DTE-3 by IR and NMR spectroscopy Concerning DTE-3, 1 H-NMR spectroscopic study shows a similar spectrum to that for DTE-2 (Figure 3.22).

Figure 3 .

 3 Figure 3. 22 1 H-NMR spectroscopy of DTE-3 in deuterated chloroform (400 MHz).

Figure 3 .

 3 Figure 3. 23 IR spectrum of DTE-3. 2.1.3. Optical properties of First family of DTEs 2.1.3.1. Photo-isomerization by absorption and NMR spectroscopy for DTE-1 The photochromic behaviour of DTE-1 was studied by electronic absorption measurement in a solution of dichloromethane of a concentration C = 2.05×10 -5 M. Before irradiation the spectrum shows no bands in the visible region, but two bands in the UV region at λ = 250 and 300 nm, corresponding to the π-π*transition of thienyl and phenyl moieties. This indicates the presence of the open isomer in solution. Upon UV irradiation (λ = 365 nm), the colorless solution turned into violet and the bands at λ = 250 and 300 nm start to decrease gradually accompanied with the emergence of two bands at 365 and 560 nm. These new bands correspond to S0-S2 and S0-S1 transitions respectively of the extended conjugation for both the phenyl and thienyl derivatives over the closed DTE unit. This behaviour indicates the formation of the closed isomer which is consistent with the typical photochromic behaviour of DTE photochromes. Visible light irradiation at λ = 580 nm regenerates quantitatively the open isomer (the 580 nm spectrum overlaps with the initial spectrum). It is good to mention a clear isosbestic point at λ = 320 nm is observed indicating the absence of photo-degradation (Figure 3.24).

Figure 3 .

 3 Figure 3. 24 (left) Photo-isomerization reactions of compound DTE-1. (right) Electronic absorption spectrum of DTE-1 (C = 2.05×10 -5 M) in DCM before irradiation, with UV light irradiation at λ = 365 nm (bench lamp) until reaching the PSS, and visible light at λ = 580 nm until reaching the initial state spectrum.

Figure 3 .

 3 Figure 3. 25 1 H-NMR spectrum of DTE-1 (400 MHz, CDCl3) and of the mixture obtained after 4,10,15,20,30,40 min of UV irradiation at λ = 350 nm and then 4 hours of yellow light irradiation (λ = 570-580 nm) to allow the cycloreversion process.

Figure 3 .

 3 Figure 3. 26 19 F NMR spectrum of DTE-1 (400 MHz, CDCl3) and of the mixture obtained after 4, 10, 20, 30, 40 min at λ = 350 nm, and then 4 hours of yellow light (λ = 570-580 nm) to induce the reopening.

Figure 3 .

 3 Figure 3. 27 (left) Photo-isomerization reactions of compound DTE-2. (right) Electronic absorption spectrum of DTE-2 (C = 2.50 ×10 -5 M) in DCM before irradiation, with UV light irradiation at λ = 365 nm (bench UV-lamp), until reaching the PSS, and visible light at λ = 580 nm until reaching the initial state spectrum.The photochromic process was monitored by NMR spectroscopy for DTE-2 in deuterated chloroform which is similar to that of DTE-1. Concerning the 1 H-NMR spectroscopy, the thienyl protons "b,d" and the peripheral methyl protons (g) shows a significant upfield shifting unlike the central methyl protons (h,i) that are deshielded due to the aforementioned reasons for DTE-1. The solution of closed DTE is irradiated with visible light for 6 hours where the spectrum returns back to its original state with no observation of any additional peaks. The percentage of photo-conversion is estimated to be 48 % (Figure3.28).

Figure 3 .

 3 Figure 3. 28 1 H-NMR spectrum of DTE-2 (300 MHz, CDCl3) and of the mixture obtained after 5,10,20,25,50 min of UV irradiation at λ = 350 nm and then 6 hours of yellow light irradiation (λ = 570-580 nm) to allow the cyclo reversion process.

  F-NMR spectroscopy was performed. Initially without any irradiation, the spectrum shows two broad singlets corresponding to the peripheral fluorines (in blue) and a clear quintuplet (in red) at -131.90 ppm attributed to the central fluorines of the perfluorocyclopentene bridge. Upon UV irradiation, the multiplicity of the two broad singlets of peripheral fluorines changed into two sets of multiplets (blue and green boxes) while keeping the same multiplicity of the central one (violet box) (Figure 3.29).

Figure 3 .

 3 Figure 3. 29 19 F-NMR spectrum of DTE-2 (300 MHz, CDCl3) and of the mixture obtained after 5,10,20,25,50 min of UV irradiation at λ = 313 nm and then 6 hours of yellow light irradiation to allow the cyclo reversion process. 2.1.3.3. Photo-isomerization by absorption and NMR spectroscopy for DTE-3 Similar to the previous DTEs, the photochromism was monitored by absorption and NMR spectroscopy for DTE-3. The absorption spectrum of DTE-3 (in dichloromethane of C = 1.84×10 -5 M), after UV irradiation, shows a slight red shifting especially in the band located in the visible region (λ = 573 nm) compared to that of DTE-2 (λ = 560 nm). This can be explained by the extended electronic delocalization along the DTE-3 framework in presence of the triple bond. This absorption spectrum reveals the photo-reversibility of the system without formation of any photo-degraded products upon irradiation UV and visible light (Figure 3.30).

Figure 3 .

 3 Figure 3. 30 (left) Photo-isomerization reactions of compound DTE-3. (right) Electronic absorption spectrum of DTE-3 (C = 1.84×10 -5 M) in DCM before irradiation, with UV light irradiation at λ = 365 nm (bench UV-lamp) until reaching the PSS, and visible light at λ = 580 nm until reaching the initial state spectrum.

Figure 3 .

 3 Figure 3. 31 1 H-NMR spectrum of DTE-3 (400 MHz, CDCl3) and of the mixture obtained after 5, 20 min of UV irradiation at λ = 350 nm and then 6 hours of yellow light irradiation (λ = 580 nm) to allow the cycloreversion process.

Figure 3 .

 3 Figure 3. 32 19 F-NMR spectrum of DTE-3 (400 MHz, CDCl3) and of the mixture obtained after 5, 20 min of UV irradiation at λ = 313 nm and then 6 hours of yellow light irradiation to allow the cycloreversion process 2.1.4. Photochromic quantum yield measurements for the first family of DTEs The photocyclization and cycloreversion photochromic quantum yields give an idea about the efficiency of the photochromic reaction, and are defined as follow: Ф = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑡ℎ𝑎𝑡 𝑙𝑒𝑎𝑑𝑠 𝑡𝑜 𝑡ℎ𝑒 𝑝ℎ𝑜𝑡𝑜𝑐𝑦𝑐𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛/𝑐𝑦𝑐𝑙𝑜𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 By convention the photochromic quantum yield of the photocyclization from the open to the closed isomer is written as ФO → C, and the cycloreversion ФC → O.These quantum yields differ from one DTE to another, and it depends on the ratio between the parallel and anti-parallel conformers in the solution.For a 1:1 ratio, the ՓO → C will not be more than 0.5. This indicates that almost all photo-excited antiparallel conformers can participate in the cyclization reaction.

Scheme 3 .

 3 Scheme 3. 13 Chemical structure of 1,8-naphthalimide.

Figure 3 .

 3 Figure 3. 33 Comparison in the 1 H-NMR spectra between 3.21 and the by-product formed 3.21'.Fortunately, I was able to grow suitable crystals for XRD analysis (Figure3.34). The formation of the by-product 3.21' is due to a second Williamson reaction on the targeted 3.21 derivative. The structure of 3.21' shows the anti-parallel form between two thienyl rings, where with the distance between two reactive carbons of 3.89 Å which enable the photochromic reaction.49 

Figure 3 .

 3 Figure 3. 34 View of the crystal structure of the byproduct 3.21' with 50 % probability level. The crystal structure was obtained via slow evaporation of dichloromethane (H atoms were omitted for clarity). Then a Suzuki cross coupling reaction with the boronic derivative of the naphthylamide 3.22 give 3.23 with 60 % yield. During the coupling reaction, the formation of another by-product (3.23') is noticed.Once again, this by-product was obtained for each reaction attempts and in a quiet large amount. Also, the 1 H-NMR analysis didn't give precise information on its structure.

Figure 3 .

 3 Figure 3. 35 View of the crystal structure of the byproduct 3.23' with 50 % probability level. The crystal structure was obtained via slow evaporation of hexane and ethyl acetate (H atoms were omitted for clarity).

Figure 3 .

 3 Figure 3. 36 1 H NMR spectrum of DTE-4a in deuterated chloroform (400 MHz).

Figure 3 .

 3 Figure 3. 37 IR spectrum of DTE-4a.

Figure 3 .

 3 Figure 3. 38 1 H NMR spectrum of DTE-4b in deuterated chloroform (400 MHz).

Figure 3 .

 3 Figure 3. 39 IR spectrum of DTE-4b.

2. 2

 2 .2.1. Photo-isomerization by absorption and NMR spectroscopy for DTE-4a The initial absorption spectrum recorded for the open isomer DTE-4a shows two bands with λmax = 300 and 383 nm corresponding to the π-π* along the thiophene and for the naphthylamide. Upon UV irradiation until reaching the photo-stationary state, a typical spectrum evolution is observed for DTE, with the appearance of a large band at 610 nm. An increased and blue shifted band is observed at 383 nm, which is attributed to the superimposition of the S0→S2 transition of the closed DTE core with the π-π* transition of the naphthylamide-thienyl part. This photochromic behavior was accompanied by a change in color from colorless to intense blue. The photo-reversibility is confirmed by irradiation with visible light (λ = 570 nm) where the spectrum returns back to its the initial open state (Figure 3.40).

Figure 3 .

 3 Figure 3. 40 (left) Photo-isomerization reactions of compound DTE-4b. (right) Electronic absorption spectrum of DTE-4a in DCM (C= 9.6×10 -6 M) before irradiation, with UV light irradiation at λ = 365 nm until reaching the PSS, and visible light at λ = 580 nm until reaching the initial state spectrum

  F-NMR spectrum. Upon UV irradiation, the two broad singlets corresponding to the peripheral fluorines (in blue) of the open form at δ = -109.61 and -110.31 ppm changed into two sets of multiplets and the quintuplet observed at δ = -131.95 ppm attributed to the central fluorines of the open form (in red) is preserved in terms of multiplicity only an upfield shifting was observed. After visible light irradiation, the original spectrum is recovered. Based on the results obtained, the photoconversion is estimated to be 82 % (Figure 3.42).

Figure 3 .

 3 Figure 3. 41 1 H-NMR spectrum of DTE-4a (400 MHz, CDCl3) and of the mixture obtained after 1-25 min of UV irradiation at λ = 313 nm and then 24 hours of yellow light irradiation to allow the cycloreversion process.

Figure 3 .

 3 Figure 3. 42 19 F-NMR spectrum of DTE-4a (400 MHz, CDCl3) and of the mixture obtained after 1-25 min of UV irradiation at λ = 313 nm and then 24 hours of yellow light irradiation to allow the cycloreversion process.

Figure 3 .

 3 Figure 3. 43(left) Photo-isomerization reactions of compound DTE-4b. (right) Absorption spectra of compound DTE-4b in its open and closed forms (C = 1.06×10 -5 M in CH2Cl2) The photo-conversion has been also monitored by 1 H-NMR. As expected, the signals corresponding to the two methyl groups (CH3) are more deshielded in the closed isomer, in contrary to the thienyl protons (Haryl) that appear to more shielded. At the PSS, we can estimate the amount of the open form by calculating the ratio of integration of the two methyl groups and the two thienyl protons in the open and closed forms. As a result, the PSS is composed of 90 % of the closed isomer and 10 % of the open one. Importantly, upon irradiation with visible light the spectrum returns back to its original state in both 1 H-and 19 F-NMR spectra confirming the photo-reversibility of the system (Figure 3.44 and 3.45).Same behavior was observed for the DTE-4c in terms of photo-isomerization by absorption and NMR spectroscopy.

Figure 3 .

 3 Figure 3. 44 1 H-NMR spectrum of DTE-4b (400 MHz, CDCl3) and of the mixture obtained after 5,10,15,20,25 min of UV irradiation at λ = 313 nm and then 8 hours of yellow light irradiation to allow the cycloreversion process.

Figure 3 .

 3 Figure 3. 45 19 F-NMR spectrum of DTE-4b (400MHz, CDCl3) and of the mixture obtained after 5,10,15,20,25 min of UV irradiation at λ = 313 nm and then 8 hours of yellow light irradiation to allow the cycloreversion process

Figure 3 .

 3 Figure 3. 46 (left) Electronic Circular Dichroism spectrum of DTE-4 series-achiral (DTE-4a), (R)-enantiomer (DTE-4b), and (S) enantiomer (DTE-4c) in their open form in DCM solution (C = 4.24×10 -5 M). (right) ECD spectra of DTE-(R) and DTE (S) at PSS.

Figure 3 .

 3 Figure 3. 47 Cyclic voltammetry of ferrocyanide on various stages of DTE-1 immobilization.

Figure 3 .

 3 Figure 3. 48 Grafting process of DTE-3.

Figure 3 .

 3 Figure 3. 49 SHG measurements (λlaser = 810 nm) on DTE-3 grafted on ITO surface before (black), after UV irradiation (red) at λ = 350 nm, and for the nude surface (green curve).

Figure 3 .

 3 Figure 3. 50 XPS survey for DTE-4a grafted on carbon surface.

Figure 3 .

 3 Figure 3. 51 (left) Peak fitted C1s spectrum of DTE-4a on carbon surface. (right) table showing the theoretical and experimental atomic ratios.

Figure 3 .

 3 Figure 3. 52 SHG measurements (λlaser = 810 nm) on DTE-4a grafted on carbon surface before (black), and after UV irradiation (blue) at λ = 350 nm.

Scheme 3 .

 3 Scheme 3. 18 Schematic representation of the first and second family of the synthesized DTEs.

➢ 13 C

 13 -NMR (100 MHz CDCl3, ppm): δ = 14.6 (s, CH3-Th), 15.2 (s, CH3-Th), 119.3 (s, Cquat-Th), 124.7 (s, CH-Th), 138.2 (s, Cquat-Th), 141.8 (s, Cquat-Th). ➢ 19 F-NMR (377 MHz CDCl3, ppm): δ = -130.03 (m, 2F), -128.42 (m, 1F), -117.99 (m, 2F), -108.60 (m, 2F).

➢ 1 H

 1 -NMR (400 MHz, CDCl3, ppm) δ = 7.53 (d, J = 8.20 Hz, 2H, aromatics near thienyl ), 7.37 (d, J = 8.

➢ 1 H

 1 -NMR (400 MHz, CDCl3,ppm): δ = 7.40 (d, J = 8.30 Hz, 2H, aromatic protons near OTIPS), 7.15 (s,1H, thienyl proton near benzene), 6.89 (d, J = 8.30 Hz, 2H, aromatic protons near thienyl), 6.74 (s, 1H, thienyl proton near CH3), 2.43 (s, 3H, CH3 terminal), 1.90 (d, J = 8.60 Hz, 6H, CH3 internal ), 1.29 (quintet, 3H, -CH of isopropyl group), 1.13 (d, J = 7.30 Hz, 18H, CH3 of isopropyl). ➢ 19 F-NMR (376 MHz, CDCl3, ppm): δ = -109.94 (br-s, 2F, external), -110.11 (br-s, 2F, external), -131.89 (m, 2F central) ➢ EA: calculated for C31 H36 O F6 Si S2: C 59.02, H 5.75, S 10.17.Found C 59.03, H 5.96, S 9.94. Synthesis of 3.8

➢ 1 H

 1 -NMR (400 MHz, CDCl3, ppm) δ = 7.39 (d, J = 8.60 Hz, 2H, aromatics near thienyl), 7.01 (s, 1H, thienyl proton), 6.90 (d, J = 8.60 Hz, 2H, aromatics near OTIPS), 2.42 (s, 3H, methyl groups), 1.36 -1.25 (m, 3H, CH of isopropyl group), 1.15 (d, J = 7.30 Hz, 18H, CH3 of isopropyl).

➢ 1 H

 1 -NMR (400 MHz, CDCl3) δ = 7.52 (d, 2H, J= 8.97 Hz, H aromatic near iodo), 6.67 (d, 2H, J = 8.90 Hz, H aromatic near OTIPS), 1.28 (3H, m, CH of isopropyl), 1.11 (d, 18H, J = 7.30 Hz, CH3 of isopropyl).

➢ 1 H

 1 -NMR (400 MHz, CDCl3, ppm) δ = 7.44 (d, J = 8.90 Hz, 2H), 7.12 (s, 1H), 6.90 (d, J = 8.80 Hz, 2H), 6.73 (s, 1H), 3.99 (t, J = 6.40 Hz, 2H), 3.43 (t, J = 6.80 Hz, 2H), 2.42 (s, 3H), 1.88 (d, J = 14.30 Hz, 6H), 1.81 (m,2H), 1.53 (m, 6H).(Assigned below) ➢ 19 F-NMR (376 MHz, CDCl3, ppm) δ = -110.05 (br-s,2F, peripheral),-110.37 (br-s, 2F, peripheral), -131.91 (quintiplet, J = 5.70 Hz, 2F, central).

➢ 13 C

 13 -NMR (101 MHz, CDCl3, ppm) δ = 159.09 (C-O), 142.12 (Cquart), 137.82 (C quart), 127.03 (Ca) , 124.84 (Cb), 121.48 (Cd), 115.09 (Cc), 68.05 (Ce), 33.88(Cf) , 32.82(Ci), 29.87(Cj), 29.20 (Ck),28.07(Ck), 25.43 (Ck), 15.26(Cg), 14.51(Ch/i), 14.44 (Ch/i) . ➢ HR-MS: ESI CH3OH / CH2Cl2: 90/10 [M+Na] + (C28 H27 O F6 79 Br Na S2) m/z calculated: 659.04831 m/z found: 659.0492 [M+K] + (C28 H27 O F6 79 Br S2 K) m/z calculated: 75.02225 m/z found: 675.0226 ➢ EA: calculated for C28 H27 O F6 Br S2 calculated: C 52.75, H 4.27, S 10.06. Found C: 53, H 4.4, S 9.92.

➢ 3 Synthesis of 3. 11

 311 HR-MS: ESI-solvent: CH3OH / CH2Cl2: 90/10 [M+Na] + (C28 H27 N3 O F6 Na S2) m/z calculated :622.1392 m/z found: 622.1399 [M+K] + (C28 H27 N3 O F6 S2 K) m/z calculated:638.11313 m/z found: 638.1134. ➢ EA: calculated for C28 H27 N3 O F6 S2 C 56.08, H 4.54,N 7.01, S 10.69. Found C: 56.40, H 5.13, N 5.77, S 9.92. (need to be repeated) 4.3. For DTE-

➢ 1 H

 1 -NMR (400 MHz, CDCl3, ppm) δ = 7.37 (d, J = 8.60 Hz, 2H, aromatic protons near triple bond), 6.82 (d, J = 8.60 Hz, 2H, aromatic protons near OTIPS), 2.99 (s, 1H, alkynyl proton), 1.35 -1.20 (m, 3H, CH of isopropyl group), 1.10 (d, J = 7.50 Hz, 18H, CH3 of isopropyl groups).

➢ 1 H

 1 -NMR (400 MHz, CDCl3, ppm) δ = 7.38 (d, J = 8.70 Hz, 2H, aromatic protons near triple bond), 7.21 (s,1H, thienyl proton near triple bond), 6.81 (d, J = 8.70 Hz,2H, aromatic protons near OH), 6.71 (s, 1H, thienyl protons near CH3), 2.41 (s, 3H, CH3 external), 1.88 (d, 6H, 2CH3 internal). ➢ 19 F-NMR (376 MHz, CDCl3, ppm) δ = -110.08 (br-s, 2F, peripheral), -110.26 (br-s, 2F, peripheral), -131.91 (quintiplet, J = 5.60 Hz, 2F, central

➢ 1 H

 1 -NMR (400 MHz, CDCl3,ppm) δ = 7.43 (d, J = 8.80 Hz, 2H, aromatic protons near triple bond), 7.21 (s, 1H,thienyl proton near triple bond), 6.86 (d, J = 8.90 Hz, 2H aromatic protons near O ), 6.71 (s, 1H, thienyl proton methyl), 3.98 (t, J = 6.70 Hz, 2H,-OCH2), 3.29 (t, J = 6.80 Hz, 2H, -CH2N3), 2.42 (s, 3H, CH3), 1.88 (d, J = 7.60 Hz, 6H, CH3 internal), 1.83 -1.76 (m, 4H, aliphatic protons), 1.70 -1.62 (m, 4H, aliphatic protons). ➢ 19 F-NMR (376 MHz, CDCl3, ppm) δ = -110.10 (br-s,2F, peripheral), -110.28 (br-s,2F, peripheral), -131.92 (quintuplet, J = 5.60 Hz,2F, central). ➢ 13 C-NMR (101 MHz, CDCl3,ppm) δ = 159.48 (C-O), 142.69 (Cquat), 139.88 (Cquat), 137.90(Cquat), 132.98 (aromatic carbons), 131.06 (Cquat), 124.57 (Cquat), 124.34 (Cquat), 121.90 (Cquat), 114.62 (aromatic carbons), 93.84 (C triple bond near thiophene), 80.29 (C triple bond near phenyl), 67.91 (O-CH2-),51.39 (-CH2-N3), 29.11 (Calkyl), 29.05 (Calkyl), 28.80 (Calkyl), 26.50 (Calkyl), 25.84 (Calkyl), 15.11 (methyl), 14.34 (methyl). ➢ HR-MS: ASAP [M-N2+H] + m/z calculated: 596.1511 m/z found: 596.1516) M +. (C30 H27 N3 O F6 S2) m/z calculated: 623.14943 m/z found: 623.1492.

19 F

 19 -NMR (282 MHz, CDCl3, ppm) δ = -107.69 --109.51 (m,2F), -118.23 (m, 2F), -128.45 (m,1F), -130.20 (m,2F).

➢ 1 H

 1 -NMR (400 MHz, CDCl3,ppm) δ = 7.40 (d, J = 8.60 Hz, 2H, aromatic protons near OTIPS), 7.13 (s, 1H, thienyl proton near benzene ), 7.07 (s, 1H, thienyl proton near Br ), 6.90 (d, J = 8.60 Hz, 2H,aromatic protons near thiophene), 1.95 (s, 3H, CH3 internal), 1.91 (s, 3H,CH3 internal), 1.33 -1.25 (m, 1H, C-H of TIPS), 1.13 (d, J = 7.30 Hz, 18H, CH3 of TIPS). ➢ 19 F-NMR (376 MHz, CDCl3, ppm) δ = -110.09 (br-s,2F, peripheral fluorines), -110.16 (br-s, 2F, peripheral fluorines, -131.87 (p, J = 5.20 Hz, 2F, internal fluorines). ➢ 13 C-NMR (101 MHz, CDCl3,ppm) δ = 156.42 (C-O), 143.45 (Cquat), 142.75 (Cquat), 140.39 (Cquat), 129.53 (Cquat), 126.97 (aromatic carbons near OTIPS), 126.44 (thienyl carbon near benzene, 125.76 (Cquat), 125.55 (Cquat), 121.15 (thienyl carbon near thiophene), 120.50 (aromatic carbons near thienyl), 109.89 (C-Br), 18.06 (CH3 of TIPS), 14.06 (CH3 internal),14.55 (CH3 internal), 12.86 (CH of TIPS). ➢ HR-MS: ASAP [M+H] + (C30 H34 O F6 79 Br Si S2) m/z calculated: 695.09024 m/z found:695.0894 M +. (C30 H33 O F6 79 Br Si S2) m/z calculated :694.08242m/z found :694.0814. ➢ EA: C30 H33 O F6 Br Si S2: calculated C 51.79, H,4.78, S 9.2. Found C 52.12, H 5.01, S 9.06. ➢ XRD

➢ 1 H

 1 -NMR (400 MHz, CDCl3, ppm) δ = 7.41 (d, J = 8.70 Hz, 2H, aromatic near thiophene), 7.10 (s, 1H, thienyl proton), 7.05 (s, 1H, thienyl proton), 6.85 (d, J = 8.60 Hz, 2H, aromatic proton near OH), 1.94 (s, 3H, CH3 of DTE), 1.89 (s, 3H, CH3 of DTE). ➢ 19 F-NMR (376 MHz, CDCl3, ppm) δ = -109.88 --110.41 (4F peripheral), -131.90 (quintuplet, J = 6.20 Hz, 2F central). ➢ 13 C-NMR (101 MHz, CDCl3, ppm) δ = 156.59 (C-OH), 143.

➢ 1 H

 1 -NMR (400 MHz, CDCl3,ppm) δ = 7.45 (d, J = 8.70 Hz, 2H, aromatic protons near thiophene), 7.13 (s, 1H,thienyl proton), 7.07 (s, 1H, thienyl proton), 6.91 (d, J = 8.70 Hz, 2H, aromatic proton near O), 3.99 (t, J = 6.40 Hz, 2H, CH2 near O), 3.44 (t, J = 6.80 Hz, 2H, CH2 near Br), 1.96 (s, 3H, CH3 of DTE), 1.90 (s, 3H, CH3 of DTE), 1.83 (m, 2H, aliphatic protons), 1.53 (p, J = 3.70 Hz, 4H, aliphatic protons). ➢ 19 F-NMR (376 MHz, CDCl3, ppm) δ = -110.09 (m,4F peripheral), -131.84 (quintuplet, J = 5.60 Hz, 2F central). ➢ 13 C-NMR (101 MHz, CDCl3,ppm) δ = 159.21 (C-O), 143.43 (Cquat), 142.62 (Cquat), 140.37 (Cquat), 129.49 (Cquat), 127.04 (aromatic carbons near thiophene), 126.07 (Cquat), 125.71 (Cquat), 125.52 (Cquat), 121.13 (Cquat), 115.10 (aromatic carbon near O), 109.88, 68.02 (C-Br thiophenic), 33.83 (C-Br alkyl chain), 32.80 (Calkyl) , 29.17 (Calkyl), 28.04 (Calkyl), 25.41 (Calkyl), 14.57(CH3), 14.48(CH3). ➢ HR-MS: ASAP M +. (C27 H24 O F6 79 Br2 S2) m/z calculated: 699.9534; m/z found: 699.9537 (0 ppm). [M+H] + (C27 H25 O F6 79 Br2 S2) m/z calculated: 700.96123; m/z found : 700.9598 (2 ppm) [M-.F] + (C27 H24 O F5 79 Br2 S2) m/z calculated : 680.955 m/z; found :680.9558 (1 ppm) [C6H12Br] + (C6 H12 79 Br) m/z calculated: 163.01169; m/z found: 163.0117 (0 ppm) [M-C6H12Br+H] + (C21 H13 O F6 79 Br S2) m/z calculated: 537.94899; m/z found : 537.9492 (0 ppm). ➢ EA C27 H24 O F6 Br2 S2: calculated C 46.17, H 3.44, S 9.13. Found C4 5.85, H 3.64, S 8.89. ➢ XRD

➢ 1 H

 1 -NMR (400 MHz, CDCl3,ppm) δ = 8.64 (d, J = 8.00 Hz, 1H, naphthalene-H), 8.54 (d, J = 8.00 Hz, 1H, naphthalene-H), 8.39 (d, J = 7.80 Hz, 1H, naphthalene-H), 8.02 (d, J = 7.90 Hz, 1H), 7.83 (t, J = 8.00 Hz, 1H, naphthalene-H), 4.16 (m, J = 7.60 Hz, 2H,-NCH2-), 1.70 (m, 2H, NCH2CH2-), 1.44 (m, 2H, -CH2CH3-), 0.98 (t, J = 7.40 Hz, 3H, -CH3).

➢ 1 H

 1 -NMR(400 MHz, CDCl3,ppm): δ = 8.60 (dd, J = 10.20, 7.40 Hz, 2H, naphthalene-H), 8.40 (d, J = 8.5 Hz, 1H, naphthalene-H), 7.75 (d, J = 7.60 Hz, 1H, naphthalene-H), 7.69 (dd, J = 8.60, 7.30 Hz, 1H, naphthalene-H), 7.47 (d, J = 8.70 Hz, 2H, aromatic protons near O), 7.22 (s, 1H,thienyl proton near naphthyl), 7.17 (s, 1H, thienyl proton near benzene), 6.91 (d, J = 8.80 Hz 2H,aromatic protons near thiophene), 4.23 -4.16 (t, 2H,-NCH2-), 4.00 (t, J = 6.4 Hz, 2H,-CH2 near O), 3.44 (t, J = 6.80 Hz, 2H,-CH2 near Br), 2.19 (s, 3H,CH3 internal), 2.08 (s, 3H,-CH3 internal), 1.98 -1.86 (m, 2H,-OCH2CH2), 1.83 (m, 2H, ,-NCH2CH2), 1.73 (m, 2H,-NCH2CH2 CH2), 1.49 -1.41 (m, 6H,CH2 of alkyl chain), 0.99 (t, J = 7.30 Hz, 3H,CH3 of butyl chain). ➢ 19 F-NMR: (376 MHz, CDCl3, ppm) δ = -109.61 (br-s, 2F, periphery F), -110.32 (br-s, 2F, periphery F), -131.92 --132.00 (quintuplet, 2F, internal).

  , 2H,-NCH2CH2CH2), 1.51 -1.41 (m, 6H, CH2 of alkyl chain), 0.99 (t, J = 7.30 Hz, 3H,CH3 of butyl chain). ➢ 19 F-NMR (376 MHz, CDCl3, ppm) δ = -109.61 (br-s, 2F peripheral), -110.31 (br-s, 2F peripheral, -131.90 --132.02 (quintet, 2F, internal). ➢ 13 C-NMR (101 MHz, CDCl3,ppm) δ = 163.98 (C-O), 163.98 (C-O), 159.

➢ 1 H

 1 NMR (400 MHz, CDCl3,ppm): δ = 8.01 (d, J = 8.00 Hz, 1H, naphthalene-H), 8.33 (d, J = 8.00 Hz, 1H, naphthalene-H), 8.55 (m, 2H, naphthalene-H), 7.82 (t, J = 8.00 Hz, 1H, naphthalene-H), 7.04-7.19 (m, 5H, phenyl-H), 6.01 (dd, J1 = 5.60 Hz, J2 = 10.00 Hz, 1H, -NCH2-), 3.75 (s, 3H, -COOCH3-), 3.71 (dd, J1 = 5.60 Hz, J2 = 14.00 Hz, 1H, -Ph-CH2-), 3.48 (dd, J1 = 10.00 Hz, J2 = 14.40 Hz, 1H, -Ph-CH2-). For compound 3.22-b

➢ 1 H

 1 -NMR (400 MHz, CDCl3, ppm) δ = 9.10 (dd, J = 8.00 Hz, 1H naphthalene-H), 8.48 (d, J = 7.60 Hz, 1H, naphthalene-H), 8.52 (d, J = 7.60 Hz, 1H, naphthalene-H), 8.26 (d, J = 7.30 Hz, 1H naphthalene-H), 7.74 (dd, J = 8.50, 7.30 Hz, 1H, naphthalene-H), 7.17 (m, 2H, phenyl-H), 7.09 (m, 2H, phenyl-H), 7.04 (m, 1H, phenyl-H), 6.01 (dd, J = 9.70, 5.70 Hz, 1H,-NCH-), 3.74 (s, 3H-COOCH3-),3.72 (dd, J = 5.80 Hz, J2 = 14.00, 1H, Ph-CH2-), 3.47 (dd, J = 14.20, 9.70 Hz, 1H-Ph-CH2), 1.43 (s, 12H, CH3). 52 ➢ 11 B-NMR (128 MHz, CDCl3, ppm) δ = 30.56 (s).

➢ 1 H

 1 -NMR (400 MHz, CDCl3,ppm) δ = 8.56 -8.48 (m, 2H, naphthalene-H), 8.40 (d, J = 8.60 Hz, 1H, naphthalene-H), 7.73 (d, J = 7.60 Hz, 1H, naphthalene-H), 7.66 (t, J = 8.50 Hz, 1H, naphthalene-H), 7.47 (d, J = 8.70 Hz, 2H, aromatic protons near O), 7.21 (d, J = 2.40 Hz, 2H, thienyl protons), 7.18 (d, J = 8.00 Hz, 1H, aromatics), 7.13 (t, J = 7.20 Hz, 2H, aromatics), 7.08 (d, J = 7.10 Hz, 1H,aromatics). 6.91 (d, J = 8.80 Hz, 2H,aromatics), 6.03 (dd, J = 9.80, 5.60 Hz, 1H,-C-H chiral center) 4.00 (t, J = 6.40 Hz, 2H, -OCH2-), 3.76 (s, 3H,-OCH3 ester), 3.74 -3.70 (dd, J = 14.20, 9.80 Hz, 1H, -Ph-CH2-), 3.50 (dd, J = 14.20, 9.80 Hz, 1H, -Ph-CH2-), 3.44 (t, J = 6.80 Hz, 2H,-CH2Br), 2.19 (s, 3H,CH3 internal), 2.07 (s, 3H, CH3 internal), 1.91 (m,2H,-OCH2CH2), 1.84 -1.76 (m, 2H, -CH2CH2Br), 1.53 (m, 4H, 2 CH2 of alkyl chain). ➢ 19 F-NMR (376 MHz, CDCl3, ppm) δ -109.59 (br-s, 2F, peripheral fluorines), -110.31 (br-s, 2F, peripheral fluorines), -131.93 (quintiplet, J = 5.50 Hz, 2F, internal fluorines). ➢ 13 C-NMR (101 MHz, CDCl3,ppm) δ 170.24 (C=O of ester), 163.68(C=O of naphthylamide), 163.41 (C=O of naphthylamide), 159.

➢ 1 H➢ 19 F

 119 -NMR (400 MHz, CDCl3) δ 8.57 -8.46 (m, 2H, naphthalene-H), 8.40 (d, J = 8.60 Hz, 1H, naphthalene-H), 7.73 (d, J = 7.60 Hz, 1H,naphthalene-H), 7.66 (t, J = 8.50 Hz, 1H, naphthalene-H), 7.47 (d, J = 8.80 Hz, 2H, aromatics near O), 7.21 (d, J = 2.40 Hz, 2H, thienyl protons), 7.19 -7.16 (d, J = 8.00 Hz, 1H, aromatics), 7.15 -7.10 (t, J = 7.20 Hz, 2H, aromatics), 7.07 (d, J = 7.10 Hz, 1H, aromatics), 6.91 (d, J = 8.80 Hz, 2H, aromatics), 6.03 (dd, J = 9.80, 5.60 Hz, 1H,-C-H chiral center) ,4.00 (t, J = 6.40 Hz, 2H, -OCH2-), 3.75 (s, 3H, ,-OCH3 ester), 3.74 -3.69 (dd, J = 14.20, 9.80 Hz, 1H, -Ph-CH2), 3.50 (dd, J = 14.20, 9.80 Hz, 1H, , -Ph-CH2), 3.30 (t, J = 6.90 Hz,2H,-CH2 N3), 2.19 (s, 3H,CH3), 2.07 (s, 3H, CH3 internal), 1.88 -1.78 (m, 2H,-OCH2CH2), 1.66 (m, 2H, -CH2CH2N3), 1.52 -1.45 (m, 4H, 2 CH2 of alkyl chain). -NMR (376 MHz, CDCl3, ppm) δ = -109.60(br-s, 2F, peripheral fluorines), -110.31 (br-s, 2F, peripheral fluorines), -131.93 (quintuplet, J = 5.40 Hz,2F, internal fluorines). ➢ 13 C-NMR (101 MHz, CDCl3) δ 170.27 (C=O), 163.69 (C=O), 163.42 (C-O), 159.

4. 5 .

 5 X-ray data for 3.21'

  Rhodamine dyes, like fluorescein and eosin dyes, are fluorophores that belong to the xanthenes family. The basic structures of xanthene chromophore and rhodamine dyes are shown below in Scheme 4.1.

Scheme 4 . 3

 43 Scheme 4. 3 Schematic presentation of complex 4.1 and 4.2.(Reproduced from ref. 20).

Figure 4 . 1

 41 Figure 4. 1 Photograph of 4.1 (8.38 μM in MeOH) showing the color change in the presence of various cations (40 equiv).(Taken from ref. 20).The electronic absorption spectra were used to monitor the ring opening of rhodamine upon addition of Hg 2+ ions. A new absorption band appeared at 530 nm for both 4.1 and 4.2 complexes as the concentration of Hg 2+ increased (Figure4.2). When an equimolar concentration of ethylenediaminetetraacetic acid was added, the color of the mixture of 4.1 or 4.2 and Hg 2+ ions in methanol changed back from magenta to the original pale-yellow color, indicating that the Hg 2+ ioninduced ring-opening process of the rhodamine derivative in the current chemo sensing system is reversible. It should be noted that a similar behavior was observed when acid was added.

Figure 4 . 2

 42 Figure 4. 2 The electronic absorption spectra of 4.1(A) and 4.2(B) in methanol (conc. = 8.12 μM) at 298 K upon addition of various concentrations of Hg 2+ . Insets show the plot of absorbance at 530 nm as a function of the concentration of Hg 2+ with theoretical fit. (Taken from ref. 20).

Figure 4 . 3

 43 Figure 4. 3 Corrected emission spectra of 4.1 in methanol (C = 8.12 μM) at 298 k upon the addition of various concentration of Hg 2+ . Inset show the plot of the emission intensity as a function of concentration Hg 2+ with a theoretical fit.( Taken from ref. 20).

Scheme 4 . 4

 44 Scheme 4. 4 Molecular Structure of 4.3 and 4.4 (Reproduced from ref. 21).

Complex 4 . 3

 43 showed no detectable emission in methanol, similar to other related chloroplatinum (II) terpyridine systems. It is worth to mention that 4.4 have a broad NIR emission band at 710 nm, which is assigned to metal-metal-to-ligand charge transfer (MMLCT) excited state and this is explained by the presence of aggregates in methanol (Figure4.5).

Figure 4 . 4

 44 Figure 4. 4 Electronic absorption spectra of 4.3 (blue) and 4.4 (red) (conc. = 2 × 10 -5 M) in methanol.(Reproduced from ref. 21).

Figure 4 . 5

 45 Figure 4. 5 Emission spectrum of 4.4 in methanol at 298 K. (Taken from ref. 21)Remarkably, both complexes exhibited remarkable selectivity and sensitivity upon the addition of mercury (II) (Hg 2+ ) as the metal cation. The ring opening of the rhodamine through the triggered metal cation species showed interesting spectroscopic responses where an intense absorption band at 556 nm and emission band at 585 nm were observed for both complexes (Figure4.6).

Figure 4 . 6

 46 Figure 4. 6 Electronic absorption and normalized emission spectra of 4.3 (blue) and 4.4 (red) (2 × 10 -5 M) in methanol with 10 eq. of Hg 2+ .(Taken from ref. 21). Such switching "ON" shown in the absorption and fluorescence were attributed to the intraligand (IL) [π-π*] transition of the xanthene molecule.

Figure 4 .

 4 Figure 4. 7 A) Selectivity studies of 4.4 (conc. = 2 × 10 -5 M) in MeOH upon addition of various metal ions (10 equivalences) B) Photographs demonstrating the color changes (top) and fluorescence enhancement (bottom) of 4.3 (left) and 4.4 (right) (2 × 10 -5 M) in methanol with various cations (10 equiv) (left to right) Na + , Zn 2+ , Pb 2+ , Ca 2+ , Li + , Mg 2+ , Ba 2+ , Ni 2+ , Cd 2+ , Hg 2+ , Co 2+ , blank.(Taken from ref. 21).

Figure 4 . 8

 48 Figure 4. 8 Electronic absorption spectral changes of 4.3 (A) and 4.4 (B) (2 × 10 -5 M) upon the addition of [Hg 2+ ] in methanol. (insets) Plots of the corresponding absorbance at 557 nm as a function the concentration of Hg 2+ with a theoretical fit. (Taken from ref. 21).

Figure 4 . 9

 49 Figure 4. 9 Emission spectral changes of 4.3 (A) and 4.4 (B) (2 × 10 -5 M) upon the addition of [Hg 2+ ] in methanol. (insets) Plots of the corresponding relative emission intensity at 582 nm as a function the concentration of Hg 2+ with a theoretical fit. (Taken from ref. 21).

Complex 4 . 4

 44 can be used in ratio-metric emission measurement for the selective sensing process due to the well-separated emissions from platinum (II) aggregation and ring-opened rhodamine derivative. Using a methanol-water (1:1, v/v) mixture as a solvent, enhanced aggregation of 4.4 was accomplished, with a low-energy absorption shoulder around 530 nm and intense NIR emission emerging at around 800 nm. As demonstrated in Figure4.10 (A), the addition of Hg 2+ ion increased the rhodamine absorption band at 560 nm while decreasing the MMLCT absorption shoulder at 530 nm. The NIR emission intensity at 800 nm from aggregation reduced dramatically, similar to the absorption titration investigation. At the same time, the rhodamine emission at 585 nm increased due to the Hg 2+ triggered ring-opening process of the rhodamine (Figure4.10 (B)). The decrease in NIR emission intensity was attributed to the disaggregation of 4.4, which was presumably caused by electrostatic repulsion between the highly positive charged [4.4. Hg] 3+ adducts.

Figure 4 .

 4 Figure 4. 10 Electronic absorption (A) and emission (B) spectral changes of 4.4 (5 × 10 -5 M) upon the addition of [Hg 2+ ] in methanol-water (1:1, v/v). (insets) Plots of the corresponding absorbance and emission as a function the concentration of Hg 2+ with a theoretical fit. (Taken from ref. 21).

Scheme 4 . 5

 45 Scheme 4. 5 Schematic diagram for the ratiometric luminescence of 4.4 based on solvent-induced aggregation and Hg 2+ triggered ring-opening and de aggregation process in methanol-water (1;1 v/v) mixture. (Reproduced from ref. 21).

Scheme 4 . 6

 46 Scheme 4. 6 Schematic representation of compound 4.5 and its emission properties.(Reproduced from ref. 22).

Figure 4 .

 4 Figure 4. 11 Images of A549 (lung cancer) cells and zebrafish. (a) Microscopic image of A549 cells treated with 4.5 (5 μM) in the absence of NaOCl (control). (b) Microscopic image of A549 cells treated with both NaOCl (10 μM) and 4.5 (5 μM). (c) Fluorescence image of A549 cells treated with 4.5 (5 μM) in the absence of NaOCl (control). (d) Fluorescence image of A549 cells treated with both NaOCl (10 μM) and 4.5 (10 μM). (e) Fluorescence images of zebra fish treated with 4.5 (20 μM) in the absence of NaOCl (control). (f) Microscopic image of zebrafish treated with 4.5 (20 μM) and NOCl (100 μM). (g) Fluorescence image of zebrafish treated with 4.5 (20 μM) and NaOCl (100 μM). (Taken from ref. 22).Moreover, Guo et al developed a new class of near-infrared fluorescent dyes bearing a sulfone rhodamine for bioimaging application.23 This innovative rhodamine fluorescent dye, achieved through substituting the oxygen atom positioned at the 10 th position with a sulfone group, induced a remarkable shift in its absorption and emission maxima towards the longer wavelength red region, specifically at 700-710 nm and 728-752 nm, respectively. This shift was notably extensive compared to analogous dyes containing O-, C-, and Si-substituted groups, attributed to the d*-π* conjugation mechanism (Figure4.12 and Scheme 4.7).

Figure 4 .

 4 Figure 4. 12 Emission wavelengths of rhodamine differing at 10-position.(Taken from ref. 23).

Scheme 4 . 7

 47 Scheme 4. 7 Sulfone-Rhodamines SO2R1-6 in this work. (Reproduced from ref. 23).

Figure 4 .

 4 Figure 4. 13 Percentage of viable HeLa cells after treatment with increasing concentrations of SO2R4 or SO2R5 (2-10 μM) after 12 and 24 h, respectively. (Taken from ref. 23). In addition, the fluorescence imaging behavior for both rhodamines (SO2R4 and SO2R5) was tested in rat kidney tissues and compared to that of Cy5.5, a widely used in NIR fluorescence labelling agent. Based on Figure 4.14, it is clearly evident that both dyes gave an adequate fluorescence image with a higher tissue penetration capacity (135-165 for SO2R4 and 145-185 μM for SO2R5) that that of Cy 5.5 (60-100 μM).

Figure 4 .

 4 Figure 4. 14 Fluorescence images of SO2R4 (A), SO2R5 (B), and Cy5.5 (C), in frozen slices of rat kidney, obtained by a confocal fluorescence microscope. The changes of fluorescence intensity with scan depth were determined in z-scan mode. For SO2R4 and SO2R5, the emission was collected collected at 680-780 nm (λex: 633 nm); for Cy5.5, the emission was collected at 650-750 nm (λex: 633 nm). Scale bar: 120 μM. (Taken from ref. 23).

Scheme 4 . 8

 48 Scheme 4. 8 The response mechanism of RBTN to Fe 3+ .(Reproduced from ref. 24).

Figure 4 .

 4 Figure 4. 15 Fluorescence microscope imaging of Zebrafish (λex/em = 520/582 nm). (1) Merged image of zebrafish treated with RBTN (20 μM) for 30 min, (2) merged image of RBTN-loaded zebrafish treated with Fe 3+ (20 μM) for 30 min, (A) fluorescent microscopic images, (B) corresponding brightfield image, (C) the overlay images. (Taken from ref. 24).Similarly, soybean root samples cultivated with Fe 3+ showed a low fluorescence condition before being immersed in RBTN. Remarkably, after immersing the samples of soybean roots in RBTN for 30 min, a significant fluorescence was observed (Figure4.16).

Figure 4 . 16

 416 Figure 4. 16 Fluorescence microscope imaging of soybean root tissues (λex/em = 520/582 nm). (1) Merged image of soybean roots treated with Fe 3+ (20 μM) for 30 min, (2) merged image of Fe 3+ -loaded soybean roots treated with RBTN (20 μM) for 30 min, (A) fluorescent microscope images, (B) corresponding brightfield image, (C) the overlay images. (Taken from ref. 24).

Scheme 4 . 9

 49 Scheme 4. 9 Schematic presentation showing the photochromism of the synthesized compounds. (Reproduced from ref. 18). In the ring closed form of rhodamine, the two DTE 4.6o and 4.7o showed the normal behavior of photochromism. Upon UV irradiation, the colorless solution turned into purple with an emergence of a band in the visible region corresponding to the closed form of the DTE unit (Figure 4.17).

  ).

Figure 4 .

 4 Figure 4. 17 Changes in absorption spectra and color of diarylethenes 4.6-4.8 in methanol (C = 2.0 × 10 -5 mol L -1 ) at room temperature: (A) spectral changes for 4.6, (B) spectral changes for 4.7, (C) spectral changes for 4.8, and (D) color changes for diarylethenes 4.6-4.8.(Reproduced from ref. 18).

Figure 4 .

 4 Figure 4. 18 Changes in fluorescence and color of diarylethenes 4.6o and 4.7o in methanol (C = 2.0 × 10 -5 mol L -1 ) induced by the addition of TFA when excited at 520 nm at room temperature: (A) emission spectral changes for 4.6o (B) emission spectral changes for 4.7o, (C) Inset shows the emission intensity changes of 4.6o as function of TFA, and (D) Inset shows the emission intensity changes of 4.7o as function of TFA .(Taken from ref. 18) As mentioned before, this molecule exhibited also an optical control. Upon UV irradiation, the pink solution of both 4.6o' and 4.7o' (rhodamine ring opened by TFA) was turned into a purple color and the fluorescence emission at 587 nm decreased dramatically with 27 % quenching of their original state for 4.6c' and 31 % for 4.7c'. This quenching is explained by the well-known mechanism Förster Resonance energy transfer (FRET) where the emission band of the rhodamine (550-650 nm) in the open state is overlapping with the absorbance of the closed isomer of the DTE. It is good to mention that the residual emission is assigned to the presence of the parallel conformers of the DTE since the photocyclization is not complete. Upon visible light irradiation of the resulting mixture, the spectrum returned back to its original spectrum (Figure 4.19).

Figure 4 .

 4 Figure 4. 19 A) Emission spectral changes from 4.3o', B) Emission spectral changes for 4.4o', C) Changes in color upon alternating irradiation with UV/vis light in methanol (C = 2×10 -5 M) when excited at 520 nm at room temperature. (Taken from ref. 18).

Fig. 4 .

 4 Fig. 4.20 illustrates the reversible chemo-modulation of diarylethenes 4.6 and 4.7 fluorescence emission intensity, induced by the alternating addition of TFA and TEA. These switchable fluorescence cycles of both 4.6 and 4.7 were repeated for at least ten times, with no observation of any remarkable degradation. Thus, they showed good fatigue resistance properties.

Figure 4 .

 4 Figure 4. 20 Fluorescent switch cycles of diarylethenes 4.6o and 4.7o (C = 2.0×10 -5 mol.L -1 ) induced by alternating additions of TFA and TEA in methanol when excited at 520 nm at room temperature. (Taken from ref. 18)

Figure 4 .

 4 Figure 4. 21 (a) Through-space energy transfer (FRET) and (b) through-bond energy transfer (TBET). (Taken from ref. 27)

Scheme 4 .

 4 Scheme 4. 10 TBET-based gated photochromism of azobenzene in 4.9 by "lock/unlock" mechanism in the presence of Fe 3+ /F -in THF. TBAF: tetrabutyl ammonium fluoride. (Reproduced from ref.25) 

Figure 4 .

 4 Figure 4. 22 UV-visible absorption spectra of 4.9 (10 mM) with 10 equivalents of Fe 3+ (0.02 M) in THF measured at different time intervals during photoirradiation at 365 nm. (Taken from ref. 25).

Figure 4 .

 4 Figure 4. 23 Fluorescence spectra of 4.9 (10 mM) with 10 equivalents of Fe 3+ (0.02 M) in THF measured at different time intervals during photoirradiation at 365 nm. (Taken from ref. 25).

Figure 4 .

 4 Figure 4. 24 Novel triazole DAE system: click reaction between an azide modified target and a photo-switch precursor (cyclopentene-acetylene) forms a triazole diaryethene (pFPS 1-15).(Reproduced from ref. 28) In the context of employing rhodamine as the fluorescent dye, our group, in collaboration with Dr. Keith Man-Chung Wong, recently published two novel cyclometalated alkynyl platinum(II) complexes with rhodamine-like (rhodyne: rhodamine+alkyne) ligands that exhibited controlled photophysical behavior (Scheme 4.11). 29 As depicted in Scheme 4.11, complexes 4.10 and 4.11 exhibited a distinction in terms of the alkyne bridge position on the rhodamine moiety, specifically located at positions 6' or 7'.

4 . 11 .

 411 As well as the shapes of the newly emerged absorption bands were different between 4.10 and 4.11 (Figure 4.25).

Figure 4 .

 4 Figure 4. 25 The electronic absorption spectral changes of (A) 4.10 (conc.=10 μM) and (B) 4.11 (conc.= 25 μM) upon the addition of various equivalents of protons in acetonitrile at room temperature. The insets show plots of absorbance versus the concentration of protons and the solution colors in the opened forms. (Taken from ref. 29)Furthermore, both complexes exhibited chemo-responsiveness in the presence of lead ions Pb (II), resulting in the opening of the spiro-ring and showcasing a similar evolution in absorption spectra as observed in the presence of protons.

Figure 4 .

 4 Figure 4. 26 Emission spectral changes in acetonitrile upon the addition of various concentrations of Pb (II) ions to (A) 4.10 and (B) 4.11 at an excitation wavelength of 540 nm; conc. = 10 μM. The insets show plots of the relative emission intensity versus the equivalents of Pb (II) ions. Blue line: deoxygenated solution with an excess of Pb (II) ions. (Taken from ref. 29)

Scheme 4 .

 4 Scheme 4. 12 Resonance structures of 4.10 and 4.11 illustrating the possibility of platinum (II) allenylidene formation through the positive charge created on rhodyne in their ring-opened forms. (Reproduced from ref. 29)

Scheme 4 .

 4 Scheme 4. 15 Synthetic procedure to obtain Rho1-DAE

Scheme 4 .

 4 Scheme 4. 16 Synthetic procedure of Rho2-DAE.

Figure 4 .

 4 Figure 4. 27 1 H-NMR spectrum of Rho1-DAE (400 MHz) in deuterated chloroform.

Figure 4 .

 4 Figure 4. 28 1 H-NMR spectrum of Rho2-DAE (400 MHz) in deuterated chloroform.

Figure 4 .

 4 Figure 4. 29 Aromatic region of the 1 H NMR spectra of Rho1-DAE and Rho2-DAE in CDCl3 (400 MHz).

3 .

 3 Optical properties if DAE incorporating Rhodamine moieties 3.1. Photoisomerization by UV-vis absorption analysis 3.1.1. For Rho1-DAE After irradiating at 250 nm, a solution of Rho1-DAE dissolved in dichloromethane with a concentration of C = 1×10 -5 M, it exhibited an unexpected change. Instead of the typical non-structured band in the visible region, which is indicative of the formation of the closed isomer of DAE, we observed a structured band in the visible region (as shown by the red curve) and strong emissive properties (λexc = 340 nm) centred at λ = 570 nm (as shown by the green curve). This unusual behaviour is generally attributed to the opening of the spirolactam ring of the rhodamine derivative. To confirm our assumption regarding the opening of the rhodamine cycle, we introduced triethylamine (1 eq.) into the solution. This led to the disappearance of the band in the visible region, but the spectrum did not return to its original state, as indicated by the dotted blue curve. This finding suggests that the spiroring of the rhodamine is closed, while the DAE component has degraded (Figure4.30).It's important to acknowledge the involvement of Dr. Shunan Zhao, who contributed to the optical property measurements of both Rho-DAE systems.

Figure 4 .

 4 Figure 4. 30 Electronic absorption spectra of Rho1-DAE in DCM (C = 1×10 -5 M) before irradiation (black curve), with UV irradiation at λ = 250 nm until reaching PSS (red curve), and after the addition of triethylamine (dotted blue curve). Electronic emission properties (λexc = 340 nm) of Rho1-DAE (green curve) upon UV irrad (λ = 250 nm).

Scheme 4 .

 4 Scheme 4. 18 Plausible mechanism of degradation observed for Rho1-DAE system upon UV irradiation (λ = 250 nm).

  Potential energy scans for the first excited state (S1) and the ground state (S0) are conducted along the reaction coordinate for Rho1-DAE, and Ph-Rho. A spin-flip-TDDFT calculation is employed to identify an anticipated conical intersection(Figure 4.31). A conical intersection is observed for Rho1-DAE and for Ph-Rho, at a C-C distance slightly less than 2.1 Ångstroms. This distance allows for a barrierless ring-closure reaction upon vertical excitation of their open isomers. These theoretical findings reveal that the incorporation of the rhodamine chromophore at the 6' position does not disrupt the potential photochromic reactivity. DAE-Rho1 along with the reference compound Ph-Rho, are indeed capable of undergoing an electrocyclic ring closure through a conical intersection. It's worth noting that similar theoretical results have been obtained in triazole-based DAEs, which also exhibit experimental photochromic behavior (Figure4.31).28 

Figure 4 .

 4 Figure 4. 31 Potential energy scan for the first excited state (S1) and the ground state (S0) along relaxed S1 geometries along the reaction coordinate, for Ph-Rho (left), and DAE-Rho1 (right). The intersection denotes the approximate crossing point of the surfaces.

Figure 4 .

 4 Figure 4. 32 Electronic absorption spectra of Rho2-DAE in DCM (C = 3.81×10 -5 M) before irradiation (light blue curve), with UV irradiation at λ = 250 nm until reaching the photostationary state (red curve), and with visible light irradiation for reopening (dashed black).

Scheme 4 .

 4 Scheme 4. 19 Plausible product formed during the UV-irradiation (λ = 250 nm) of Rho2-DAE system.

3. 2 .

 2 Chemo-switching for Rho-DAE systems 3.2.1. Chemo-switching of Rho1-DAE by absorption and NMR spectroscopies.

Figure 4 .

 4 Figure 4. 33 A) Electronic absorption spectral changes of Rho1-DAE (C = 1×10 -4 M) upon the addition of various concentration of TFA in DCM at room temperature.

Figure 4 .

 4 Figure 4. 34 Plots of absorbance as function of the concentration of TFA, at 327 (left) and 500 nm (right) for Rho1-DAE.

Figure 4 .

 4 Figure 4. 35 A) Electronic absorption spectral changes of Rho1-DAE (C = 1×10 -4 M+100 eq of acid) upon the addition of various concentrations of Et3N in DCM at room temperature. B) Schematic representation illustrating the chemical process. The insets show plots of absorbance at λ = 327 nm (C) and at λ = 502 nm (D) versus the concentration of base in the open form of the rhodamine.

Figure 4 .

 4 Figure 4. 36 Comparison in 1 H-NMR for 4.15 before(top) and after (bottom) opening of the rhodamine spiro ring in CDCl3 (300 MHz).

Figure 4 .

 4 Figure 4. 37 Comparison in 1 H-NMR for Rho1-DAE before(top) and after (bottom) ring addition of TFA in CDCl3 (300 MHz).

Figure 4 .

 4 Figure 4. 38 1 H-NMR showing Rho1-DAE before (bottom), after acid addition (middle) and after closing the Rho-DAE by triethyamine(top) in CDCl3 (400 MHz)

Figure 4 .

 4 Figure 4. 39 Photographs demonstrating the color changes of Rho1-DAE (2 × 10 -5 M) in methanol with various cations A) 1 equivalence B) 2 equivalences of metal cations.Concerning the luminescence properties, in the initial closed state of the rhodamine ring, Rho1-DAE exhibited very weak emission. However, upon the addition of TFA, a strong emission was observed. Upon the addition of TEA, the spectrum returned back to its original state (Figure4.40).

Figure 4 .

 4 Figure 4. 40 Emission spectral changes for Rho1-DAE (C = 4.3×10 -6 M with 100 eq of acid) in dichloromethane at λexc = 340 nm.

Figure 4 .

 4 Figure 4. 41 Electronic absorption spectral changes of Rho2-DAE (C = 1×10 -4 M) upon the addition of various concentration of TFA in DCM at room temperature. B) Schematic representation illustrating the chemical process. The insets show plots of absorbance at λ = 327 nm (C) and at λ = 502 nm (D) versus the concentration of base in the open form of the rhodamine.

Figure 4 .

 4 Figure 4. 42 Electronic absorption spectral changes of Rho2-DAE (C = 1×10 -4 M+100 eq of acid) upon the addition of various concentrations of Et3N in DCM at room temperature. B) Schematic representation illustrating the chemical process. The insets show plots of absorbance at λ = 327 nm (C) and at λ = 502 nm (D) versus the concentration of base in the open form of the rhodamine.

Figure 4 .

 4 Figure 4. 43 Photographs demonstrating the color changes of Rho2-DAE (2 × 10 -5 M) in methanol with various cations A) 1 equivalence B) 2 equivalences of metal cation.

Figure 4 .

 4 Figure 4. 44 Comparison in 1 H-NMR for 4.16 before (bottom) and after (top) addition of TFA in CDCl3 (300 MHz).

Figure 4 .

 4 Figure 4. 45 1 H-NMR showing Rho2-DAE before (bottom), after acid addition (middle) and after closing the Rho2-DAE by triethylamine (top) in CDCl3 (400MHz).

Figure 4 .

 4 Figure 4. 46 19 F-NMR showing Rho2-DAE before (bottom), after acid addition (middle) and after closing the Rho2-DAE by triethylamine (top) in CDCl3 (400MHz).

Scheme 4 .

 4 Scheme 4. 20 Schematic presentation of Rho1-DAE and Rho2-DAE.

➢ 1 H

 1 -NMR (400 MHz, CDCl3,ppm) δ = 7.99 (d, J = 7.40 Hz, 1H), 7.60 (dt, J = 7.30 Hz, 2H), 7.19 (d, J = 7.40 Hz, 1H), 6.55 (dd, J = 10.90, 8.60 Hz, 3H), 6.43 (d, J = 2.50 Hz, 1H), 6.32 (ddd, J = 10.30, 8.50, 2.20 Hz, 2H), 4.05 -3.90 (m, 2H,-NH2-), 3.35 (d, J = 7.10 Hz, 3H), 1.17 (s, 3H). ➢ HR-MS: [M+Na + ] (C24 H22 N2O3 Na): m/z calculated: 409.1522 ; m/z found 409.1518 (1 ppm)[M+H] + (C24 H23 N2 O3) m/z calculated : 387.17032 m/z found :387.1698 (1 ppm).

➢ 1 H

 1 -NMR (400 MHz, CDCl3,ppm) δ = 8.04 (d, J = 8.00 Hz, 1H,H1), 7.89 (s, 1H,Ha), 7.67 (m, 3H,H2+Haroma), 7.28 (d, J = 2.30 Hz, 1H,Haroma+solvent), 7.20 (dd, J = 8Hz, 1H,H3), 6.94 (d, J = 8.60 Hz, 1H,H4), 6.65 (d, J = 1.30 Hz, 1H,H5), 6.60 (d, J = 8.90 Hz, 1H,H6), 6.49 (d, J = 2.60 Hz, 1H,H7), 6.40 (dd, J = 8.00 Hz, 1H), 3.38 (q, J = 7.10 Hz, 4H,He), 2.47 (s, 3H, Hc), 2.15 (s, 3H,Hd), 1.19 (t, J = 8.00 Hz, 6H, Hf). ➢ 19 F-NMR (376 MHz, CDCl3, ppm) δ = -110.65 (m, J = 19.00 Hz, 4F, peripheral), -131.28 (quintet, J = 4.70 Hz, 2F, internal). ➢ 13 C-NMR: (101 MHz, CDCl3,ppm) δ = 207.05 (C=O of ester), 169.16 (C-O of cycle), 152.

  42 (Cquat), 15.33(-Cc-), 14.15(-Cd-), 12.62(-Cf-) ➢ HR-MS: ASAP M +. (C37 H28 N4 O3 F6 S) m/z calculated :722.17808 m/z found :722.1778; [M-C2H4] +. (C35 H24 N4 O3 F6 S) m/z calculated: 694.14678 m/z found: 694.1466; [M-CO2] +. (C36 H28 N4 O F6 S) m/z calculated: 678.18825 m/z found: 678.1881; [M-C2H4-CO2] +. (C34 H24 N4 O F6 S) m/z calculated: 650.15695 m/z found: 650.1579 ➢ EA: (C37 H28 N4 O3 F6 S) theoretical C 61.49, H 3.91, N 7.75, S 4.44.Found C 61, H 3.71, N 7.71, S 4.2.

➢ 1 H

 1 -NMR (400 MHz, CDCl3, ppm) δ = 8.01 (m, J = 12.00 Hz,1H), 7.63 (m, J = 14.90, 2H), 7.27 (m, J = 8.00 Hz, 1H), 7.19 (d, J = 12.00 Hz, 1H), 7.07 (m, J = 12.00 Hz, 1H), 6.72 (dd, J = 8.00 Hz, 1H), 6.56 (dd, J = 8.00 Hz, 1H), 6.43 (dd, J = 8.00 Hz, 1H), 6.35 (m, 2H), 6.02 (d, J = 2.70 Hz, 1H), 3.35 (q, J = 7.10, 4.30 Hz, 4H), 1.17 (m, J = 7.00, 3.50 Hz, 6H). ➢ 13 C-NMR (101 MHz, CDCl3, ppm) δ = 169.63, 149.86, 142.33, 135.01, 129.81, 129.01, 127.27, 125.13, 124.11, 97.72, 83.78, 44.65, 12.64 ➢ HR-MS: ASAP(M+H] + (C24 H21 N4 O3) m/z calculated :413.161 m/z found:413.161. ➢ EA: (C24 H20 N4 O3) theoretical C 69.89, H 4.89, N 13.58. Found C 69.81, H 5.04, N 13.78. ➢ IR: ν=2100 cm -1 (N=N=N)

➢ 1 H

 1 -NMR (400 MHz, CDCl3,ppm) δ = 8.06 (dd, J = 8.00 Hz, 1H), 7.67 (m, 3H), 7.63 (s, 1H,Ha), 7.43 (d, J = 8.90 Hz, 1H), 7.22 (dd, J = 6.00 Hz, 1H), 6.99 (d, J = 2.60 Hz, 1H), 6.59 (d, J = 3.30 Hz, 2H), 6.57 (s, 1H,Hb), 6.49 (d, J = 2.50 Hz, 1H), 6.40 (dd, J = 8.80 Hz, 1H), 3.38 (q, J = 7.00 Hz, 4H, Hc), 2.45 (s, 3H,He), 2.08 (s, 3H,Hf), 1.19 (t, J = 7.10 Hz, 6H).(same assign as Rho1-DAE for the xanthene core) ➢ 19 F-NMR (376 MHz, CDCl3, ppm) δ = -110.71 (m, J = 18.00 Hz,4F), -131.28 (q, J = 5.70 Hz,2F). ➢ 13 C-NMR (101 MHz, CDCl3, ppm) δ = 207.05, 169.

  62. (Similar assign to Rho1-DAE) ➢ HR-MS Q-Exactive (CH2Cl2) [M+H] + (C37 H29 N4 O3 F6 S) m/z theoretical: 723.18591 m/z calculated: 723.1858; [M-N2+H] +(C37 H29 N2 O3 F6 S) m/z theoretical :695.17976 m/z calculated:695.1796; M +. (C37 H28 N4 O3 F6 S) m/z theoretical:722.17808 m/z calculated722.1778. [M-C2H4] +. (C35 H24 N4 O3 F6 S) m/z theoretical :694.14678 m/z calculated: 694.1466 [M-CO2] +. (C36 H28 N4 O F6 S) m/z theoretical: 678.18825 m/z calculated:678.1881. [M-C2H4-CO2] +. (C34 H24 N4 O F6 S) m/z theoretical:650.15695 m/z calculated: 650.1579. ➢ EA: calculated for C37 H28 N4 O3 F6 S: C 61.49, H 3.91, S 4.44; N 7.75 Found C 61, H 3.93, N 7.7, S 4.9.

Scheme 5 . 1

 51 Scheme 5. 1 Grafting methodology of the proposed complexes.

  (1)4[Mo8O26]•4DMF (1-Mo8) which ionically combined a new asymmetrical methylpyridinium DTE cation in its open form (1o) with an octamolybdate POM unit (Figure 5.1). 2 DTE cation (1-OTf) was synthesized by the treatment of 1o with methyl trifluoromethanesulfonate in dichloromethane solution.

Figure 5 .

 5 Figure 5. 1 (a) Photochromic reaction of the 1o dithienylethene. (b) Ball-and-stick structure of the β-[Mo8O26] 4-anion (blue sphere: Mo, orange sphere: oxygen).(Reproduced from ref. 2)X-ray diffraction analysis provided valuable insights into the structure of 1-Mo8. The compound consisted of the β-[Mo8O26] 4-unit, which was assembled through non-covalent interactions with two distinct DTE cations, denoted as 1o-1 and 1o-2. These cations adopted an antiparallel conformation, and the distance between the reactive carbon atoms of 1o-1 and 1o-2 was measured at 3.58 Å and 3.53 Å, respectively, slightly shorter than observed in 1-OTf. Furthermore, the methylpyridinium group of 1o-1 formed π-π stacking interactions with the oxygen-POM facets, with the shortest C⋯O distance measuring at 2.93 Å. Notably, the volume concentration of 1o in 1-Mo8 was significantly reduced to 2.10 × 10 -3 mol cm -3 , compared to 2.60 × 10 -3 mol cm -3 in 1-OTf, indicating a considerable decrease of about 20 %. This decrease was attributed to the incorporation of bulky POM anions, which acted as diluents within the crystal lattice. In contrast to 1-OTf, where the DTEs were aligned into supramolecular ribbons, 1o-1 in 1-Mo8 formed head-to-tail dimers that were separated by the POM units. Additionally, the presence of DMF molecules interacted with 1o-2, preventing its aggregation into ribbons (Figure5.2).

Figure 5 .

 5 Figure 5. 2 (a) Crystal packing in 1-Mo8 (red dotted lines display O⋯N interactions between DMF and DTE molecules). (b) Structures of the 1o cations underlining the distance between the reactive carbon atoms (pink dotted lines). (Blue octahedra = MoO6, grey sphere: carbon, yellow sphere: sulfur, orange sphere: oxygen, green sphere: nitrogen, pink sphere: fluorine). H atoms are omitted for clarity. (Taken from ref. 2)Upon exposure to UV irradiation with a wavelength of 365 nm, the beige color of 1-Mo8 underwent a transformation into a dark blue color. The solid-state absorption spectrum of 1c in 1-Mo8 exhibited a primarily intense absorption band, which was narrower and displayed a less pronounced hypsochromic effect compared to that of 1-OTf. This observation aligned with the dilution of the DTE molecules caused by the presence of POM units, which restricted their long-range aggregation. Additionally, the absorption band showed a significant blue shift from 670 nm in 1-OTf to 618 nm in 1-Mo8. This shift can be attributed to the fact that POMs are known as electron-acceptors and this ability can decrease the delocalization of the π-conjugation throughout the photoinduced 1c isomer, resulting in a blueshift of almost 50 nm of its absorption band in the visible domain (Figure5.3).

Figure 5 . 3

 53 Figure 5. 3 Color-change effect and absorption spectra of 1-Mo8 at different times (in min) during photoexcitation at 365 nm. (Taken from ref. 2)

Scheme 5 . 4

 54 Scheme 5. 4 Synthetic pathway to the target photochromic DTE-5. DTE-5 was characterized by NMR and absorption spectroscopies. It was studied by1 H NMR spectroscopy in deuterated chloroform and the spectrum after purification by gel permeation chromatography is shown in Figure5.4. A broad singlet at δ = 9.07 ppm is attributed to the triazole proton "a". The broadness of the peak is due to its presence near a cationic center. Two doublets at 7.50 and 7.37 ppm attributed to the aromatic protons of the phenyl ring "b" and "c". The thienyl protons at 7.23 and 6.71 ppm are assigned to the "d" and "e" respectively. In addition, the clear singlet at 5.56 ppm corresponding to the methylene protons of the DTE unit and they are designated as "*". The methylene protons near the cationic center appears as a broad singlet at 5.11 ppm and symbolized as "*". The peripheral methyl group "g" is observed as a clear singlet at 2.41 ppm whereas the internal one "*" appeared as doublet at 1.88 ppm. In the aliphatic region ranging from 1.81-1.25 ppm, there are 36 protons corresponding to the n-octyl chain. Moreover, a triplet at 0.87 ppm are assigned to the nine methyl protons "i" of the n-octyl chain.

Figure 5 . 4 1 H

 51 Figure 5. 4 1 H NMR spectrum of DTE-5 in deuterated chloroform (400 MHz). Concerning the 19 F-NMR shown in Figure 5.5, it showed a typical spectrum to asymmetrical DTE where two broad singlets at δ = -109.93 and -110.24 ppm corresponding to the peripheral fluorines (in blue) and a clear quintuplet at -131.93 ppm attributed to the central one (in red).

Figure 5 .

 5 Figure 5. 5 19 F-NMR spectrum of DTE-5 in deuterated chloroform (400 MHz).The photochromic behavior for DTE-5 (C = 6.8×10 -6 M) was studied in dichloromethane solution by UVvis absorption spectroscopy. Upon UV irradiation (λ = 365 nm), the colorless solution turned into violet with an appearance of a new band in the visible region at (λ = 560 nm) and the two bands in the UV

Figure 5 .

 5 Figure 5. 6 (left) Photo-isomerization reactions of compound DTE-5. (right) Electronic absorption spectrum of DTE-5 in DCM before irradiation, with UV light irradiation at λ = 365 nm until reaching the PSS, and visible light at λ = 570 nm until reaching the initial state spectrum.

Figure 6 . 1

 61 Figure 6. 1 Volume de données/informations capturées, copiées et consommées dans le monde de 2010 à 2020, avec des prévisions de 2021 à 2025 (en zettaoctets). (Tiré de la réf. 1)

  ii) En ce qui concerne le deuxième projet, je voulais synthétiser un commutateur photo et chimioréactif efficace basé sur une réaction click azide-alkyne. Il s'agissait de combiner un composé de type rhodamine à terminaison azide avec un composé acétylène thiényle perfluorocyclopentène pour obtenir les molécules cibles Rho1-DAE et Rho2-DAE, se distinguant par la position de connexion para ou méta, entre les parties chemo et photoréactives. Ces deux composés ont montré des comportements différents en termes de propriétés photophysiques et de spectroscopie RMN (Schéma 6.3). Titre : Synthèse et caractérisation de systèmes photo-activables Mots clés : photochromisme, interrupteurs moléculaires, dithiényléthènes, optique non linéaire, luminescence, greffage en surface. Résumé : Ce travail de thèse se concentre sur la synthèse et l'édude de chromophores organiques et organométalliques pour l'obtention de systèmes tout-optiques. L'objectif global de cette thèse est d'explorer de nouvelles architectures moléculaires qui peuvent répondre efficacement à des stimuli lumineux externes, conduisant à des modulations de leurs propriétés physico-chimiques. La stratégie proposée est basée sur la préparation d'un matériau moléculaire qui présente des réponses optiques non linéaires (ONL) stables et activables par la lumière et/ou des propriétés de luminescence. Après un examen approfondi de la littérature sur la luminescence photocommutable et les propriétés optiques non linéaires, cette recherche est portée sur deux projets distincts : i) le greffage en surface de complexes organiques et organométalliques pour moduler les propriétés ONL, et ii) l'étude de nouveaux colorants à base de rhodamine et de diaryléthènes (DAE) aux capacités de photo-et chimo-commutation. Le premier projet est discuté dans le deuxième et troisième partie de ce travail. La deuxième partie présente la synthèse de complexes de platine cyclométalés et leurs greffages sur la surface. La troisième partie vise à explorer les NLO-phores organiques et à mettre l'accent sur le développement de commutateurs moléculaires réagissant à la lumière. Dans la quatrième partie de cette recherche, une attention particulière est consacrée à la synthèse et à la caractérisation de nouveaux diaryléthènes incorporant un colorant rhodamine fluorescent. Ces nouveaux composés ont été spécifiquement conçus pour présenter un comportement remarquablement efficace de photocommutation et de chimiocommutation.
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		59)	
		μβEFISH, a,b open	μβEFISH, a,b closed (PSS)
	1.2a	-180	-1150
	1.2b	-220	-2635

1 μβEFISH of the investigated Pt (II) Complexes 1.2 a, b in their open and closed (PSS) forms. (Reproduced from ref. a Measured in CH2Cl2 at a concentration of 10 -3 M; estimated uncertainty in EFISH measurements is ±10%. b ×10 -48 esu

  [START_REF] Blouin | Poly(2,7-Carbazole)s: Structure-Property Relationships[END_REF] 

Table 2 . 1 Comparison of photophysical properties of bidentate Pt(ppy)(py)Cl 9 and tridentate Pt(pbpy)Cl 10

 2 

	complexes

Table 2 .

 2 2 Details of interplanar angles for the arene rings in the N^N^N, C^N^N and N^C^N pincer ligands coordinated to a platinum (II) alkynyl group.(Reproduced from ref.18) 

No. hits in CSD Range of interplanar angles between aromatic rings (°) Mean interplanar angle (°) N^N^N pincer

  

		60	0.0-11.06	4.11
	C^N^N pincer	29	0.8-11.77	3.82
	N^C^N pincer	7	0.0-7.97	3.56
	Table 2. 3 Average Pt-C and Pt-N bond lengths (Å) in the seven crystal structures of (N^C^N) Pt-C≡C and twenty-nine
		structures of the (C^N^N) Pt-C≡C complexes. (Reproduced from ref. 18)
		No. CSD	Pt-C	Pt-N1	Pt-N2
		hits		(Å)	(Å)	(Å)
		7		1.939	2.030	2.034
		29		2.014	1.987	2.093
	Cyclometalated platinum complex bearing N^C^N (Scheme 2.2) as a ligand were first synthesized by
	Cardenas and coworkers in 1999. 19 However, their luminescence properties were investigated in 2003
	by Williams and Weinstein. 10 [Pt(dpyb)Cl] (dtbpy: 4,4-di-tert-butyl-2,2-dipyridyl) (Scheme 2.2) is
	reported to be highly emissive in a diluted and degassed dichloromethane solution at room
	temperature, with a lifetime of 7.2 μs and a luminescence quantum yield of 0.60, ascribed to ligand-
	centered (LC) with moderate metal-to-ligand charge transfer (MLCT) character mixed in. This strong
	luminescence is the result of the destabilized d-d excited state, caused by the short Pt-C bond,
	minimizing non-radiative decay pathways. 10		
	Scheme 2. 2 Pt(II) complex 1,3-di(2-pyridyl) benzene(N^C^N) synthesized by Cardenas and coworkers.(Reproduced from ref.
			19)	
	1.1.2. Luminescence properties of cyclometalated platinum complexes.

•

  The lowest energy excited singlet state should not be a d-d state otherwise it will use its energy for non-radiative decay but a charge-transfer or ligand-based state which generates a radiative outcome. According to Figure2.4, the energy level of d-d states should be greater than that of MLCT or LC states. Despite being higher in energy, these d-d excited states can significantly affect luminescence, particularly at room temperature. This is because they can be thermally accessed from the lowest energy excited state if the energy difference (ΔE) is too small, leading to a non-radiative deactivation path. Metal complexes that have a large ΔE are generally the most effective at emitting light. This energy gap can be increased in presence of a strong-field ligands such as cyanide or alkynyl ligands which can raise the d-d excited state, thereby increasing ∆E and preventing the occurrence of d-d non-radiative decay pathway (Figure2.4).

	20-21
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	. 4 Photophysical and electrochemical data of the Pt (II) complexes in CH2Cl2 at 298 K. (Reproduced from ref. 24)

Absorption λmax/nm (Ɛ/M -1 cm -1 ) Emission λmax/nm Ф lum a τ0 b /μs kQ SQb / 10 9 M -1 s -1 kQ O2c / 10 8 M-1 s-1 [PtL 3 Cl] d

  

		335(5710),381(6900),					
		412(6780), 460(190),	505,539,578 0.68	7.8	3.3	16
		495(130).					
	[PtL 6 Cl] d	332(5640),363(3850), 381 (5410), 410(5210),492sh (130)	501,534,574 sh	0.62	7.9	1.0	7.4
	[PtL 3 C≡CC6H3F2] 2.1	335sh (4928),388(5092),406 (4529),493(111)	508,538,580 sh	0.77	7.8	2.9	15
		333(7395), 366 (7971),					
	[PtL 6 C≡CC6H3F2] 2.2	387(7174), 405 (5814), 489(290)	500,529,572 sh	0.66	5.9	0.5	15
	a Luminescence quantum yield in degassed solution.					
	b τ0 is the lifetime at infinite dilution and kQ SQ the self-quenching rate constant, determined from the intercept and slope,
	respectively, of a plot of the measured emission decay rate constant against concentration.		
	c Bimolecular rate constant for quenching by molecular oxygen, estimated using the lifetimes in degassed and air-equilibrated
	solutions, and taking [O2] = 2.2×10 -3 M in dichloromethane at 1 atm pressure of air.			
	d Data from ref 10,25						
	1.1.3. Non-Linear optical properties of cyclometalated platinum complexes	

Table 2
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	.5)

R a μ b /D μβEFISH c /×10 -48 esu βEFISH d /×10 -30 esu

  

	Pt1	13.4	-1540	-115
	Pt2	10.8	-498	-46
	Pt3	9.9	-1078	-109
	Pt4	10.4	-945	-91
	Pt5	4.9	-570	-116
	Pt6	10.5	-520	-50
	a R is the substituent on the position 5 of the cyclometalated 1,3-di(2-pyridyl) benzene.	
	b Computed dipole moments in DMF.			
	c At 1.907 μm in DMF; estimated uncertainty in EFISH measurements is ± 10 %.	

d βEFISH was calculated using the computed μ value.

Table 2 .

 2 6 Crystal data and structure refinement for 2.10 at 150 K.

		Crystal Data and
		Structure Refinement
		for 2.10
	T, K	150 K
	Chemical formula	C25H18N2O
	Crystal system	Monoclinic
	Space group	P21/n
	a, Å	5.3541
	b, Å	26.617
	c, Å	13.0398
	α, deg	90
	β, deg	90.882
	γ, deg	90
	V, Å 3	185.1(3)

  1 H NMR (400 MHz, CDCl3, ppm) δ = 8.56 (d, J = 2.90 Hz, 2H), 8.48 (s,1H), 8.09 (m, J = 1.80 Hz, 2H), 7.73 (dd, J = 8.00, 2.90 Hz, 2H), 7.66 (d, J = 7.30,2H), 7.41 (dd, J = 8.30,1H), 7.26 (t, J = 4.10

Hz, 2H), 7.20 -7.10 (m, 2H), 4.23 (s, 2H). ➢ IR : band at 2093 cm -1 .

  38 ➢ 1 H-NMR (400 MHz, CDCl3, ppm) δ = 7.52 (d, 2H, J = 8.97 Hz, H aromatic near iodo), 6.67 (d, 2H, J=8.9 0Hz, H aromatic near OTIPS), 1.28 (3H, m, CH of isopropyl), 1.11 (d, 18H, J = 7.30 Hz, CH3 of isopropyl).

  The resulting compound was washed by 50 mL of dichloromethane and 50 mL of brine and the organic phase was extracted. The organic fraction was then dried over magnesium sulphate, filtered and concentrated under reduced pressure. The resulting crude was purified by column chromatography using alumina (70 % hexane, 30 % ethyl acetate) to give a brown solid (0.66 g, quantitative yield).

	Synthesis of 2.22:
	2.21 (2.63 mmol, 1.07 g, 1 eq) was dissolved in 50 mL of distilled tetrahydrofuran. TBAF (2.60 mmol,
	2.60 mL, 1 eq) was added slowly for 1 h at T = 0 °C. The reaction was left for 2 h at T = 0 °C under
	continuous stirring.
	5.3. Ligand L 3
	Synthesis of 2.21 :
	A dry toluene (50 mL) solution of 2.19 (4 g, 9.61 mmol,1 eq) and 2-(tri-n-butyl stannyl) pyridine 2.20
	(8.20 g, 22 mmol,2.30 eq) was degassed by argon bubbling for 20 min. Then lithium chloride (3.30 g,
	76.80 mmol,8 eq) and bis (triphenyl phosphine) palladium (II) chloride (0.40 g, 0.58 mmol,0.06 eq)
	were added and the reaction mixture was heated at reflux under argon for 20h. After cooling at
	ambient temperature, a saturated KF solution (20 mL) was added and then the organic layer was
	extracted. The organic layer was dried over MgSO4 and evaporated to dryness. Purification was done
	by column chromatography 1:1 (hexane; diethyl ether) giving the product as faint yellow solid
	compound (2.4 g, 60 %).

1 H-NMR (400 MHz, CDCl3,ppm) δ = 8.73 (d, J = 3.7 Hz, 3H), 8.59 (s, 1H), 8.21 (s, 2H), 7.86 (d, J = 7.90 Hz, 3H), 7.79 (t, J = 6.80 Hz, 3H), 7.50 (d, J = 8.7 Hz, 2H), 7.30 -7.22 (m, 3H), 6.94 (d, J = 8.90 Hz, 3H), 4.62 (s, 2H,-CH2OH-), 4.33 (s, 1H,-CH2-of alkyl chain).

➢ 1 H-NMR (400 MHz, CDCl3,ppm) δ = 8.70 (d, 2H, aromatic), 8.56 (s, 1H), 8.16 (d, J = 1.70 Hz, 2H), 7.84 -7.78 (m, 2H), 7.74 (m, 2H), 7.23 (m,2H), 1.15 (s, 21H, TIPS protons). Follow the order of N-C-N Br.

➢ 1 H-NMR (400 MHz, CDCl3,ppm) δ = 8.70 (d, 2H), 8.63 (s, 1H), 8.18 (d, J = 1.70 Hz, 2H), 7.86 -7.78 (m, 2H), 7.76 (dd, J = 7.40, 1.80 Hz, 2H), 7.24 (m, 2H), 3.14 (s, 1H, alkyne proton).

  80 Hz, 1H), 8.31 (td,

J = 7.80, 1.70 Hz, 2H), 8.22 (d, J = 8.30 Hz, 2H), 8.02 (d, J = 1.60 Hz, 2H), 7.94 -7.84 (m, 2H), 7.74 (m, 2H), 6.72 (d, J = 8.80 Hz, 2H, aromatic near NH2), 4.48 (s, 2H, -NH2).

  14 
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	1 Effective cross sections (in cm 2 ) for the ring-opening/closure reactions in the fulgimide-SAMs on Si (111).
		(Reproduced from ref. 29)		
	3-IF-Al	2-IF-Al	2-IF-Sp-Al	3-IF-Am*

CPSS to E/ZPSS

(1.3 ± 1.2) × 10 -19 (4.2 ± 0.5) × 10 -20 (1.2 ± 0.5) × 10 -19 (1.2 ± 0.3) × 10 -18 E/ZPSS to CPSS (7.1 ± 1.3) × 10 -19 (3.4 ± 0.6) × 10 -19 (2.0 ± 0.7) × 10 -18 (2.3 ± 0.3) × 10 -18
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 3 2 Photochromic quantum yields for the first family of DTE.
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3 Quantum yield of photocyclization for the second family of the synthesized DTE (DTE-4a-c) in DCM.

  ,13 C{1H},19 F{1H} NMR spectra were recorded on a Bruker Avance III 400 MHz spectrometer equipped with a tunable BBFO probe, or Bruker Avance III HD 300 MHz spectrometers fitted with BBFO or BBO probe (CRMPO or PRISM platforms -Université de Rennes).Chemical shifts δ are given in ppm and coupling constants J in Hz.1 H and 13 C NMR chemical shifts were determined using residual signals of the deuterated solvents, deuterated chloroform ( 1 H δ = 7.26 ppm, 13 C δ = 77.16 ppm). The terms s, d, t, q, m indicate respectively singlet, doublet, triplet, quartet, multiplet; b is for broad; dd is doublet of doublets. Assignments of proton carbon signals are based on COSY, NOESY, HSQC, and HMBC experiments.

1 H

iodophenoxy) triisopropylsilane

  .27 (Cquat), 115.04 (Cquat), 94.05 (-C≡C near thiophene, 80.54 (-C≡C near benzene), 77.48 (Cquat), 77.16 (Cquat), 76.84 (Cquat), 29.86 (Cquat), 18.01 (CH3 of isopropyl, 15.25 (methyl external), 14.47 (methyl internal), 12.83 (-CH of isopropyl). ASAP [M+H] + (C33 H37 O F6 Si S2) m/z calculated: 655.19538 m/z found: 655.1959. ➢ EA: C33H36OF6SiS2: calculated C 60.53, H 5.54, S 9.79. Found C:63.59 H 6.61, S 8.12. with 1 molecule of DCM. (9.12 mmol, 3.43 g, 1 eq) was dissolved in 20 mL of distilled triethylamine and 20 mL of THF. The resulting solution was degassed for 40 min by bubbling argon. After that ethynyltrimethylsilane (13.68 mmol, 1.35 g, 1.50 eq), copper iodide (0.18 mmol, 0.04 g, 0.05 eq) and bis (triphenyl phosphine) palladium (II) dichloride (0.18 mmol,0.13 g, 0.05 eq) were added. The reaction was done for 16h at T = 80 °C. The resulting mixture was washed with 50 mL of diethyl ether and 50 mL of brine. The organic phase was extracted then dried over magnesium sulphate, filtered and concentrated under reduced pressure. The desired compound was obtained as a brown oil (3.04 g, 96 %).

	Synthesis of triisopropyl(4-((trimethylsilyl) ethynyl) phenoxy) silane
	(4-
	1 H-NMR (400 MHz,CDCl3,ppm) δ = 7.38 (d, J = 8.60 Hz, 2H, -CH aromatic protons near triple
	bond), 7.22 (s, 1H, thienyl proton near triple bond), 6.86 (d, J = 8.60 Hz, 2H, aromatic protons
	near OTIPS), 6.72 (s, 1H, thienyl proton near CH3), 2.42 (s, 3H, methyl external), 1.88 (d, J =
	8.60 Hz, 3H, methyl internal), 1.32 -1.22 (m, 3H, CH of isopropyl), 1.11 (d, J = 7.40 Hz, 18H,
	CH3 of isopropyl).
	➢ 19 F-NMR (376 MHz, CDCl3, ppm) δ = -110.14 (br-s, 2F, peripheral fluorines), -110.32 (br-s,2F,

peripheral), -131.91 (quintuplet, J = 5.4 Hz, 2F, central). ➢ 13 C-NMR (101 MHz, CDCl3,ppm) δ 156.98 (C-O),142.84 (Cquat),140.03 (Cquat), 138.05 (Cquat), 134.16 (Cquat), 133.11 (-CH phenyl carbons near triple bond), 131.22 (Cquat), 125.31(C thienyl near benzene, 124.72(Cquat), 124.49 (Cquat), 122.06 (Cquat), 120.31 (CH phenyl carbons near OTIPS), 120➢ HR-MS: 56 ➢ 1 H-NMR (400 MHz, CDCl3, ppm) δ = 7.34 (d, 2H, phenyl protons near triple bond), 6.79 (d, 2H, phenyl protons near triple bond), 1.25 (m, 3H, -CH of isopropyl), 1.08 (m, 18H, CH3 of isopropyl),0.23 (s, 9H, CH3 of TMS).

  C30H27OF6BrS2: calculated C 54.47, H 4.11, S 9.69. Found C 55.08, H 4.52, S 9.62.

	1 H-NMR (400 MHz, CDCl3, ,ppm) δ 7.43 (d, J = 8.80 Hz, 2H, aromatic protons near triple bond),
	7.21 (s, 1H, thienyl proton next to triple bond), 6.87 (d, J = 8.80 Hz, 2H, aromatic protons near
	OH), 6.71 (s,1H; thienyl protons near CH3), 3.98 (t, J = 6.40 Hz, 2H, -CH2 near O), 3.43 (t, J = 6.10
	Hz, 2H, CH2 near Br), 2.42 (s, 3H, CH3 external), 1.88 (d, J = 7.40 Hz, 6H, 2CH3 internal), 1.84 -
	1.77 (m, 3H, aliphatic protons), 1.51 (m,5H, aliphatic protons).
	➢ 19 F-NMR (376 MHz, CDCl3, ppm) δ -110.08 (br-s,2F, peripheral), -110.25 (br-s, 2F, peripheral),
	-131.90 (quintiplet, J = 5.80 Hz, 2F, central).
	➢ 13 C-NMR (101 MHz, CDCl3 ,ppm) δ 159.63 (C-O), 142.84 (Cquat), 140.02 (Cquat), 138.05
	(Cquat), 133.12 (C aromatic near triple bond), 131.20 (Cquat), 125.30 (Cquat), 124.71 (Cquat),
	124.48 (Cquat), 122.05 (Cquat), 114.77 (C aromatic near OH), 94.005 (C≡C near thiophene),
	80.43 (C≡C near benzene), 67.97(C-Br), 33.85 (Calkyl), 32.80 (Calkyl), 29.15 (Calkyl), 28.05
	(Calkyl), 25.42 (Calkyl), 15.25(CH3), 14.47(CH3).
	➢ HR-MS: ASAP M +. (C30 H27 O F6 79 Br S2) m/z calculated:660.05854; m/z found: 660.0588 (0 ppm).
	[M-. F] + (C30 H27 O F5 79 Br S2) m/z calculated: 641.06014; m/z found: 641.0609 (1 ppm). [M-
	A+H] +. (C24 H16 O F6 S2) m/z calculated: 498.05413; m/z found: 498.0543 (0 ppm).
	➢ EA:

Table 3 .

 3 4 Crystal data of 3.19.

		3.19
	T, K	150
	Crystal system, space	Monoclinic, P21/c
	group	
	a,b,c Å	17.176(2), 22.570(3), 8.1574(11)
	α, deg	90
	β, deg	94.547(4)
	γ, deg	90
	V, Å 3	3152.4(7)
	Z	4
	Calculated density, g/cm 3	1.466
	μ, mm -1	1.533
	Final R indices [I>2σ)	0.1051
	R (all data)	0.1655

  ASAP [M+H] + (C21 H14 O F6 79 Br S2) m/z calculated: 538.95681 m/z found: 538.9578 M +. C21H13OF6Br S2 calculated C 46.77; H 2.43; S 11.89; found C 48.89, H 3.86, S5.34 (Difficult to measure due to its very high viscosity; each time giving different numbers).

	43, 142.74, 140.23, 129.47, 127.22
	(aromatic carbons near thiophene), 125.77, 125.70, 125.47, 120.97, 116.12 (aromatic carbons

near OH), 109.85, 68.10 (C-Br), 25.69, 17.99, 17.79, 17.31, 17.29, 14.53, 14.45, 12.43.(need to do 2D-NMR) ➢ HR-MS: (C21 H13 O F6 79 Br S2) m/z calculated: 537.94899 m/z found :537.9499. ➢ EA:
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 3 5 Crystal data of 3.21.

		3.21
	T, K	150
	Crystal system,	Monoclinic, C 2/c
	space group	
	a,b,c Å	24.590(2), 21.267(2), 10.253(10)
	α, deg	90
	β, deg	100.681(3)
	γ, deg	90
	V, Å 3	5269(8)
	Z	4
	Calculated density, g/cm 3	1.569
	μ, mm -1	1.781
	Final R indices [I>2σ)	0.0586
	R (all data)	0.074

  1 H-NMR (400 MHz, CDCl3,ppm): δ = 9.10 (d, J = 7.60 Hz, 1H, naphthalene-H ), 8.59 (d, J = 7.60 Hz,1H, naphthalene-H), 8.56 (d, J = 7.60,1H, naphthalene-H ), 8.29 (d, J = 7.30 Hz, 1H, naphthalene-H), 7.77 (t, J = 7.60 Hz, 1H,naphthalene-H), 4.18 (m, 2H, -NCH2-), 1.72 (m, 2H,NCH2CH2-), 1.44 (m, 12H, CH3 of pinacolate , 0.97 (t, J = 7.30 Hz, 3H,-CH3). ➢ 11 B-NMR (128 MHz, CDCl3, ppm) δ = 30.77 (s).

  calculated for C43 H38 N O3 F6 Br S2 C 59.04, H 4.38, N 1.6, S 7.33. Found C,59.06, H 4.61, N 1.2, S 7.18.

Br S2) m/z calculated:873.13752 m/z found: 873.1379 [M+H] + (C43 H39 N O3 F6 79 Br S2) m/z calculated: 874.14534 m/z found :874.1432. ➢ EA:

  -8.48 (m, 2H, naphthalene-H), 8.40 (d, J = 8.60 Hz, 1H, naphthalene-H), 7.73 (d, J = 7.60 Hz, 1H, naphthalene-H), 7.66 (t, J = 8.50 Hz, 1H, naphthalene-H), 7.47 (d, J = 8.70 Hz, 2H, aromatic protons near O), 7.21 (d, J = 2.40 Hz, 2H, thienyl protons),

	7.18 (d, J = 8.00 Hz, 1H, aromatics), 7.13 (t, J = 7.20 Hz, 2H, aromatics), 7.08 (d, J = 7.10 Hz,
	1H,aromatics). 6.91 (d, J = 8.80 Hz, 2H,aromatics), 6.03 (dd, J = 9.80, 5.60 Hz, 1H,-C-H chiral
	center) 4.00 (t, J = 6.40 Hz, 2H, -OCH2-), 3.76 (s, 3H,-OCH3 ester), 3.74 -3.70 (dd, J = 14.20, 9.80
	Hz, 1H, -Ph-CH2-), 3.50 (dd, J = 14.20, 9.80 Hz, 1H, -Ph-CH2-), 3.44 (t, J = 6.80 Hz, 2H,-CH2Br),
	2.19 (s, 3H,CH3 internal), 2.07 (s, 3H, CH3 internal), 1.91 (m,2H,-OCH2CH2), 1.84 -1.76 (m, 2H,
	-CH2CH2Br), 1.53 (m, 4H, 2 CH2 of alkyl chain).
	➢ 19 F-NMR (376 MHz, CDCl3, ppm) δ = -109.59 (br-s, 2F, peripheral fluorines), -110.31 (br-s, 2F,
	peripheral fluorines), -131.93 (quintiplet, J = 5.50 Hz, 2F, internal fluorines).
	➢ 13 C-NMR (101 MHz, CDCl3,ppm) δ = 170.24 (C=O of ester) C=O of naphthylamide), 163.68 (C=O
	of naphthylamide), 163.41 (C=O of naphthylamide), 159.30 (C-O), 144.18 (Cquat), 142.75
	(Cquat), 140.15 (Cquat), 138.17 (Cquat), 137.67 (Cquat), 137.47 (Cquat), 132.06 (Cquat),
	131.96 (C-Naphthyl), 131.07 (C-naphthyl), 129.83 (aromatics), 129.37 (aromatics), 129.20
	(Cquat), 129.03 (Cquat), 128.59 (Cquat), 128.46 (Carbons of Ph), 127.61 (C-naphthalene),
	127.04 ( Carbons of Ph), 126.69 (Cquat), 126.23 (Cquat), 126.00 (Cquat), 125.75 (Cquat),
	122.62 (Cquat), 121.85 (thienyl carbon), 121.40 (thienyl carbon), 115.17 (Carbons of Ph), 68.07
	(CH2 near O), 54.54 (C of chiral center), 52.67 (OCH3), 35.08 (-Ph-CH2-), 33.88 (CH2 near Br),
	32.81 (-OCH2CH2-), 29.84 (Cquat), 29.19 (-CH2CH2Br), 28.05 (CH2 of alkyl chain near O), 25.43
	(CH2 of alkyl chain), 14.69 (CH3 internal), 14.58 (CH3 internal), 1.16.
	➢ HR-MS: ASAP [M+H] + (C49 H41 N O5 F6 79 Br S2) m/z calculated: 980.15082 m/z found: 980.1506
	M +. (C49 H40 N O5 F6 79 Br S 2 ) m/z calculated: 979.143 m/z Found:979.1434.
	➢ EA: calculated for C49 H40 N O5 F6 Br S2; C 60, H 4.11, N 1.43, S 6.54. Found C,59.91, H 4.61, N
	0.64, S 5.96.

  -8.45 (m, 2H, naphthalene-H), 8.40 (d, J = 8.60 Hz, 1H, 4.00 (t, J = 6.40 Hz, 2H, -OCH2-), 3.75 (s, 3H, ,-OCH3 ester), 3.74 -3.69 (dd, J = 14.20, 9.80 Hz, 1H, -Ph-CH2), 3.50 (dd, J = 14.20, 9.80 Hz, 1H, -Ph-CH2), 3.30 (t, J = 6.90 Hz, 2H,-CH2N3), 2.19 (s, 3H,CH3), 2.07 (s, 3H, CH3 internal), 1.88 -1.78 (m, 2H,-OCH2CH2), 1.66 (m, 2H, -CH2CH2N3), 1.59 -1.46 (m, 4H, 2 CH2 of alkyl chain). ➢ 19 F-NMR (376 MHz, CDCl3, ppm) δ = -109.60 (br-s, 2F, peripheral fluorines), -110.31 (br-s, 2F, peripheral fluorines), -131.93 (quintuplet, J = 5.40 Hz, 2F, internal fluorines).

	➢ 13 C-NMR (101 MHz, CDCl3,ppm) δ = 170.27 (C=O), 163.69 (C=O), 163.42 (C-O), 159.27 (C-O),
	144.20 (naphthalene), 138.19 (naphthalene), 137.65 (naphthalene), 137.45 (naphthalene),
	132.09 (Cquat), 131.99 (Cquat),131.10 (Cquat),129.81 (aromatic),129.37 (aromatic), 129.18
	(aromatic), 129.02 (aromatic), 128.60 (aromatic), 128.47 (aromatic), 127.63 (Cquat), 127.04
	(phenyl), 126.71 (Cquat), 126.23 (Cquat), 125.99 (Cquat), 125.76 (Cquat), 122.58 (Cquat),
	121.81 (Cquat), 121.36 (Cquat),115.13 (phenyl), 68.04(-OCH2), 54.53 (C-H chiral center),
	52.71(CH3 of ester), 51.53(CH2-N3), 35.05( 2-CH diastereotopic protons), 32.08 (Cquat),
	29.23(alkyl chain), 28.95 (alkyl chain), 26.66 (alkyl chain), 25.83 (Cquat), 22.84 (Cquat),
	14.61(CH3 internal).
	➢ HR-MS: under progress
	➢ EA calculated for C49 H40 N4 O5 F6 S2; C 62.41, H 4.28, N 5.94, S 6.80. Found C 51.01, H 4.25, N
	5.71, S 7.17.

naphthalene-H), 7.73 (d, J = 7.60 Hz, 1H,naphthalene-H), 7.66 (t, J = 8.50 Hz, 1H, naphthalene-H), 7.47 (d, J = 8.80 Hz, 2H, aromatics near O), 7.21 (d, J = 2.40 Hz, 2H, thienyl protons), 7.19 -7.16 (d, J = 8.00 Hz, 1H, aromatics), 7.15 -7.10 (t, J = 7.20 Hz, 2H, aromatics), 7.07 (d, J = 7.10 Hz, 1H, aromatics), 6.91 (d, J = 8.80 Hz, 2H, aromatics), 6.03 (dd, J = 9.80, 5.60 Hz, 1H,-C-H chiral center) ,

  naphthyl), 129.83 (aromatics), 129.37 (aromatics), 129.20 (Cqurart), 129.03( Cquat), 128.59(Cquat), 128.46 (Carbons of Ph), 127.61 (C-naphthalene), 127.04 (Carbons of Ph), 126.69 (Cquat), 126.23 (Cquat), 126.00 (Cquat), 125.75 (Cquat), 122.62 (Cquat), 121.85 (thienyl carbon), 121.40 (thienyl carbon), 115.17 (Carbons of Ph), 68.07( CH2 near O), 54.54 (C of chiral center), 52.67 (OCH3), 35.08 (-Ph-CH2-), 33.88 (CH2 near Br), 32.81 (OCH2CH2,), 29.84 (Cquat),

	29.19 (-CH2CH2Br), 28.05 (CH2 of alkyl chain near O), 25.43(CH2 of alkyl chain), 14.69 (CH3
	internal), 14.58 (CH3 internal), 1.16.
	➢ HR-MS: ASAP [M+H] + (C49 H41 N O5 F6 79 Br S2) m/z calculated: 980.15082 m/z found: 980. M +.

30 (C-O), 144.18 (Cquat), 142.75 (Cquat), 140.15 (Cquat), 138.17 (Cquat), 137.67 (Cquat), 137.47 (Cquat), 132.06 (Cquat), 131.96 (C-Naphthyl), 131.07 (C-

  C49H40N4O5F6S2 calculated: C 62.41, H 4.28, N 5.94, S 6.80; found C 62.07, H 4.65, N 5.43, S 6.8.

	27 (C-O), 144.20
	(naphthalene), 138.19 (naphthalene), 137.65 (naphthalene), 137.45 (naphthalene), 132.09
	(Cquat), 131.99 (Cquat),131.10 (Cquat),129.81 (aromatic),129.37 (aromatic), 129.18
	(aromatic), 129.02 (aromatic), 128.60 (aromatic), 128.47 (aromatic), 127.63 (Cquat), 127.04
	(phenyl), 126.71 (Cquat), 126.23 (Cquat), 125.99 (Cquat), 125.76 (Cquat), 122.58 (Cquat),
	121.81 (Cquat), 121.36 (Cquat),115.13 (phenyl), 68.04(-OCH2), 54.53 (C-H chiral center),
	52.71(CH3 of ester), 51.53(CH2-N3), 35.05( 2-CH diastereotopic protons), 32.08 (Cquat),
	29.23(alkyl chain), 28.95 (alkyl chain), 26.66 (alkyl chain), 25.83 (Cquat), 22.84 (Cquat),
	14.61(CH3 internal).
	➢ HR-MS: under progress
	➢ EA:

Table 3 .

 3 6 Crystal data of 3.21'.

		3.21'
	T, K	150
	Crystal system, space	triclinic, P -1
	group	
	a,b,c Å	7.4792(13), 8.9239(14), 20.705(4)
	α, deg	92.441
	β, deg	96.672
	γ, deg	98.086
	V, Å 3	1356.5(4)
	Z	1
	Calculated density, g/cm 3	1.421
	μ, mm -1	1.724
	Final R indices [I>2σ)	0.0884
	R (all data)	0.1159
	4.6. X-ray data for 3.23'	

Table 3 .

 3 

	7 Crystal data of 3.23'.
		3.23'
	T, K	150
	Crystal system, space	Monoclinic symmetry
	group	and C 2/c
	a,b,c Å	24.590(2), 21.267(2), 10.2563(10)
	α, deg	90
	β, deg	100.681
	γ, deg	90
	V, Å 3	5269.0 (8)
	Z	4
	Calculated density, g/cm 3	1.569
	μ, mm -1	1.781
	R (all data)	0.0724

  1 H-NMR (400 MHz, CDCl3,ppm) δ = 8.01 (dd, J = 8.00 Hz, 1H), 7.64 (m, 2H), 7.18 (d, J = 7.60, 1H), 6.92 (d, J = 2.30 Hz, 1H), 6.74 (d, J = 8.50 Hz, 1H), 6.66 (dd, J = 8.00 Hz, 1H), 6.57 (d, J = 8.90 Hz, 1H), 6.45 (d, J = 2.60 Hz, 1H), 6.37 (dd, J = 8.90 Hz, 1H), 3.36 (q, J = 7.10 Hz, 3H), 1.18 (t, J = 7.00 Hz, 7H). ➢ 13 C-NMR (101 MHz, CDCl3, ppm) δ 169.63, 149.86, 142.33, 135.01, 129.81, 129.01, 127.27, 125.13, 124.11, 97.72, 83.78, 44.65, 12.64. ➢ HR-MS: ASAP (M+H) + (C24 H21 N4 O3) m/z calculated :413.16082 m/z found:413.1606. ➢ EA: (C24 H20 N4 O3) theoretical 69.89, H4.89, N 13.58. Found C 69.79, H 5.01, N 13.38.

  56 (C-O of ester), 152.53 (Ca), 152.40 (Cquat), 138.82( Cquat), 138.62 (Cquat), 137.02 (Cquat), 135.38 (Cquat), 131.62 (Cquat), 130.22 (Cquat), 128.95(C4), 128.678 (C5)126.97, 125.46(C1), 124.65(-CH thienyl ), 124.11(Caroma), 123.82(C3), 123.17 (Cquat), 122.59 (Ca), 121.41 (Cquat), 120.68 (Cquat), 115.11 (Carom), 119.02 (Cquat), 109.19 (Carom+C2), 108.83 (C7), 97.73(C6), 83.14 (Cquat), 77.48 (Cquat), 77.36 (Cquat), 77.16 (Cquat), 76.84 (Cquat), 53.96 (Cquat), 44.69(-Ce), 31.05 (Cquat), 29.

  16, 152.56, 152.53, 152.40, 138.82, 138.62, 137.02, 135.38, 131.62, 130.22, 128.95, 126.97, 125.46, 124.65, 124.11, 123.82, 123.17, 122.59, 121.41, 120.68, 119.02, 109.19, 104.28, 97.73, 83.14, 77.48, 77.36, 77.16, 76.84, 53.96, 44.69, 31.05, 29.42, 15.33, 14.15, 12.

Schéma 6. 3 Présentation schématique du nouveau système DAE..En ce qui concerne l'avenir, je pense qu'il y a quelques aspects clés à prendre en compte concernant l'utilisation des complexes de platine (II) sur les surfaces. Tout d'abord, je pense que l'exploration d'autres sources de platine et l'ajustement des conditions d'électro-greffage pourraient conduire à une augmentation de la densité de greffage, améliorant ainsi la réponse de l'ONL. Si cet objectif est atteint, il serait intéressant d'étudier l'incorporation d'une unité photochromique en tant que lien pour permettre la photomodulation de la réponse de l'ONL sur les surfaces.En ce qui concerne les travaux portant sur les matériaux commutables à la lumière, en particulier les composés DTE, plusieurs tâches doivent être menées à bien. Tout d'abord, des mesures photophysiques complètes, telles que les rendements quantiques et la photocommutation de la chiralité (CD), doivent être effectuées. En outre, les composés DTE restants doivent être greffés sur la surface afin d'étudier pleinement l'impact de l'introduction de la chiralité et du naphthylamide sur l'organisation de ces chromophores. Cette exploration permettra un examen approfondi de la réponse OLN résultante.

Acknowledgments

First and foremost, I would like to acknowledge my sincere gratitude to my PhD supervisor, Dr. Julien Boixel for his unwavering guidance, insightful discussions, and valuable mentorship throughout my PhD journey. His expertise, support, and encouragement have been instrumental in shaping the direction and quality of this work. I am immensely grateful for the opportunities provided and the

Chapter III Preparation of photo-active molecular surfaces

➢ EA: C30H27N3OF6S2: calculated C 57.77, H 4.36, N 6.74, S 10.28; Found 60, H 6.5, N 6.5, S 9.8+ DCM

For DTE-4

Synthesis of 3.18

To a -78 °C cooled solution of 3.8 (1.58 g, 3.72 mmol, 1 eq.) in THF (40 mL) n-butyl-lithium was added (2.40 M in hexane, 0.26 g, 4.08 mmol, 1.10 eq.) dropwise under continuous stirring for one hour. To the obtained solution, 3.17 (1.34 g, 3.72 mmol, 1 eq.) dissolved in 20 mL of THF was added dropwise under stirring at -78 °C. The resulting mixture was allowed to warm up to room temperature. Diethyl ether (25 mL) was added to the solution mixture followed by brine (25 mL) and the phases were separated. The organic fraction was then dried over magnesium sulphate, filtered and concentrated under reduced pressure affording as a yellow oil. After flash chromatography on a silica gel column using petroleum ether and dichloromethane (9;1) respectively as eluents the desired compound was obtained as yellow oil (1.44 g, 56 %).

➢ 

Synthesis of 3.17

To a solution of (4-bromo-5-methylthiophen-2-yl) trimethylsilane (2.40 g, 9.63 mmol, 1 eq.) in THF (50 mL) was added n-butyl-lithium (2.40 M, 3.83 mL, 10.60 mmol, 1.10 eq.) dropwise under stirring at -78 °C and left for one hour at the same temperature. This was then transferred to a solution of perfluorocyclopent-1-ene (3.83 mL, 29 mmol, 3 eq.) dissolved in THF (20 mL) dropwise and under stirring at -78 °C. The reaction mixture was then left overnight. The reaction was then quenched by

Chapter IV

Synthesis and characterization of photo-switchable and chemo-switchable luminescent systems

emission on surface due to the close proximity between the molecules (π-π stacking). Furthermore, the incorporation of a switch into a chiral nonlinear optical (NLO) chromophore is anticipated to significantly enhance the NLO contrast in case of close contact between NLO-phores. The presence of chirality is expected to improve the organization of the NLO-phores on the surface. Thus, our study will focus on investigating the influence of chirality on the arrangement of molecules on a transparent surface and its consequential effects on the second-order non-linear optical properties.

ii) Concerning the second project, I wanted to develop an efficient photo and chemo molecular switch based on azide-alkyne click reaction. This involved combining an azide-terminated rhodamine compound with an acetylene thienyl perfluorocyclopentene compound designated as Rho1-DAE and Rho2-DAE with distinct connection modes as para and meta derivative respectively. These two compounds showed different behavior in terms of photophysical properties and NMR spectroscopy (Scheme 5.3). 

Experimental part

Synthesis of 2

Trioctylamine (5 g, 14 mmol, 1 eq) and diethyl ether (3 mL) were introduced into an aluminum foilwrapped Schlenk flask at room temperature. Propargyl bromide (1.60 mL of an 80 % solution in toluene) was added, and the mixture stirred for 72 hours. The solvent was evaporated and the light brown liquid dried under vacuum for 10 h. The final product was a light brown solid (6.20 g, 93 %). 

Synthesis of DTE-5

In a very well dried Schlenk, the DTE-1 derivative (48×10 -3 g, 0.09 mmol, 1 eq), ethynyl compound (0.13 g,0.28 mmol, 3 eq), ascorbic acid (0.02 g, 0.09 mmol, 1 eq) and copper sulfate pentahydrate (2.3×10 -3 g, 0.02 mmol,0.10 eq) were dissolved in 5 mL of DMF. The resulting solution was stirred at 50 °C for two days. The crude product was extracted with ethyl acetate and purified over gel permeation chromatography. (10 mg, 10 %).

➢