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Elaboration of fluorescent molecular probes and molecular-based nanoparticles for bioimaging purposes

Fluorescence-based techniques are popular tools for the study and understanding of biological processes. This has prompted continuous research aimed at the development of a wide range of fluorescent probes specifically designed for specific applications. Among them, fluorescent pH probes are of much interest as pH variations or gradients are involved in many biological events and anomalous alterations are often related to the onset of dysfunctions and diseases. In this framework we have developed a series of promising two-photon pH fluorescent molecular probes. These quadrupolar bolaamphiphilic probes are of great interest, as they combine a steep pHdependence of their optical properties close to neutral pH, ratiometric behavior and large response to two-photon (2P) excitation in the NIR region. As such they offer much promise for ratiometric detection of the pH in biological environments and in situ monitoring of acidification. In parallel, we have been interest in the design of ultrabright nanoparticles for bioimaging purpose (in particular highly sensitive optical imaging). We chose to focus on Fluorescent Organic Nanoparticles made of organic molecules with low molecular weight (FONs) as they offer a flexible route and promising alternatives to toxic quantum dots. In this case the design of the dye used as building blocks of the FONs is of crucial importance and strongly influence the chemical and physical properties of the nanoparticles generated, such as their one and two-photon brightness and both their structural and colloidal stability. In that context a library of novel dipolar chromophores have been synthesized and used to prepare FONs using the nanoprecipitation method. Their properties were thoroughly investigated in order to determine the relationship between the molecular design of the isolated dye and the overall properties of the nanoparticles made of these dyes. As a result, Hyperbright FONs emitting in the green to NIR region and combining giant brightness and remarkable stability have been achieved. They offer major promise for bioimaging based on both excitation and detection in the NIR region.

Elaboration de sondes moléculaires fluorescentes et de nanoparticules organiques fluorescentes pour l'imagerie du vivant

Les techniques de fluorescence sont des outils de choix pour l'étude et la compréhension fine des processus biologiques. Ceci requiert toutefois l'utilisation de sondes fluorescentes parfaitement adaptées au but visé et répondant aux différentes exigences requises pour l'application visée. Dans ce cadre, nous nous sommes plus particulièrement intéressés à l'élaboration de sondes biphotoniques de pH adaptées à une mesure très sensible de faibles variations de pH autour du pH neutre. Les variations et gradients de pH sont en effet impliqués dans un certain nombre de processus biologiques importants et peuvent être associées à des dysfonctionnements liés à certaines maladies. Dans ce cadre, nous avons développé de nouvelles sondes fluorescentes de pH fluorescentes présentant à la fois un comportement ratiométrique, une forte sensibilité autour du pH neutre et facilement excitables dans le proche IR par absorption à deux photons. Ces sondes de structure quadrupolaire et bolamamphiphile permettent ainsi la détection ratiométrique du pH dans des environnements biologiques au moyen d'une excitation biphotonique dans le proche IR. En parallèle, nous nous sommes intéressés à l'élaboration de nanoparticules hyperbrillantes dédiées à l'imagerie biologique par microscopie de fluorescence induite par excitation à deux photons. Nous nous sommes plus particulièrement attachées au design de nanoparticules organiques fluorescentes constituées de molécules organiques de bas poids moléculaire (FONs). Cette approche offre en effet une grande flexibilité et la possibilité d'accéder à des nanosondes ayant des brillances comparables aux très populaires quantum dots mais moins toxiques et plus facilement dégradables. L'ingénierie moléculaire des fluorophores utilisés pour la préparation des FON est cruciale puisqu'elle influence fortement à la fois les propriétés photophysiques (brillance, couleur…) et leur propriétés physico-chimiques (stabilité chimique et structurale, stabilité colloïdale). Dans ce contexte, une librairie de nouveaux chromophores dipolaires a été synthétisée et utilisées pour la préparation de FON par la méthode de nano-précipitation. Leurs propriétés ont été étudiées afin de déterminer la relation entre la structure du chromophore et les propriétés globales des nanoparticules constituées de ces colorants. Ce travail a permis d'identifier les paramètres structuraux permettant d'accéder à des nanoparticules présentant à la fois une brillance exceptionnelle, une émission modulable du vert au rouge et proche IR et une remarquable stabilité colloïdale. Ces nanoparticules présentent des potentialités majeures pour l'imagerie in vivo par excitation et détection dans le proche IR. In Loving Memory of Antonio
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Chapter 1

Introduction

Photoluminescence

The word fluorescence was coined by G. G. Stokes [1] , who was the first one to observe that a solution of quinine sulfate glowed blue after irradiation with the UV part of solar light splitted by a prisma. Today we know that the fluorescence is just one of the possible paths in the luminescence field. The luminescence consists in a phenomenon in which a species is excited to a higher energy electronic state and than comes back to the ground state with emission of light. When the excitation is achieved by light irradiation, the de-excitation process is named photoluminescence (Figure 1.1). 

Absorption

When a photon of suitable energy interacts with a molecule, it can be absorbed inducing an electronic transition; one electron in the ground state configuration, in a bonding (, ) or non-bonding orbital (n), can be promoted into an anti-bonding one (, ). In the field of the UV-Vis spectroscopy, the transition which requires the less energy involves the Highest (in energy) Occupied (by electrons)

Molecular Orbital (HOMO) and the Lowest Unoccupied one (LUMO) according to the following scheme (Scheme 1.1), and the moiety of the molecule responsible for this process is called chromophore.

Scheme 1.1 Electronic transitions allowed by UV-Visible irradiation

The absorption of one photon occurs on a timescale of 10 -15 s and it induces a redistribution of electron density in the molecule, whereas the positions of nuclei in the molecule and in the solvent around it remain unchanged due to their high mass comparing to electrons (i.e., Born-Oppenheimer approximation). The rate of the absorption leads to a vertical transition often referred to an electronic transition with "frozen" positions of the nuclei (i.e., Franck-Condon principle, Figure 1.2).

Figure 1.2 Illustration of a vertical transition [2] during the absorption of one photon Each electronic state is composed by several vibrational levels that can be described by wavefunctions.

These levels are populated as a function of the temperature according to Boltzmann's distribution and, at room temperature, the lowest one is the most filled. Upon absorption of a photon, the intensity of the transition is proportional to the square power of the overlap integral between the vibrational wavefunctions of the two states that are involved [3] , determining a vibrational structure of the absorption band as depicted in Figure 1.3. 3 Vibronical structure of an absorption band [3] From a practical point of view, the ability of a molecule to absorb light at a given wavelength () and conditions (e.g., solvent), is expressed by its absorbance. One can consider the model described in Figure 1.4, wherein P0 and P are respectively the intensity of the light beam which enters and leaves the solution, b is the optical pathlength and S is the surface of the considered volume. wherein A(λ) is the absorbance, b is the optical pathlength and ε(λ) = k'/2.303 is called molar absorption coefficient, typically expressed as L•mol -1 •cm -1 . The equation 1.4 shows that the absorbance is proportional to the concentration but however several factors can produce some deviations from this condition; for the purpose of this manuscript, it's important to point out that a deviation can occur at high concentration of compound and therefore for quantitative measurements is necessary to work in diluted conditions (tipically less than 10 -4 M).

It is important to observe that electronic transitions follow some criteria called selection rules, which consist in restrictions that rule the process. The first one is about the conservation of the total spin number, therefore singlet-triplet or vice-versa transitions are forbidden (Scheme 1.2).

Scheme 1.2 HOMO-LUMO transition

Anyway the term forbidden means the probability for a forbidden transition to occur is low but not impossible and thanks to spin-orbit coupling between the wavefunctions with different multiplicity of spins, forbidden transitions can be observed, but with low molar absorption coefficients. The second selection rule concerns the transition forbidden by symmetry, in which there is no overlap between the orbitals involved in the transition, as for n→*. However, as in the previous case, vibronic coupling can lead to distorsions which break the symmetry, making these transitions observable, but with low molar absorption coefficients too.

Fluorescence

A comfortable way to articulate the discussion on fluorescence, consists in starting from the Perrin-Jablonsky diagram, which allows a quick and general view of the possible phenomena (Figure 1.5).

Figure 1.5 Perrin-Jablonsky diagram [3] The radiative paths for de-excitation are fluorescence and phosphorescence, which happen with the emission of a photon respectively from singlet and triplet state. The population of the triplet state occurs after intersystem crossing (ISC) upon excitation and, indeed the transition T1→S0 is forbidden, the spinorbit coupling makes the process possible; thus heavy atoms (e.g., bromine, iodine) usually promote these transitions. It's important to observe that vibrational relaxation happens on a timescale shorter than lifetimes of singlet or triplet excited states (Figure 1.5); this means that, upon excitation, the emission comes from the lowest vibrational level of the excited state. Considering the absorption and, observing that the energy difference between the vibrational level in the ground and excited state are similar, the emission upon excitation often looks like a mirror image of the absorption spectrum (Figure 1.6).

Figure 1. 6 Absorption and emission spectra of anthracene in cyclohexane [4] The internal conversion (IC) represents a non-radiative path which involves a transition between levels with the same multiplicity of spin and it's more efficient when the energy of these levels are close; it follows that IC Sn→S1 is more efficient than S1→S0 and this is the reason why the probability is low to observe fluorescence due to high energetic transitions. The difference between the maximum of absorption and emission spectra, usually expressed as wavelength or wavenumber, is called Stokes shift.

Focusing the attention on fluorescence one can imagine a solution of a chromophore which is excited to S1 state upon light irradiation, then the molecules can relax by radiative or non-radiative paths; the temporal features of the process can be described according to the following equation: wherein kr is the rate constant for radiative process and knr is the sum of rates of radiationless deexcitation pathways. It is easy to observe that ideally, if the excited state would de-excite only through fluorescence emission, the equation 1.6 is reduced to the following (Equation 1.7):

𝜏 = 1 𝐾 𝑟 = 𝜏 𝑟 Equation 1.7
wherein τr is commonly defined as radiative lifetime. Furthermore it worths to point out that the decay of [M*] over time follows an exponential decay (Equation 1.5).

In order to evaluate the efficiency of the fluorescence for a chromophore in a given condition, the figure of merit widely used is the fluorescence quantum yield, which represents the ratio between the number of photons emitted by fluorescence divided by the number of photons absorbed. However this quantity can be also expressed in terms of rate constants previously described as following (Equation 1.8): ΦF = 𝐾 𝑟 /(𝐾 𝑟 + 𝐾 𝑛𝑟 )

Equation 1.8
From an experimentally point of view ΦF can be absolutely measured using a so called Integrating

Sphere, but most of the times it is determined by relative comparison with a reference, according to the following equation: wherein ΦR is the fluorescence quantum yield of the reference (tabulated value), n is the refractive index of the solvent, A is the absorbance and I is the area of the emission spectra respectively for the specie (no subscript) and reference (denoted with R as subscript). This relation can be used only if the experimental conditions for the measurements of the parameters are the same and the absorbance of the specie as well as the reference are low, avoiding inner filter phenomena.

ΦF = ΦR
The fluorescence spectra of a compound in solution is affected by several parameters and, in the next section I am going to discuss some of them which are fundamental for this manuscript.

Effects of the environment

A molecule into solution is surrounded by solvent molecules and the intermolecular interactions are also responsible for the energy of the levels involved in the electronic transition. Upon excitation, a redistribution of the electronic density in the dye occurs, resulting in an instantaneous variation of the dipole moment of the dye. This means that the original configuration of the solvent shell around the excited molecule rearranges in order to stabilize the excited state of the chromophore; usually this effect is larger as the polarity of the solvent increases, because commonly the dipole moment of the dye in the excited state is enhanced. Similarly, when the excited molecule comes back to the ground state (e.g., after emission of a photon), a new variation of the dipole moment occurs, followed by another reorganization of the solvatation shell (Figure 1.7). The process described is responsible for the shift of the emission to lower energies as the polarity of the solvent increases. However the effects of the environment depends by several factors related to the nature of the fluorophore, the solvent and their interactions. For example the viscosity of the solvent determines the rate of the reorganization of the solvent shell to the variation of the dipole moment of the fluorophore, in particular if the viscosity is high, the fluorescence emission can happen before of the reorganization, without substantial modification of the energy of the excited state. Thus for very viscous solvents, the emission is low affected by the rearrangement of the solvent. Vice versa, when the timescale of the reorganization of the solvent shell is comparable with the fluorescence emission one, the energy of the excited state will be more influence. More generally one can say that fluorescence emission of a certain fluorophore into a solution is usually connected to the nature of its environment and therefore it depends on several parameters (e.g., polarity of the solvent, viscosity, pH); this concept, which will be renewed in the following subchapters, is really important and makes fluorescence useful for several kind of applications in bioimaging (e.g., pH or polarity probes).

Quenching

According to the IUPAC Gold Book [5] , the word quenching is referred to: "Deactivation of an excited molecular entity intermolecularly by an external environmental influence (such as a quencher) or intramolecularly by a substituent through a non-radiative process". This can be splitted theoretically into two phenomena, which are defined as following:

A) When the external environmental influence (quencher) interferes with the behavior of the excited state after its formation, the process is referred to dynamic quenching. B) When the environmental influence inhibits the excited state formation, the process is referred to static quenching.

The dynamic quenching occurs when the chromophore in the excited state (M*) is able to approach to a molecule of quencher (Q), promoting a non-radiative decay path, leading to a decrease of the F (Equation 1.8). It follows that the concept of approaching is related to the parameters which influence the motion of the molecules (i.e., viscosity of the medium, temperature, size of the molecules) and the probability that the collisions will happen during the excited state of the dye (i.e., concentration of the quencher and lifetime of the excited state). Some of dynamic quenching processes are depicted in Figure 1.8. where F and  are respectively the fluorescence intensity and the lifetime in presence of the quencher, F0 and  are the same but in absence of the latter one, [Q] is the concentration of the quencher and KSV is known as the Stern-Volmer constant.

Anyway chromophores can associate into non-fluorescent complexes in the ground state, resulting in a static quenching; for such a process, it can be derived that the ratio of fluorescence intensity in absence and presence of quencher is given by:

𝐹 0 𝐹 = 1 + 𝐾 𝐴𝑆 [𝑄] Equation 1.11
where KAS is the formation constant for the non-fluorescent complex. One can observe that in both cases, the ratio F0/F is linear with [Q], therefore there are no differences in the trend. In order to distinguish between the two kinds of quenching, a common approach is the evaluation of the ratio / which increases for dynamic quenching whereas is equal to one in static process (because the non-fluorescent complex is not observed and therefore the lifetime of the fluorescent specie is still . Furthermore in some cases, the quenching is induced by the combination of the two processes.

Chemical sensing by fluorescence

As previously discussed, the fluorescence of a molecule is strictly affected by its environment and the parameters which are able to influence this system, thus represents one of the fundamental ideas behind the fluorescence sensing. In brief, the concept that rules the topic consists in determining information about the molecular environment of a a dye, such as chemical-physical parameters (i.e., temperature, viscosity, pH) and/or composition (i.e., concentration of a specific specie), by means of the variations of the fluorescence response that the latter are able to induce. The species which are used for this purpose are commonly known as fluorescent probe. Several biological processes and onset of diseases are related to changes of concentration of chemical species and therefore the ability to monitor them represents an important issue in the scope of medicine and biology.

Fluorescent probes can be classified according to the mechanism of interaction with the analyte and therefore according to several criteria. In the first instance they can be splitted into two classes, depending on the presence or not of a recognition unit then, according to the kind of interaction with probed specie (Figure 1.9).

Figure1.9 Chemical sensing by fluorescence [3] 1) Reversible reaction: the analyte is involved in a reversible reaction with the fluorophore, leading to a variation of the fluorescence features of the latter;

2) Collisional quenching: the analyte collisionally quenches the fluorophore;

3) Derivatization: the analyte reacts irreversibly with a non-fluorescent specie leading to the formation of a fluorescent one; 4) Reversible binding: the analyte interacts with a recognition unit linked to the fluorophore with changes in its fluorescence characteristics; 5) Displacement: the analyte displaces the fluorophore by its complex, in which it isn't covalently linked to the recognition unit.

Intuitively upon these interactions some variations in fluorescence occur, and the ones which are monitored (Figure 1.10), for instance lifetime, contribute to determine the kind of analytical technique used for the purpose, such as Fluorescence-Lifetime Imaging Microscopy (FLIM) for the cited example. 

Bioimaging by fluorescence microscopy

Bioimaging comprises all the techniques which are able to produce a two-dimensional picture [7] of a biological sample (spanning from subcellular structures up to whole organisms). There are several methods for the purpose, such as atomic force microscopy [8][9] , ultrasound [8][9][10] , magnetic resonance [8][9] , positron emission tomography [8][9] and many others; among these, fluorescence microscopy finds its place with its fascinating features.

In principle when an analyte is fluorescent, it's determination in cells or tissues can be achieved directly by spectroscopy (direct methods), but many components are not fluorescent or not concentrated enough.

In this quest, the advantages offered by the possibility to make these elements fluorescent by means of exogenous fluorophores is valuable and made fluorescence microscopy more and more attractive over time. In parallel, progress in technology led to the development of devices capable of high resolution and three-dimensional analysis (i.e., confocal laser scanning microscope [11][12][13][14] ) and techniques in superresolution (e.g., STimulated Emission Depletion [15][16] ), making the fluorescence microscopy one of the main tools for bioimaging. In this view however, there are some drawbacks to face, related to the nature of the sample.

Generally speaking, cells and biological tissues are mainly constituted by water, lipids and proteins and their optical properties can not be neglected (Figure 1.11).

Figure 1.11 Absorption spectra in the NIRof major tissue components: water, lipids and proteins (here albumine) [17] Moreover biological tissues are naturally populated by endogenous chromophores (Figure 1.12) of different nature, which are responsible for so called autofluorescence, representing a large source of noise.

Figure 1.12 Absorption (dotted lines) and emission (solid lines) spectra of some endogenous species in neutral acqueous solution [18] Another important parameter to consider is the scattering of the light, induced by interaction with objects with size comparable to the wavelength of the radiation. In this view biological samples (according to their nature) are able to scatter the light [19][20][21] , resulting in a global attenuation of the intensity both in excitation and collection of fluorescence.

Comparing to excitation by means of UV-Visible light, the utilization of longer wavelength leads to deeper penetration of biological samples due to lower scattering and lower absorption by the main tissue components and, furthermore, the absorption of light by endogenous chromophores is also reduced, avoiding autofluorescence.

Two-photon absorption

From the previous considerations it emerges that for fluorescence bioimaging purpose, the NIR window, and therefore the multiphotonic excitation techniques, seems optimal; among these, the most common and used is the two-photon one.

The two-photon absorption (2PA) phenomena was theorized for the first time in 1931 by Maria Goppert-Mayer [22] and experimentally observed in 1961 by Kaiser [23] . It consists in the excitation of a molecule by the simultaneous absorption of two photons; in most of the cases, due to experimental simplicity of the instrument setup, the photons are degenerate and their energy is half of the one required in onephoton process (Figure 1.13). Between one-photon and two-photon processes there are some substantial differences; according to the essential state model [24] , for centrosymmetric molecules an inversion of the Laporte rule occurs (Figure 1.14), therefore the transitions allowed through two-photon excitation are forbidden in one-photon and vice versa. 14 Selection rule for one and two-photon transition [25] Another important difference is the dependency of the phenomena with the intensity of the light; for one-photon excitation the absorption is linear to the light intensity, whereas for two-photon it is quadratic, according to Equation 1.12.

𝑁 =  2 𝐼 2 Equation 1.12
Wherein N is the number of photon absorbed per second, I is the intensity of the light and  is the twophoton absorption cross section, which is measured in Goppert-Mayer units (1 GM= 10 -50 cm 4 second photons -1 ) and represents a figure of merit to evaluate the responsivity of a specie towards two-photon absorption process. From the fluorescence point of view , it worths to remark that upon excitation by one or two-photon, the emission spectrum of the species doesn't change.

Two-photon absorption process found its place in fluorescence microscopy in 1990 thanks to W. Denk, J. H. Strickler and W. W. Webb, who developed the first two-photon laser scanning microscope [26] (Figure 1.15).

Figure 1.15

Skech of a two-photon laser scanning microscope [27] As well as the possibility to use NIR light for excitation, one of the main feature that makes two-photon microscopy so attractive, is its intrinsic confocality. As already mentioned in order to get two-photon transition, a high density of photons is required (Equation 1.12), which is achieved by means of suitable sources (i.e., pulsed laser) and system of lens which focus the light beam on the specimen. However whereas in one-photon techniques the excitation is extended through the optical path, in two-photon it is limited just to the focal volume (Figure 1.16), where the intensity of the light is high enough to produce the excitation.

Figure 1. 16 Illumination with one-photon (upper beam, 532 nm) and two-photon wavelengths (lower beam, 1057 nm) [28] This feature also affects photobleaching of the chromophore and photodamage of the sample, that result confined in space, making two-photon excitation useful also in other fields such as microfabrication by photopolymerization [29][30] (Figure 1.17) and photodynamic therapy [31] .

Figure 1.17 Scanning Electron Microscopy (SEM) images of micro-objects made by two-photon polymerization [32] Coming back on fluorescence imaging, a figure of merit to evaluate the optical properties of general probe is its brightness, defined as following:

one-photon brightness = ΦF two-photon brightness = 2 ΦF Equations 1. 13 It's intuitive that having probes with high values of two-photon brightness represents a benefit for imaging, therefore over time several researches have been done in order to understand what is the relation between the structure of a two-photon absorber and its 2: the structure-property relationships [24,[33][34] .

Structure-property relationship

In this paragraph the discussion will be centered on the class of compounds described in this manuscript, which are dipolar and quadrupolar systems (Figure 1.18). The studied dipolar structures can be splitted into three parts, a donor moiety (D) conjugated to an acceptor one (A) through an electron rich path (-bridge). Upon excitation these molecules undergo an intramolecular charge transfer (ICT) from the donor to the acceptor group [33] , usually accompained by a large variation of the dipole moment. For such molecules, increasing the dipolar strength by means of strong donor and/or acceptor moietes can lead into an enhancement of 2 [35] (Figure 1.19). Concerning the quadrupoles the situation must be through; for the structure depicted in Figure 1.18, the ICT can occur from the donor group to the acceptor end-ones too, however the situation concerning the strength of the donor and/or the acceptor is very complex and usually a fine tuning of the features of these moieties is required.

Another important parameter is the extension and the conjugation of the -electrons. It's been observed that electron rich dyes present a higher response in two-photon absorption processes than analogous electron poor ones [35] (Figure 1.19); this effect can be so influential that a figure of merit used to evaluate the response in such case is 2/Ne, wherein Ne is the number of -electrons. As mentioned it's also important that the -system is well conjugated, meaning that the overall molecular architecture must be able to ensure a planar conformation which enhances the overlap of the orbitals (Figure 1.20).

Figure 1.20 Enhancement of 2 by forcing planar conformation [24] So far we have discussed how two-photon excitation techniques can be useful for fluorescence bioimaging in the NIR window and how the molecular structure of a compound can be engineered in order to improve its properties for such applications; however, according to the kind of usage, there are several parameters that must be taken into account (i.e., chemical/photostability in biological environment, absence of toxicity).

Nanoparticles

The definition of nanoparticles (NPs) have several nuances in literature (Table 1.1), but they commonly refer to objects whose dimensions range between 1 and 100 nm.

Table 1.1 Definitions of nanoparticles [36] according to different standards

Considering the nature of their constituents, NPs can be classified in inorganic (e.g., Q-dots, metal oxide based, silica) and organic ones (e.g., molecular aggregates, dendrimers, polymeric). Very often organic and/or inorganic compounds with interesting optical features suffer of problems such as low solubility, drop of fluorescence quantum yield in acqueous medium and photobleaching. In this view the use of nanoparticles represents an approach to partially overcome these drawbacks [37] ; moreover the possibility to confine a high number of fluorophores per nanoparticle results in an object with higher brightness than single constituent [38] . For that reason in the last decades the topic has been deeply investigated, leading to a wide bunch of nanomaterials; here it is a briefly description of the most common nanoparticles studied in fluorescence bioimaging field.

Upconversion nanoparticles (UCNPs)

This class of NPs are based on rare earth elements; tipically they consist of NaYF4 nanocrystals doped with lanthanide species such as Er 3+ , Tm 3+ and Yb 3+ . These NPs have emission based on the upconversion process [39] , through which two or more excitation photons are converted in one emission photon with higher energy, leading to an anti-Stokes shift. Furthermore UCNPs absorb in the NIR window, usually between 750 and 1000 nm, and they can exhibit (most of the times) sharp multicolor emission (Figure 1.21). They are also characterized by very high photostability [40] but suffer of some drawbacks such as low fluorescence quantum yield [39] .

Figure 1.21 Upconversion emission spectra UCNPs NaYF4: Yb/Er (25-60/2 mol%) exciting at 980 nm [39] 1.7.2 Quantum dots (Q-dots)

This class of materials consists in nanocrystals made by semiconductors of III-V group (e.g., GaAs, InP), II-VI group (e.g., CdS, CdSe) and IV-VI one (e.g., PbS, PbTe). They show unique optical properties due to the quantum confinement, which determines a relationship between the size and the emission spectra [41][42] ; when increasing their size, the quantum effect induces a red shift of the fluorescence of the Q-dots (Figure 1.22).

Figure 1.22 Size-emission relation in Q-dots [43] Cadmium based ones are the most studied, with high brightness (expecially after encapsulation with ZnS layer [44][45] ) and photostability, but for biological applications, they suffer of drawbacks such as toxicity and low biocompatibility. In this view several efforts have been done to improve Q-dots' properties, such as development of Q-dots without toxic heavymetals (e.g., CuInS2/ZnS [46] ) and surface passivation and functionalization techniques [37,47] ; for instance in 2012 Ye et al. [48] carried out an in vivo pilot study on rhesus macaques using phospholipid micelle-encapsulated CdSe/CdS/ZnS Q-dots, without evidence of toxicity.

Noble metal NPs

Among noble metals, gold (Au) and silver (Ag) have been highly investigated in biological field. AuNPs offer advantages such as low toxicity [49] , high photostability [50] and tunability of their optical properties according to their shape and size [51] , that can be adjusted on the base of the method used for their preparation [52] (usually wet methods such as citrate reduction of HAuCl4 [53] ). They also exhibit high potential in terms of bioconjugation, taking advantage from thiol chemistry which offer a wide range of possibilities for surface modification (Figure 1.23).

Figure 1.23 Peptide conjugation of surface functionalized AuNPs [51] AgNPs can be also prepared by several ways, the most common ones are based on reduction of AgNO3 (e.g., polyol synthesis [54] ) which offer control on shape and size on produced NPs and, therefore, on their optical properties as well as AuNPs. AgNPs exhibit interesting antimicrobial properties [51,55] , but they suffer some limitations due to oxydability of silver surface [51,56] .

Silica nanoparticles (SiNPs)

This class comprises nanoparticles based on silicon dioxide (silica, SiO2), that aroused a lot of interest due to their non toxicity and biocompatibility. Their size and structure can be modulated according to the methods used for the preparation; for instance the Stober method [57] , which is the most commonly used nowadays, allows to get almost monodisperse NPs. A variation of this method by means of surfactant templating agent (e.g., cetyltrimethylammonium bromide) leads to monodisperse mesoporous NPs with high porosity (i.e., MCM-41, Figure 1.24) and useful loading capabilities for cargo applications. Exploiting the well established silicon chemistry, fluorescent SiNPs can be readily obtained by grafting of fluorophores [51] .

Figure 1.24 Formation of MCM-41 [58] 1

.7.5 Carbon dots (C-dots)

C-dots are made mainly by sp 2 -carbon atom and can contain different amount of hydrogen, oxygen and nitrogen. They become interesting in fluorescence bioimaging thanks to their low toxicity [59][60] , good biocompatibility [7] and good chemical and photostability [61] . Tipically they can be prepared by top-down approach (e.g., arc-discharge, electrochemical method, laser ablation), by cleavage of other carbonaceous materials (e.g., graphite) or by bottom-up approach (e.g., thermal methods), by treatment of small precursors (e.g., sugar [60] ). Their optical properties are also very interesting and can be tuned in strictly relation with their nature and methods used for preparation [61] ; for instance some C-dots exhibit emission (intensity and wavelength) dependency by excitation wavelength (Figure 1.25).

Figure 1. 25 Emission spectra of C-dots upon excitation at different wavelenghts [62] 1

.7.6 Dendrimers

These molecules are characterized by highly ramified structures and ideally, they are monodisperse.

Dendrimers are made by a core linked to repetition units (that can induce different ramifications) which end with terminal groups. In general their properties are highly tunable and strictly related to the nature of the building blocks involved and backbone of the architecture (e.g., tunability of hydrophilicity by surface modifications). Usually they are made fluorescent by means of dyes which are covalently linked in the structure and, one of the main effect of the hyperbranched organization, is the amplification of the properties comparing to the single dye. For instance Blanchard-Desce et al. [63] reported a series of twophoton absorbing dendrimers (different generations) bringing fluorene-based dyes on their surface, observing a linear enhancement of 2 with the number of chromophores grafted, up to 56000 GM (4 th generation, Figure 1.26).

Figure 1.26 Schematic representation (up) of the chemical structure (bottom) of a two-photon absorbing dendrimer [63] 1

.7.7 Polymeric NPs

This class is rather wide and comprises several materials and strategies aiming to get fluorescent nanostructures (Figure 1.27).

Figure 1.27 Common strategies for fluorescent polymeric NPs [37] In the first approach of the Figure 1.27, the idea is to use a fluorescent monomer, by covalent binding of a fluorophore to a polymerizable moiety, that upon polymerization leads to fluorescent NPs [37,64] . The second strategy represent an easier way to dope NPs, which doesn't require the synthesis of the fluorescent monomer. In this view the doping can be achieved by entrapment of the fluorophore inside the scaffold [37,65] or by chemical binding on the surface of the NPs [37] , which must be suitable functionalized for the purpose. Several kind of polymers have been investigated, such as hydrophilic ones (e.g., polyethylenglycols based [66] , N-(2-hydroxypropyl)methacrylamide (HPMA) [67] ) or hydrophobic ones (e.g., polystyrene [68] , polyacrilonitrile [66] ), however always aiming to biocompatibility and lack of toxicity [7] .

Fluorescent organic nanoparticles by low molecular weight molecules (FONs)

Fluorescent organic nanoparticles is a wide class that, for definition, comprises nanoparticles made by organic compounds, and exhibiting fluorescence properties. I will focus my attention on the kind of nanoparticles studied in this manuscript and therefore the acronym FONs will be referred to ones made by organic molecules with low molecular weight, designed for bioimaging applications. The hydrophobicity of the dyes involved is able to induce the formation of nano-aggregates in water, in order to minimize the contact of fluorophores with it, resulting in confinement of a huge number of molecules in a small volume [38] . Their properties can be widely tuned according to the nature of the fluorophores involved and, therefore, the engineering of their molecular structures is a key parameter. An interesting example of this concept is what so called aggregation-caused quenching (ACQ), which consists in quenching of the fluorescence (ΦF), due to increased non radiative de-excitation paths upon aggregation.

In 2001 Tang et al. [69] observed that the silole in Figure 1.28 had an opposite trend, exhibiting emissive properties shifting from solution to aggregated state, a phenomenon called aggregation-induced emission (AIE) [69] .

Figure 1.28 Molecular structure (left), conformational rotamers (middle) and variation of the ΦF of 1-methyl-1,2,3,4,5-pentaphenylsilole in different ratio water-ethanol mixture (right) [69] The silole in the previous figure, can be visualized as a rotor-stator like molecule, in which the phenyl rings are the rotor moieties. In confined state, a planarization of the structure can happen, leading to an improvement of the conjugation; however, the rotational motions of phenyl rings are not totally prevented, but reduced to a small extent, which is howsoever enough to avoid the formation of excimer specie and quenching of the fluorescence.

Preparation of FONs

The FONs described in this manuscript were prepared by routine reprecipitation method (RRM) [START_REF] Masuhara | Single Organic Nanoparticles[END_REF] ;

there are many ways to prepare them (i.e., laser ablation, vapor deposition), but among those, the reprecipitation represents the quickest and cheapest approach.

In the reprecipitation method adopted in this manuscript, the fluorophores (not soluble in water by test) are dissolved in a water-miscible solvent (e.g., acetone, ethanol, DMSO, THF), aiming to a concentration about 10 -3 M; then a small aliquote of this solution is injected into a large volume of milliQ water under vigorous stirring. The process results into a fast solvent displacement, leading to the formation of a colloidal dispersion as following depicted (Figure 1.29). Moreover the parameters that affect the growth of the particles (e.g., temperature, concentrations) can be changed, offering a tunability of properties such as size and shape [38,[START_REF] Masuhara | Single Organic Nanoparticles[END_REF] (Figure 1.30) [START_REF] Masuhara | Single Organic Nanoparticles[END_REF] Chapter 2

Design of New Two-Photon pH Probes

Introduction and goal of the work

In the first section of this chapter some basic concepts about the biological relevance of the pH, and fluorescent pH probes will be introduced. This will be helpful in understanding the context in which this work fits.

Importance of pH in biological environment

In biological field pH is a fundamental parameter for the normal carrying out of biochemical processes in living organisms. For example just think of chemiosmotic coupling [1] in oxidative and photophosphorilation that takes place in mitochondria and chloroplasts, where the electron transport chains are coupled to the formation of a protonic gradient across membranes, which is used as driving force for the phosphorylation of the ADP (Figure 2.1).

Figure 2.1

Oxidative phosphorylation [2] The processes that can take place inside a cell are varied and often require dissimilar conditions, among which the pH is one of the most relevant and, in order to ensure the best situation for the biological activities, eukariotic cells are highly compartimentalized [3] .

Figure 2.2 pH of different subcellular compartments [3] As shown in the previous figure, pH is not constant over the whole cell, but changes according to the compartments [3] , from more acidic organelles such as lysosomes up to alkaline ones such as mitochondria. In the absence of compartmentalization by membrane delimitation, many processes could not be carried out properly: for instance the degradation of lipids occurs thanks to the action of lipase which are enzymes contained in lysosomes, that are active at acidic pH (i.e., about 5.0), whereas they are unactive in neutral condition, ensuring the safety of the cells in case of lysosomes rupture [3] and possible release in the cytosol (pH≈ 7.2). Moreveor following metabolic activities, such as the production of ATP by glycolysis, the pH of the cytosol tends to decrease; however the homeostasis condition, which is a key factor for the proper functioning of the cell, is ensured by means of appropriate regulatory mechanisms, such as exchangers and co-transporters [3] . The example in the previous figure shows the antiporting mechanism of a sodium-proton exchanger (NHE), a transmembrane protein present in mammalian cells that is responsible for exchanging intracellular H + with extracellular Na + , contributing to enhance of the intracellular pH level.

However pH regulation does not only affect the intracellular environment. In fact, as mentioned above, the regulatory mechanisms for intracellular pH homeostasis involve transmembrane processes between the cytosol and the interstitial space. Then pH outside of the cellular compartment (pHe) is regulated by biological processes involving the action of organs such as kidneys and lungs [4] . The alteration of normal pH conditions is often related to a variety of disorders and pathologies. For example lysosomal pH alterations [5] are related to the intracellular metabolism of Amyloid- Protein Precursor, which is involved in the onset of Alzheimer's disease; acidification of cytosol in cardiac myocite leads to an overload of intracellular Ca 2+ , resulting in alteration of their contractility that can lead to arrhytmias and cardiac failure [3,[6][7] .

Figure 2.4

Effect of uncompensated intracellular acidosis on myocyte contractility [6] As for the diseases associated with variations of extracellular pH, tumors are a representative case.

Generally, due to the low vascularization, they exhibit a remarkable glycolytic activity which is accompanied by an equally efficient homeostasis process. In this way their physiological intracellular pH is preserved at the expense of the extracellular environment which is significantly acidified, as low as 6.5 [8] . In fact, while in normal tissue the pHe (≈ 7.4) is generally higher than intracellular one (pHi≈ 7.2), in tumors the situation is reversed (pHe < pHi). Color scale height, 150 m [9] It follows that the ability to measure and/or monitor pH in cellular environment, especially close to membranes, is of great importance both in the biological field, in order to understand what are the biochemical mechanisms that induce pH changes, and in the medical ambit, taking advantage of the close correlation between pH alterations and the onset and development of pathologies.

Fluorescent pH-probes

In this section we will introduce a brief excursion of fluorescein based probes, which is a frequently used family of pH probes, in order to better understand feautures and requirements for fluorescence bioimaging purposes.

Fluorescein can exist in water solution into several forms, according to the pH-dependant equilibriums depicted in Figure 2.6 [10] .

Figure 2.6 pH-dependent equilibriums of fluorescein [10] In a range of pH between 5.0 and 8.0, the absorption spectrum is basically constituted by the anionic and dianionic species; the first one exhibits two peaks with roughly the same molar absorption at 453 and 472 nm, whereas the dianionic form display a main band at 490 nm [11] . The emission of the two species is widely overlapped and, upon excitation at a suitable wavelength (488 nm in figure 2 [10] The pH dependence of absorption and emission, due to the equilibrium among the species present at a given pH, allows ratiometric properties that can be exploited for pH determination with advantage. In particular the ratio of fluorescence intensities registered at a single wavelength upon excitation at two different ones (usually about 450 and 490 nm for fluorescein) is strictly related to the ratio of the two conjugated emissive forms, which in turn is determined by the pH of the solution (Figure 2.8). This relationship allows to perform pH measurements from fluorescence intensity ones, and the method is known as dual excitation ratiometric approach. In vivo pH calibration curve of fluorescein-dextran ratio against pH) [12] The main advantage of this mode is that the fluorescence intensity ratios are independent on parameters such as local concentration of the probe, optical path length and photobleaching, which therefore do not affect the pH measurement. These features have made many fluorescein-based dual excitation ratiometric probes widely used for pH determination in biological environment.

Fluorescein (and in general charged compounds) is usually loaded into cells by means of cell-permeant ester derivatives; the idea consists in enabling cell loading (avoiding invasive techniques such as microinjection) by means of fluorescein diacetate (FDA, Figure 2.9) that is less polar and, upon internalization, is converted to fluorescein by action of intracellular esterase [13] . To date this kind of approach has been highly developed and acetoxymethyl esters (AM), which are hydrolyzed into the cell by non specific esterase, are largely used to mask polar functional groups in pH-probes [14] .

However FDA suffers of high leakage rate [15] , making it difficult to use especially for studies over time.

Usually this problem is addressed by enhancing the retention time of the probe inside cells by increasing its polarity by means of functionalization of the chemical structure. For instance carboxyfluorescein released upon hydrolysis of its diacetate (CFDA, Figure 2.10) or AM esters, contains a carboxyl group on position 5 or 6 which increase the retention inside cells [16] . Another important issue to take into account for pH probing is its pKa value; in order to get sensitivity to pH variation around neutrality, the probe must have a pKa very close to it and ideally pKa≈ pH should be satisfied [14] . In this condition a little variation of the pH induces a significative change of the analytical response related to the ratiometric property monitored, getting high sensitivity. For these reasons several researches have been done to develop ratiometric pH probes with pKa close to neutrality. In this view, 2',7'-Bis-(2-carboxyethyl)-5-( 6)carboxyfluorescein (BCECF, Figure 2.11), introduced by Rink et al. [17] (in its AM ester form) represents an improvement of CFDA and, with a pKa equals to 7.0, it is one of the most used probes for pH measurements [14] .

Figure 2.11

Top: AM ester of BCECF; bottom [18] : Fluorescence images of BCECF-dextran-stained distal airway taken at 440 nm (left) and 490 nm (middle) excitation wavelengths. Spatial map of pH shown as pseudocolored ratio image (right). Bar, 100 m.

Dual emission ratiometric pH probes

However the development of pH probes followed also the specific requirements of other techniques and the development of other technologies. For instance several common devices used in biological field, such as flow cytometers and microplate readers, work with one excitation source setup [14] , therefore in this view dual excitation probes suffer of some limitations. Furthermore the appearance of confocal microscopes represented another reason to research on ratiometric pH probes exhibiting pH dependancy of fluorescence spectra in terms of shift of the  𝑒𝑚𝑠 𝑚𝑎𝑥 , meaning that the conjugated species of the probe are able to exhibit fluorescence in different spectral regions. Similarly to dual excitation probes, compounds that show two emission bands upon excitation at one wavelength, are known as dual emissive ratiometric pH ones. In this view benzoxanthene derivatives, such as seminaphthorhodafluors (SNARFs), are the most common and representative ones [14] . They usually exhibit dual excitation and dual emission ratiometric behavior, long absorption and emission wavelengths and pKa close to neutrality (pKa= 7.5 [10] for Carboxy SNARF-1 in Figure 2.12 [19] ). ) in 50 mM potassium phosphate buffered solutions [19] 2

.1.4 Ratiometric pH probes for two-photon excitation techniques

The development of two-photon microscopy stimulated the research and investigations for ratiometric pH probes suitable for two-photon (2P) excitation techniques. In general 2P pH probes must be characterized by high values of two-photon brightness (2F), which allows to get high quality 2P image and in principle to work with low power lasers, reducing photodamage and enabling long time experiments. In the view of the ratiometric approach this feature must be extended to both the forms at the pH dependant equilibrium. In 2004 Blanchard-Desce et al. [20] reported the two push-pull-push quadrupoles depicted in Figure 2.13, which show strong modulation of non linear optical properties upon (de)protonation.

Figure 2.13

Both compounds undergo significative spectral changes upon deprotonation of the acidic forms, with a bathochromic shift of the emission bands that are accompained by a reduction of fluorescence quantum yields values. However in parallel, the enhancement of the internal charge transfer (ICT) character (that is enhanced from phenol to phenolate and from anilinium to aniline) induces an increase of two photon cross section (2), with beneficial consequences for brightness, a concept which will be renewed in the next sections. The pKa values measured for these compounds were 9.5 and 3.5 respectively for phenol and aniline derivative.

Several works can be found in literature about small-molecule based 2P ratiometric pH probes [21] for bioimaging purpose, some of them following quoted.

In 2006 Jullien et al. [22] reported some work on optical properties on dipolar 5-aryl-2-pyridyloxazole derivatives, studying their optical properties upon one and two-photon excitation. These compounds exhibit tunable pKa values ranging from 2.0 to 8.0, by playing on the stuctures of donor and acceptor moieties and some of them, such as 4-PYMPO-NH2 (Figure 2.14) show dual emissive ratiometric behavior.

Figure 2.14

In 2012 Cho et al. [23] reported a 2-methoxy-6-(5-oxazolyl)naphtalene derivative with a pKa about 4.4, which was successfully used for ratiometric pH estimation in live cells and human tissues by means of two-photon microscopy (Figure 2.15).

Figure 2.15

A series of benzimidazole derivative (Figure 2.16) with pKa values between 4.9 and 6.1, was prepared by Kim et al. [24] and employed for ratiometric two-photon imaging of live cells and mice brain tissues.

Figure 2.16

A benzo [d]thiazole derivative (Figure 2.17) with pKa about 5.0 was reported by Zhao et al. [25] and used for intracellular pH determination of HeLa cells.

Figure 2.17

From the previous examples it is possible to note that the combination of some pH probes properties is rather complicated. Often compounds having pKa close to neutral pH, and therefore very sensitive to little pH variations in physiological conditions, lack of suitable two-photon cross section for one or both conjugated forms or vice versa; in this context the purpose of this work finds its position.

The aim is to prepare ratiometric pH probes for cell membranes:

 characterized by pKa close to neutrality, in order to get high sensitivity to little variations around physiological pH;

 exhibiting dual emission ratiometric behavior;

 showing large two-photon cross section, therefore suitable for pH probing by two-photon excitation techniques;

 able to stain cell membranes, aiming to measure pH close to them, where we have seen a variety of important biochemical processes take place.

Design of the probes

The target chromophores are quadrupoles of the type type A--D--A (Figure 2.18) and their molecular structure are following described. The donor core chosen is fluorene, a deeply studied [26][27][28][29][30][31][32][33][34][35][36][37] scaffold involved in synthesis of several dipolar and quadrupolar systems, usually exhibiting high F and good non linear optical properties. It worths to point out that, according to the principles given in the first chapther, fluorene represents a planarization of biphenyl, aiming to improve two-photon cross section by better electron conjugation in the molecular structure. Moreover fluorene can be easily functionalized on the positions 2 and 7 of the aromatic rings, which exhibit good reactivity towards electrophilic substitutions, and on position 9 by exploiting the acidity of the protons in that position (pKa= 22.6 in DMSO [38] ) due to aromatic stabilization of conjugated anion.

The -bridges selected consists of ethynylene-phenylene-vinylene and 2,2'-bithiophene moieties, according to which the chromophores will be named distinctly as first and second family respectively.

The idea behind the variation of the conjugative element, is to achieve a tunability of the optical properties. In particular the replacement with the bithiophene motif represents an extension of the system which should provoke a desirable enhancement of 2 because of the increase of the charge transfer character of the dye. Furthermore heterocycles are often used in the field of two-photon materials as conjugation path, because comparing to carbon-carbon double bonds they usually enhance photostability [39] and induce red-shift of absorption and emission [39] . Finally, aiming to get probes for cell membranes, the two chosen -bridges contributes to get length of about 3.4 nm (distance between the two nitrogen atoms in each chromophore), matching the main thickness of biological membranes [40] ,

in order to get incorporation within the cell membranes (Figure 2.19). In this view the lipophylic character of the inner part of the chromophores is enhanced by functionalization on position 9 of the core with two alkyl chains; usually this kind of modification doesn't affect optical properties [41] .

The acceptor end-groups chosen are pyridine and quinoline ones; they show a weak basicity thanks to the electron pairs on the nitrogen atoms, resulting in pKa about equal to 5.2 and 4.8 for pyridinium and quinolinium respectively. However a modulation of their basicity (i.e., enhanced), due to cross conjugation with the donor core is expected, which may eventually result in a shift of pKa values towards 7.

Synthesis

From synthetic point of view it's comfortable to take advantage from the symmetry of the molecules (Figure 2.20). In particular one can identify a mirror plane on which the fluorene scaffold lies (blue one in the previous figure), containing the substituents on positions 2 and 7, and a mirror plane perpendicular to the first one which contains the other two substituents on position 9 (red one in the previous figure). It follows that planning a synthesis made by two-fold steps, one for the introduction of the alkyl chains and the other one for the functionalization of the positions 2 and 7, seems advantageous. According to the latter idea and, in order to perform a cheap synthesis using simple and commercially available materials, chromophores 1 and 2 were prepared by means of the retrosynthetic route depicted as following (Scheme 2.1).

Scheme 2.1 Retrosynthesis of target molecules 1 and 2

The intermediate 6 was already present in our laboratory as previously synthesized [42], i , however the description of the synthesis also includes the steps used for the preparation of such, highlighting the convenience of the synthetic route chosen.

Commercially available fluorene was iodinated via aromatic electrophilic substitution by iodine in acidic conditions (Scheme 2.2) [43] .

Scheme 2.2 Bis-iodination of fluorene; reagents and conditions: I2, HIO4, H2SO4, AcOH, 75 °C, 2 h, 80%.

The butyl chains were introduced by nucleophilic substitutions of the carbanion generated by deprotonation of 5 on butyl bromide; the reaction was performed in biphasic conditions using a phase transfer agent (Scheme 2.4) [44] .

Scheme 2.3 Bis-alkylation of 5; reagents and conditions: tetrabutylammonium bromide, KOH, n-butyl bromide, PhMe/H2O (2:1), 65 °C, 1 h, 90%.

Thus the iodine atoms were replaced by Sonogashira cross-coupling with ethynyltrimethylsilane, protecting one side of each ethynyl moiety, getting the intermediate 7 (Scheme 2.4) [42] . Target molecules 1 and 2 were finally prepared by Wittig-Horner reaction with 4-(diphenylphosphinoylmethyl)pyridine (10) [45] and 4-(diphenylphosphinoylmethyl)quinoline (11) [42] as following reported.

Scheme 2.7 Two-fold Wittig-Horner reaction; reagents and conditions R-CH2-P(O)Ph2, NaH, THF, rt, 24 h, 81%

, 79% (2).

It worths to point out the stabilizing effect of pyridine and quinoline moieties on the phosphorus carbanion generated after deprotonation of the phosphine oxide derivatives, which allows to get 1 and 2

with high E,E stereoselectivity [46] .

The synthesis of 3 and 4 were performed using a strategy similar to the one adopted for the first family of probes (Scheme 2.8). Finally, Wittig-Horner condensations of the latter one with 10 and 11 allow to get respectively 3 and 4.

pH dependence of the photophysical properties

The study of the absorption and emission properties was carried out on diluted solutions (10 -6 M ) of the chromophores in sodium dodecyl sulfate (SDS) micellar water (SDS:BuOH:water = 6:5:89 wt%). In fact the bolamphiphilic feature of these compounds makes them soluble in the colloidal environment.

The pH of the solutions was regulated by small addition of aqueous hydrochloric acid or sodium hydroxide solutions. Data concerning absorption and emission properties are summarized in Table 2.1 and following discussed.

abs max [nm] em max [nm] F 2PA max [nm] 2 max [c]
[GM]

2 max F [d] [GM] pKa Spectroscopic data were collected using diluted solutions of chromophores in micellar water (SDS/butanol/water, 6:5:89 wt%) under basic a (10 -3 M NaOH; pH = 11) or acidic b conditions (10 -3 M HCl; pH = 3). c Two-photon absorption cross section given in GM (1 GM = 10 -50 cm 4 s photon -1 ). d Two-photon brightness defined as the product of the maximum 2PA cross-section and of the fluorescence quantum yield (F). 

Absorption and emission

Absorption and emission spectra of the chromophores, in basic and acidic conditions, are reported in the following figure. From this data is possible to draw some considerations. The replacement of the pyridine group with the quinoline one, being an extension of the -system, results in a red-shift of the absorption and emission bands (more pronounced for the latter). Moving from basic to acidic conditions, the protonation of the acceptor moieties leads to an enhancement of their electron withdrawing character, that results into a red-shift of absorption and emission bands too. Furthermore, the protonation of the acceptor groups (e.g., from 1basic to 1acid), the replacement of the pyridine moiety with the quinoline (e.g., from 1 to 2) or the elongation of the -bridge (e.g., from 1 to

3), are accompanied by a reduction of the fluorescence quantum yield.

Eventually all the chromophores display a remarkable spectral shift in the emission spectra further to protonation, that represents a signature for dual emission ratiometric pH probes.

pKa determination

The pH dependancy of the emission spectra was deeply investigated (Figure 2 From the graphs one can observe that decreasing pH induces a reduction of fluorescence intensity of the basic forms concomitant to an enhancement of the intensity of acidic ones. The behavior reflects the mutual variation of the concentrations of the two conjugated species as a function of the pH.

At this point we moved towards measurements of the pKa of the chromophores. For this purpose we performed fluorimetric titration experiments on diluted solutions (10 -6 M) of dyes in micellar water.

Upon excitation by 1P irradiation, fitting the ratios of fluorescence intensity as a function of pH led to classical sigmoidal curves (Figure 2.23). The fitting data are reported in Table 2.2. The pKa observed (pKaobs) lie in the range between 6.2 and 7.0, making them suitable for pH determination in physiological conditions. Recalling that pKa of pyridinium and quinolium are respectively 5.2 and 4.8, is possible to appreciate the large shift of the values. This can be readily understood by the analysis of the resonance structures in Figure 2.24. The properties of a molecule are strictly related to its chemical architecture; according to the principles of the resonance theory, the structure closest to the real one is given by the hybrid of the resonance ones which can be written, keeping into account their relative stability. It follows that the most stable resonance forms are the ones in Figure 2.24 (compound 1 used as model), the neutral one with no charge separation and, among all the possible zwitterionic forms, the ones with the negative charge on nitrogen atom (more electronegative than carbon). As a consequence the basicity of the acceptor end-groups are increased due to the quadrupolar effect, resulting in a reduction of the acidity of their conjugated acidic forms (protonated specie) and enhanced pKa values comparing to simple pyridine and quinoline. This leads to a pKa tuning of the acceptor moieties circumventing modifications of their chemical structures.

Moreover, due to difficulties in getting measurements close to the inflection points of the curves (higher slopes), the pH range was spanned several times and practically the same values of emission intensities were found in correspondence of the same pH values, highlighting the stability of the probes through the passage from acidic to basic conditions and vice versa.

The bithiophene motif induces a prominent bathochromic effect of the absorption bands from basic to acidic pH, that could also enable spectrophotometric ratiometric behavior for 3 and 4. An investigation of pH dependancy of absorption spectra was carried out similarly to emission ones (Figure 2.25). Lowering the pH induces a reduction of the absorption of the deprotonated forms of 3 and 4, with simultaneous enhancement of the acidic ones, pointing out a trend fully analogous to the one observed in their emission spectra. Ratiometric spectrophotometric titrations of 3 and 4 were performed too, leading to pKaobs in very good agreement with the ones previously obtained. 

Two-photon absorption

In order to verify their potential as 2P ratiometric pH probes, 2PA spectra of the chromophores (10 -4 M in micellar water) were determined ( ii The measurements were carried out by O. Mongin and 700 GM respectively. According to the evoked principles one can observe that the quinoline group induces an enhancement of 2 due to the extension of the -system. Upon acidification  2𝑃𝐴 𝑚𝑎𝑥 are slightly red-shifted up to 750 and 730 nm respectively for 1 and 2. The protonation of the end-groups make them stronger acceptors, inducing an enhancement of the ICT followed by the rise of the  2 𝑚𝑎𝑥 [47] , that turns equal to 1070 and 1260 GM respectively for 1 and 2.

For the second family of the chromophores, the effects previously observed are still valid. At basic pH 3 and 4 display  2𝑃𝐴 𝑚𝑎𝑥 = 730 and 800 nm respectively, with  2 𝑚𝑎𝑥 = 400 and 1000 GM. Upon acidification

 2𝑃𝐴
𝑚𝑎𝑥 are shifted up to 820 nm, where  2 𝑚𝑎𝑥 = 1740 and 3900 GM respectively for 3 and 4.

A comparison between the two families clearly point out that the replacement of the ethynylenephenylene moiety with the 2,2'-bithiophene one results in a strong modulation of the 2PA response, which is enhanced when comparing 1 to 3 and 2 to 4, especially for the acidic forms.

It worths to underline that the mentioned effects are accompanied by a reduction in fluorescence quantum yield (Table 2.1). However in terms of two-photon brightness (2F) this detrimental effect is very well counterpoised by the enhancement of 2, holding 2F over 100 GM for all the probes, both in basic and acidic conditions.

pKa determination under two-photon excitation

After having investigated the 2PA response of the chromophores, we decided to perform pKa ratiometric determination under 2P excitation. A first study on compound 1 was already performed in our laboratory and the obtained results are reported in the following figure. Fitting of the fluorescence intensity ratios led to sigmoidal curves and pKaobs= 6.3 ± 0.1 and 7.0 ± 0.1 respectively for 3 and 4. It worths to observe that for 3 the fitting gave exactly the same value of pKa observed under 1P excitation (6.3), while for compound 4 the value of pKa observed by 2P irradiation (7.0) is slightly higher than the one determined by 1P excitation.

Applications

In this section we are going to discuss some applications of the prepared chromophores as ratiometric pH probes.

Imaging

Due to its pKaobs, closer to neutrality, 1 was selected for imaging experiments on living cells. However before this, its potential to stain biological membranes was tested by means of a preliminary study carried out Giant Unilamellar Vescicles (GUVs) iii , which are largely used as models that emulates biological membranes [48][49] . GUVs were prepared by electroformation in presence of 1, both in basic (pH= 8.1) and neutral (pH= 7.2) conditions. Imaging by confocal microscopy exhibited that the chromophore is able to stain the membranes and, in both the cases, the fluorescence emission was delimited just to them. In particular in basic conditions only the fluorescence of the deprotonated form (collected between 550 and 700 nm) was observed too, proving the presence of the two species at the equilibrium. As displayed the chromophore was found able to stain the tested cells allowing their imaging.Thus it was tested also by 2P irradiation, exciting both the conjugated species at 700 nm and collecting the fluorescence signal between 390 and 688 nm (Figure 2.32). iv The experiments were carried out by J. Daniel, that I warm thank. 

Investigation of PLGA stability by pH monitoring using pH probes

In this section the pH probing ability of chromophore 2 was tested for pH monitoring over time in specific NPs made from poly(lactic-co-glycolic acid) (PLGA, Figure 2.33). PLGA exhibits high biocompatibility and biodegradability [50][51] , in fact it is approved by Food and Drug Administration in several applications, and it is object of intense study as drug delivery systems [50][51] .

However one of the main practical drawbacks is related to the acidic environment that is generated inside the PLGA matrix upon hydrolysis of the ester linkages of its structure, that can affect the stability of the delivered chemicals [52][53] . Thus several researches have been done for monitoring of pH microclimate [54][55][56] in PLGA-based materials as well as techniques to counterpoise its decrease upon hydrolysis(e.g., use of neutralizing excipients such as inorganic bases [57] ). Furthermore it must be pointed out that the microclimate pH is strictly influenced not only by the nature of the polymer (i.e., ratio of the monomers used for the polymerization) but also by the size and the morphology of the materials [54][55][56] and therefore it is dependant by the method used for their preparations.

Taking into account the above mentioned hydrolysis phenomena that induces acidic environments, the probe chosen for such experiences was 2, due to its low value of observed pKa (6.2) comparing to the other synthesized probes, with a dynamic range for pH detection in more acidic window (5.2-7.2) and therefore more suitable for this specific application. Thus 2 was encapsulated inside PLGA 50:50 NPs prepared by nanoprecipitation and the batch was splitted into three parts, which were stored respectively at room temperature, 4°C and 40°C, aiming to observe the effect of the temperature on the hydrolysis of the copolymer. The observed pH was measured by means of the calibration curve achieved in micellar water using the same ratio of fluorescence intensity (I436/I590) and excitation wavelength (386 nm). Considering the batch stored at room temperature, one can observe the reduction of the pH as a function of the time due to hydrolysis of ester linkages. Furthermore as expected, a low temperature (4°C) is able to slow down the kinetic of the process, whereas the opposite behavior is observed for the batch stored at 40°C. As mentioned observed pH depends on several parameters such as the nature of polymer used (e.g., composition, molecular weight) and the size of the particles. In similar studies about microclimate pH monitoring by confocal laser scanning microscopy carried out on PLGA 50/50 microspheres with diameter ranging from 50 to 120 m, the hydrolysis of PLGA resulted in peaks of acidity corresponding to pH of 3.0 [56] , with higher acidity for larger particles. Instead the NPs prepared by reprecipitation in the conditions adopted, which are characterized by spherical shape and a diameter ranging from 50 to 100 nm [58] , the values of pH registered for all the batches change lie in between about 6.0 and 5.5. This behavior can be explained in terms of particles size; in particular for small particles the diffusion of hydrolysis products outside the polymer matrix is facilitate comparing to larger ones, leading to a less pronounced decrease of pH [56] .

Conclusion

In this chapter a series of interesting pH probes has been synthesized and studied. The chromophores 1 and 2 (first family) display dual emission ratiometric behavior with pKaobs, estimated by fluorimetric titrations, founded equal to 7.0 and 6.2 respectively, as consequence of the quadrupolar effect induced by the molecular architecture. The ability of 1 to stain lipophilic membranes was tested on GUVs, giving back good preliminary results in view of imaging on living cells. These studies, achieved on COS-7 cells, exhibited positive feedback, allowing imaging under 2P and 1P excitation with ratiometric determination of the pH. Moreover compound 2 was used for microclimate pH monitoring in PLGA 50:50 NPs, allowing to follow small variation of pH due to hydrolysis process, for batches stored at different temperatures. The second family of probes (3 and 4) was prepared with the idea to improve the optical properties of the first one, getting more red-shifted emitters by means of variation of the structure of the -bridge in the molecular scaffold. This change also led to an enhancement of the two-photon cross sections, comparing to the analogous compounds of the first family, which allows to hold good two-photon brightness nevertheless the decrease of the fluorescence quantum yields. They also exhibit dual emission ratiometric behavior that, concurrently with pKaobs close to neutrality (6.3 for 3 and 6.7

for 4), make them good candidates as near-neutral dual emission ratiometric pH-probes for 1P and 2P applications.

Chapter 3

Dipolar dyes and Nanoparticles

Objectives

Nowadays fluorescent organic nanoparticles prepared by aggregation of low molecular weight molecules (FONs) are of considerable interest in the field of biological applications such as imaging [1- 7] . In particular they represent a very promising alternative to other nanotechnologies such as quantum dots (QDs), especially due to the absence of heavy metals, that provide an efficient response to biocompatibility issues [8][9][10] . Consequently in the last decades many efforts have been made by the scientific community in order to understand what are the phenomena and principles that govern the properties of these nanotools [1,11] , in such a way to tune and make them appropriate for the applications in which they are required.

The physical and chemical properties of FONs is a very complex topic in which the chemical structure of the chromophores involved plays a crucial role [1,[10][11][12][13][14] ; in particular it is responsible not only for the properties of the chromophores themeselves, but it also affects the interactions among the chromophoric subunits that can take place in the aggregated state [10][11][15][16][17] . Though the latter represents a further level of complexity, it also represents a further level of adjustability of the features of the FONs that is well worth studying.

In this view the objective of the introduced work consists in the synthesis of a series of new dipolar chromophores and the investigation of the effects that some chemical modifications can have on their properties, both in molecular and aggregated state.

Design and ideas

The main scaffold of the compounds studied is reported in the following figure. The donor group is a triphenylamine moiety, which has been involved in the synthesis of many others chromophores [11,[18][19][20] , often dipolar and octupolar, with good response to 2PA process. In particular its propeller shape contributes to avoid stacking in the aggregated state [21] and therefore prevents fluorescence quenching processes. Moreover it is a versatile building block that can be easily functionalized on the para positions by aromatic electrophilic substitutions [22][23] , such as halogenation or formylation, and then readily used to build up conjugated structures (e.g., through cross coupling or condensations reactions).

The -bridge for the electron conjugation between the donor and the acceptor group is a thieno[3,2b]thiophene unit. Compared to bis-thiophene the fused scaffold ensure a planarization of the system by preventing the twist between the thiophene rings (Figure 3.2) and should concur to lower the fluorescence quenching by internal conversion. The acceptor groups are selected with increasing electronwithdrawing nature, in the order formyl, dicyanovinyl (DCV) and diethylthiobarbiturate (DETB), aiming to adjust the optical properties of the chromophores by playing on their ground-state dipolar moment [24] . Furthermore, we will subsequently present the synthetic advantages provided by the possibility of exploiting condensations of the aldehyde moiety with precursors with active -hydrogens.

The functionalizations on the triphenylamine unit are performed by means of tert-butylphenyl (t-BuPh)

groups and bromine atoms. The idea consists in using bulky groups with opposite electronic effects, respectively aiming to avoid stacking in the aggregated state and get fine tuning of the optical properties by slight modulation of the donating strength of the triphenylamine.

In order to get the discussion and the analysis of the data more comfortable, for the identification of the compounds as well as to a numeric code (Arabic numbers, corresponding to that adopted in the manuscript), will also be used a binary code, with lowercase letters which identify the nature of the acceptor group and Roman numbers for the remaining substitutions ( 

Synthesis

The first part of the synthesis consists in the preparation of the series with formyl group as acceptor moiety (a serie). The prime step is the link of the donor to the -bridge, which was achieved by means At this point the idea was to perform the bis-bromination on the two para available positions of the triphenylamine moiety, in order to get compound IIa, then replacement of the latter ones with t-BuPh by means of cross coupling. It worths to point out that in the original synthetic route, the bromination on the thienothiophene unit leading to the serie II' in Figure 3.3 was not planned, but it came out from experimental results and observations. Practically a first attemp of bis-bromination was performed using 2.2 eq of NBS (freshly purified) according to protocols performed other times in our research group [9] (Scheme 3.2).

Scheme 3.2 First attempt bis-bromination; reagents and conditions: 14, 2.2 eq NBS, THF, rt NBS works as a source of bromine which is able to give the electrophilic substitutions on the activated para positions of the phenyl rings (whereas functionalizations on the ortho ones are inhibited for steric reasons). However after reacting one day, a TLC (silica gel) monitoring showed the situation sketched in the following figure. unchanged pattern, therefore some more NBS (0.5 eq) was added and the reaction was kept in the same conditions for another night. Then TLC control exhibited similar scenario, the only difference was in the intensity of the stains of the crude spot, that turned very close by naked eye inspection. An aliquote of the sample was treated in order to perform a control by 1 H NMR, which exhibited the presence of two compounds with formyl groups but no 14 anymore. Due to these results, the reaction was quenched and the two compounds were isolated by means of chromatography and their analysis displayed the formation of the bis (15) and tris (16) brominated compounds. However this failing attempt of total conversion of starting material into bis-brominated derivative had its positive features, demonstrating the electronic communication between the donor and the position brominated on the -bridge. In fact, according to the mechanism of the electrophilic substitution, the reactivity on the thiophene ring can be explained in terms of stabilization of the Wheland intermediate as depicted in the following scheme.

Scheme 3.3 Stabilization of the Wheland intermediate

Moreover it's interesting to observe that no bromination on the thiophene ring bearing the formyl group was observed, most likely due to the deactivating effect of the latter one. With these informations, the bis-bromination on the triphenylamine moiety was performed again, slightly changing the reaction conditions in order to enhance the selectivity towards the more reactive positions and avoiding the third bromination (Scheme 3.4).

Scheme 3.4 Bis-bromination (performed conditions); reagents and conditions: 14, 2.04 eq NBS, THF, 0°C for 6 hours, then rt for 12 hours (88%, 15)

However, having synthesized the target compound, the possibility of obtaining an additional one to study was appealing. Moreover, considering the overall synthetic scheme for the chromophores, the possibility to prepare a number of compounds with a bromine atom on the thiophene ring (series II') was concrete. In view of these considerations, the reactivity observed was exploited to get 16 as target compound with good yield too (Scheme 3.5).

Scheme 3.5 Tris-bromination; reagents and conditions: 14, 3.3 eq NBS, THF, rt, overnight (89%, 16)

The last compound of the serie a (17) was synthesized through Suzuki cross coupling between 15 and commercialy available 4-tert-butylphenylboronic acid (Scheme 3.6). At this point the serie a was completed and it was used as precursor for the preparation of the b and c series through Knoevenagel condensations, respectively with malononitrile and 1,3-diethyl-2thiobarbituric acid (Scheme 3.7).

Scheme 3.7

These reactions were performed by means of a protocol developed in order to make purifications easy and quick. Practically the transformations were carried out by means of -alanine as catalyst and by tuning of the solvent mixture (toluene/ethanol) in order to achieve precipitation of condensed products during the reactions, whereas starting reagents were kept into solution and thus allowing to collect the desired compounds by simple filtration and wash. Few exceptions were observed for some malononitrile derivatives whose 1 H NMR spectra exhibit the presence of little amount of impurities that were removed by further chromatography column, probably due to formation of dimer of malononitrile [25] . The conditions and results of the condensations are reported in the following After chemical characterizations of the isolated species (experimental part), their optical features were investigated I . The first part of this work is the study of structure-property relationships in organic solvent solution.

Photophysical properties in organic solvent solution

In order to make the discussion easier and more comfortable, the study of the photophysical features of the compounds (Ia-IIIc), recorded in CHCl3 solution, will be articulated before analyzing the linear optical properties and later the non linear ones.

Linear optical properties

Recorded absorption and emission spectra are diplayed in the following figure.

I 1P photophysical study of dyes in solution and FONs was carried out in collaboration with P. Pagano, that I warm thank, who also performed the 2P absorption studies and the morphological characterizations of FONs. Concerning the absorption spectra, one can observe that all the chromophores exhibit an intense band in the near UV or visible region with molar absorption coefficients ranging from about 3.0•10 4 and 7.0•10 4 M -1 cm -1 . A first analysis concerning the strength of the acceptor moieties point out that moving from formyl group, to dicyanovinyl (DCV) and diethylthiobarbiturate (DETB), therefore from the weakest to the strongest electronwithdrawing group, the bands undergo a bathochromic effect according to an enhacement of the ICT character, due to increased polarization of the ground state [13,24] ; in other words the enhancement of the push-pull strength is responsible for the observed red shift of the optical bands. In this view the trend for the substitutions on the donor moiety is very similar; moving from bromine (electron acceptor) to hydrogen and tert-butylphenyl group (electron donor), a bathochromic effect related to the increase of the ICT is observed too.

Concerning the emission spectra the behavior between the position of the optical bands and the strength of the push-pull system is analogous to the one recognized from the absorption spectra. Moreover the enhancement of the dipolar moment upon excitation induces a stabilization of the excited states by the solvatation shell, which leads to a pronounced positive solvatochromism as depicted in the following One can observe that the variation of the acceptor group in the order formyl, DCV and DETB, is accompained by a decrease of the fluorescence quantum yields and the measured lifetimes (Table 3.3).

However an analysis of the rates of radiative and non radiative decays provides more information.

Considering the series b and c, the substitutions on the donor moiety with tert-butylphenyl groups (from Ib to IIIb and from Ic to IIIc) are accompained by a reduction of the radiative decay rates concomitant to a marked increase of the non radiative decay ones, whereas in the a series this behavior is not observed. This phenomenon could be explained in terms of quenching of the fluorescence by photoinduced electron transfer (PET), which is more pronounced in molecules with high push-pull character, and in this case, for compounds with strongest acceptor and donor moieties IIIb and IIIc. probably due to a reduction of the PET process previously mentioned; in fact a reduction of the non radiative decay rates is observed too.

The properties measured so far will serve as a reference for understanding what are the consequences of molecular confinement in aggregated state; in a similar way in the next subchapter the study of the nonlinear optical properties of the chromophores in CHCl3 solution will be exposed.

Non linear optical properties

2PA spectra for the chromophores in CHCl3 solution are reported in the following figure. A first view of the spectra shows that under 2P excitation all the chromophores display λ max 2PA about twice λ max 1PA , which is related to their dipolar nature. Concerning the effects due to the variations of the acceptor group, when its electronwithdrawing character increases, from formyl to DCV to DETB moiety, respectively a, b, c series, a red shift of the optical band is observed. As expected this trend is concomitant to an enhancement of the  2 𝑚𝑎𝑥 values, which is more pronounced from formyl to DCV serie (Table 3.4). Regarding the effect due to the functionalizations on the triphenylamine moiety, when the electron donor character of the substituents increases, respectively in the order bromine, hydrogen and tert-butylphenyl (i.e., I, II, III series), a red shift of the optical bands is observed too, which is accompanied by an enhancement of  2 𝑚𝑎𝑥 values (except for Ia and IIa). The serie II' instead, always diplay a reduction of  2 𝑚𝑎𝑥 comparing to its bis-brominated analogous II.

Cpd

At this point the synthesized chromophores (Ia-IIIc) were used for preparation of NPs by routine reprecipitation method (RRM), thus beginning the study of the properties of FONs made from them.

Morphological characterizations of FONs

A first characterization was performed by transmission electron microscopy (TEM, Figure 3.8) and potential and the obtained data are reported in the Table 3.5. All the NPs prepared exhibit spherical shape, with diameter ranging from about 20 to 45 nm by TEM and average number of molecules per each NP was estimated between 0.6 10 4 and 5.7 10 4 . All of them display negative zeta potentials (ζ-potential), which let figure out an organization of the chromophores with electron withdrawing groups (acceptor ones) pointing towards the water interface, with possibility to establish interactions such as hydrogen bonds.

Photophysical properties of chromophores in aggregated state

Similarly to what has been done previously, the discussion starts with description of the linear optical properties; furthermore for each NP the obtained results are compared with the ones got in CHCl3 solution, in order to understand what are the aftermaths that such state induces.

Linear optical properties

Absorption and emission spectra of the NPs are displayed in the following figure. In the series a the compounds I, II and II' display an emission similar to the one in DCM, whereas for III it is more similar to the one acquired in THF, a less polar solvent. In a similar way for the series b and c, the emissions due to the species II' and III correspond to a less polar environment of the ones for I and II. This result can be explained again in terms of intermolecular interactions, in particular in the aggregated state the molecular confinement allows that a chromophoric unit can experience the local field generated by an adjacent molecule, thus the introduction of bulky substituents, which increase the distance between them, tends to reduce this effect and as aftermath the chromophores experience a less polar environment. Furthermore the steric hindrance could also result in a reduction of exciton coupling, with positive outcomes on fluorescence quantum yields.

Some more information about the structure of the NPs can be achieved by some considerations on the values of lifetime registered. Whereas in CHCl3 solution the chromophores exhibit a mono exponential decay, prepared NPs show a biexponential one. This can be ascribed to different environments that dyes can experience in the aggregated state. In particular one can figure out the structure of the NPs constituted by an external layer which is directly in touch with water, and therefore more prone to non radiative decay processes and an internal part which is not, to whom one can attribute respectively the shortest and the longest lifetime observed.

Finally, despite the quenching of the fluorescence in aggregated state, the great number of chromophores per NPs contributes to their large 1P brightness, that ranges from 10 6 to 10 8 M -1 cm -1 for a serie and hold about 10 7 M -1 cm -1 for deep red emitter IIIb, nevertheless the reduction of F. This behavior make these 

Non linear optical properties

The non linear optical features of the NPs made from chromophores Ia-IIIb are reported in the Table 3 From investigation of the 2PA spectra registered in aggregated state (Figure 3.10), it is evident that the scenario is more complex than the one for CHCl3 solution. In particular the molecular proximity promoted in NPs has great influence on the through-space interchromophoric interactions, that depend on several parameters related to the nature of the chromophores and to their reciprocal arrangements (i.e., dipole orientation, distance), leading to strong modulation of the 2PA response in terms of twophoton cross section and spectral shape. About the functionalizations on the donor moiety, as expected the interchromophoric interactions have a great effect on the  2 𝑚𝑎𝑥 values. In particular both in the serie a and b, the species III, which bear the strongest electron donor group, don't exhibit the largest 2P cross section as registered in solution, but in contrast the best ones are observed for the species II, with reduced electron donor feature comparing to I and III, due to bromine substitutions. As mentioned this could be ascribed to the arrangement of the dye molecules in the confined state that, in the case of the species II, favours the 2PA response (Figure 3.12). From a general point of view it worths to consider the high 2P brightness of the NPs prepared, which ranges from 10 5 to 10 6 GM and, for biological applications, to remind that the ones belonging to the b serie are also deep red-near infrared emitters, making them very appealing for 2P imaging.

The properties described so far are referred to freshly prepared NPs, meaning that they were measured immediately after their manufacture. However NPs must not be intended like static objects, in fact they can undergo several processes such as surface rearrangement and coalescence, resulting in changes of their optical properties. These phenomena are strictly related to the nature of the chromophores, making possible their tunability by playing on their chemical structures. Therefore in the following subchapter the consequences of the different chemical functionalitazions will be examined by means of overtime monitoring experiments.

Chemical stability of the FONs

The stability of NPs was studied by means of monitoring their absorption and emission spectra overtime;

the obtained results are reported in the following figure. As the spectra display, whereas in DMSO containing 2% of water the retro-Knoevenagel occurs in a short time window (minutes for IIIc), in the NPs this process is prevented, or at least slowed down, meaning that the aggregated state works as a chemical protection towards the hydrolysis process; such behavior has been observed also for other chromophores developed in our group [26] . In order to conclude this study, it worths to mention that, in terms of reactivity, IIIc was expected to hydrolyze faster than IIIb, due to the stronger electron withdrawing character of the DETB comparing to DCV. 

Conclusion

Hydrogen-bond (H-bond)

H-bond is a very complex subject that has experienced a deep refinement and evolution over the decades; just think that even its definition has presented many difficulties and several ones [1] have been proposed, then abandoned, changed or expanded. As proposed by Steiner in his comprehensive and thorough work [2] , the hydrogen bond can be defined as an interaction of the type X-H•••A, if it constitutes a local bond and if the term X-H, said donor, acts as proton donor to the specie A, said acceptor. In order to be characterized as a Hbond, some criteria (e.g., energies involved, angles between the species, distances between the latter ones) must be required [1] .

H-bond can be also classified according to some conventionally parameters such as the number of acceptor centers interacting with a certain hydrogen atom, leading to normal, bifurcated or trifurcated kind of bridges, which involve respectively one, two or three acceptor groups (Figure 4.1). Another way to classify H-bonds is based on the energy of the interaction, leading to so called strong, moderate or weak types, with different features and properties. Although the situation is not compartmentalized, with well defined limits that correspond to net changes of the properties of hydrogen bonds, but rather nuanced and continues, without precise confines. However understanding the factors that combine to determine the energy of a hydrogen bond, that lies between 0.2 and 40 kcal/mol, allows to better understand its nature. These terms consist in electrostatic, polarization, charge transfer and Van der Waals (which assembles dispersion and exchange repulsion) [2][3][4] and, according to their contribute, due to the chemical nature of the acceptor and donor moieties, the features of H-bond can easily change, determining, for instance, a more pronounced character of Van der Waals or covalent interaction. This concept can be well visualized in the following figure. [4] According to Jeffrey [5] , H-bond can be classified into three main types:

 Strong: the character of the H-bond is mainly covalent, with energy over 15 kcal/mol and strong directionality that tends to linearity.

 Moderate: the character of the bond is dominated by electrostatic term, with energy between 4 and 15 kcal/mol and discrete directionality.

 Weak: bond energy is less than 4 kcal/mol and the electrostatic contribution is less than in the case of moderate, so that Van der Waals one takes on great importance and, as a consequence, the directionality decrease.

To change the character of the hydrogen bond there are other features in addition to those listed which change too; some of the key ones are reported in the following table. [2,16] The ones shown in the Figure 4.4 are bimolecular hydrogen-bonded ring motifs resulting from analysis of crystal structures in Cambridge Structural Database (CSD) conducted by Allen et al [16] . Among them the motif a is really interesting, in fact the author report that it occurs almost in every structure containing the two constitutive fragments and defines a probability of its formation (referred to the crystal structures stored in CSD) of 97%. This motif can be achieved by means of different molecules that contain suitable subunits able to set up the triple hydrogen bond, for instance 2,6-diaminopurine and uracil [17] or 2,4,6-triaminopyrimidine and barbituric acid derivatives [18] and others [19][20][21][22][23][24] . [18] From a general point of view it has emerged that the nature of the H-bond can deeply affects the interaction between two species and this may induce large changes in the properties of the solid state. For instance Balan et al [25] reported a series of nanoparticles made from oligofluorene derivatives bearing different H-bonding functional groups that show specific trend of their properties (Figure 4.6), such as fluorescence quantum yield. s study [25] The species OF1-4 have respectively 0-3 hydrogen bonding sites, and these chromophores were used to prepare NPs by reprecipitation method. The author observed that whereas in THF solution the fluorescence quantum yields for the compounds were rather similar (i.e., about 70%), in NPs state they decrease (i.e., aggregation-caused quenching), observing a more pronounced lowering from OF1 to OF4 (Table 4 An application of these NPs is the encapsulation of a dipolar dye (D1 in Figure 4.5) acting as acceptor in fluorescence resonance energy transfer process (whereas the OF dyes act as donor). Here the authors observed a more pronounced quenching of the fluorescence of the donor in the same order as previously (i.e., quenching increases from OF1 to OF4), pointing out the influence of the hydrogen bond on the FRET process. It worths to remind that FRET is a non-radiative excitation transfer between two molecular entities [26] , a donor and an acceptor, and its rate (kt) depends on the distance between the two species according to the Equation 4 Wherein D is the fluorescence lifetime of the donor without transfer, r is the distance between the donor and the acceptor and R0 is called Förster radius and represents the distance at which the FRET efficiency is 50% [26] .

In this view it appears more clear how the possibility of forming H-bonds, that can affect the distance among the species involved, may have a strong influence on properties of the system observed, such as the photophysical ones of the NPs mentioned in the previous example.

In this view the purpose of the work introduced in the next section consists into the synthesis of two new dipolar chromophores bearing as acceptor terminal groups a 2,4-diamino-1,3,5-triazine and an uracil moiety respectively, therefore two complementary subunits that can lead to the formation of H-bonds, and to study their properties in organic solvent solution as well as in aggregated state.

Design of the chromophores

The molecular structure of the chromophores chosen in this study are reported in the following figure. The compounds have dipolar nature in which it is possible to identify a donor and an acceptor moieties linked by a -bridge. Both contains N,N-dihexylaniline as donor group, wherein the two alkyl chains aim to enhance the solubility of the dyes in organic solvents.

Regarding to the -bridges, the dyes are made by a common 2,2'-bithiophene unit, that is linked to an ethynylene moiety in 31 and to a vinylene-phenylene one in 34; both would allow a good electron communication between the donor and the acceptor. Furthermore the choice is also related to the synthetic strategy adopted for the realization of the targets, which allows, as will be better clarified in the next section, a linear and convenient approach that originates from the same precursor.

Concerning the acceptor moiety, for 34 it consists in a 2,4-diamino-1,3,5-triazine group (also said guanamine), whereas for 31 it is an uracile derivative bearing a nonyl chain on the nitrogen atom on position one. The alkylation aims to enhance the solubility of the dye and furthermore it should decrease the chance of the nitrogen bearing the alkyl chain to get involved in hydrogen bonds with the triazine group, reducing the possibility to achieve other types of H-bonding motifs and therefore increasing the directionality of the interactions.

Synthesis

As previously mentioned the synthesis is planned in order to be quick and efficient; taking advantage from the similarity of the structures of the two compounds, the idea is to linearly prepare a common intermediate which in parallel branch out to the desired targets. In the Scheme 4.1 is reported the retrosynthetic route planned.

Scheme 4.1 Retrosynthetic route

According to this scheme, the synthesis can be splitted into three parts:

1) synthesis of the intermediate 28;

2) synthesis of 31 and compounds involved in its preparation;

3) synthesis of 34 and compounds involved in its preparation.

In the following section will be discussed the first point. As expected the carbanion generated upon removal of the -proton by means of the hydride is well stabilized, leading to the excellent result in terms of stereoselectivity; a typical feature of HWE reactions.

At this point the last step of the synthesis involved the formation of the 2,4-diamino-1,3,5-triazine ring by means of the cyclization of the nitrile with dicyandiamide in basic conditions (Scheme 4.13). This method represents the best and the most common way to produce guanamines [27] , which are largely used in the polymers industry for the preparation of aminoformaldehyde resins as well as the manifacturing of fireretardant additivives.

Scheme 4.13 Formation of the triazine ring; reagents and conditions: 33, dicyandiamide, KOH, BuOH, room temperature, 48 h (66%, 34)

In our case the reaction gave satisfactory results, leading to the desired target molecule 34 with relative good yield.

After the synthesis of the compounds and their characterizations (experimental part), we can move on the investigation of their photophysical properties.

Linear optical properties in organic solvent

The characterization of the linear photophysical features of the two chromophores was performed in THF solution; their absorption and emission spectra are following reported. As expected, since the N,N-dihexylaniline is a good electron donor and thanks to the capacity of the triazine and the uracile to accept electrons, a dipolar character of the molecules emerged; both undergo a marked positive solvatochromism of the emission due to internal charge transfer (ICT). Being better stabilized with increasing polarity of the solvent, they display a consequent bathochromic effect on the emission maxima (Figure 4.9). The Stokes Shift are linearly dependent on the polarity-polarizability parameter (f) of the Lippert-Mataga relationship:

𝜈 𝑎𝑏𝑠 -𝜈 𝑒𝑚𝑠 = 2 ∆𝜇 2 ∆𝑓/ℎ𝑐𝑎 3 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 Equation 4.2
wherein 𝜈 is the wavenumber of absorption or emission maximum, ∆𝜇 is the change of the dipole moment, ℎ is Planck's constant, 𝑐 is the velocity of light, 𝑎 is the radius of the Onsager cavity and ∆𝑓 is the orientation polarizability, defined as:

∆𝑓 = ( 𝜀 -𝑎 2𝜀 + 1 ) -( 𝑛 2 -1 2𝑛 2 + 1 ) Equation 4.3
wherein 𝜀 and 𝑛 are respectively the dielectric costant and the refractive index of the solvent.

0,00 0,05

Stokes Shift Linear Fit y = 11280x + 4455 Adj-R 2 = 0,956

) f 31 0,00 0,05 Such dipolar dyes that exhibit pronounced ICT character can be very interesting for two-photon absorption (2PA) process because, as previously discussed, two-photon cross sections can be usually enhanced by extending the -conjugative path or increasing the difference between the ground and the excited state dipole moments, by playing on the nature of the donor and acceptor groups. Furthermore the large Stokes shift displayed by the chromophores is highly recommended for bioimaging. That, combined to red-shifted emission in polar solvent (e.g., over 700 nm for 31 in DMSO, Figure 4.9), make them potentially useful for imaging application as red-NIR emitters and therefore worthy of investigation about their nonlinear optical properties.

Non linear optical properties in organic solvent

2PA spectra of 31 and 34 in THF solutions are reported in the following figure. 4,0x10 4 6,0x10 4 8,0x10 Due to its dipolar nature the chromophore 34 exhibits structured two-photon absorption bands at about twice  𝑚𝑎𝑥 1𝑃𝐴 , corresponding to charge transfer transition with maximum at 890 nm, to which the two-photon cross section is equal to 640 GM (Table 4.4). Concerning 31, it displays absolute maximum below 800 nm, that could be ascribed to a transition allowed both under 1P and 2P irradiation. It seems less probable than the ICT band under 1P excitation and more probable than the latter one under 2P irradiation. In fact 1P absorption spectrum of 31 in THF solution clearly displays a shoulder at about 390 nm; however the 2PA spectrum was not recorded below 800 nm due to technical reasons. Regarding its more intense band in 1PA spectrum (with maximum at 463 nm), the 2PA spectrum exhibits a structured band at about twice  𝑚𝑎𝑥 1𝑃𝐴 , with a relative maximum at 890 nm and two-photon cross section equals to 480 GM. Both compounds exhibited a certain response towards 2PA process which represents a positive feature, leaving room for any structural modifications, aiming to improve their efficiency as red-NIR emitting 2P absorbers.
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In the following section we are going to discuss the consequences of the confinement in aggregated state of the two chromophores in water, and the photophysical properties of their NPs.

Aggregated state

The possibility to achieve an H-bond between 31 and 34 aims to promote the molecular proximity in aggregated state, thus it could play an important role in the packing of the molecules in NPs. As mentioned in the example in the section 4.1 [25] , this could also affect possible energy transfer processes between the chromophores in confined state. Moreover the opportunity of H-bond could favor the formation of NPs made from both chromophores by direct reprecipitation method (one step), providing an alternative to the sequential reprecipitation (two steps) used for the preparation of core-shell NPs [28] . Absorption and emission spectra of NPs made from 31 and 34 by the routine reprecipitation method are reported in the following figure. One can observe that in aggregated state compound 31 exhibits broad absorption band from violet to green region with maximum at 452 nm and emission in the red part of the spectrum with its maximum at 666 nm (Table 4.5). Comparing the emission spectra obtained in NPs in water with the ones of the dye in ethyl acetate, one can notice that they show high similarity, suggesting that in aggregated state dye molecules experience an environment with polarity similar to ethyl acetate (Figure 4.9). Furthermore the broadening of the absorption band in NPs can be ascribed to exciton coupling in the aggregated state, which is promoted by molecular proximity. Concerning compound 34, its absorption is located in the violet-blue region with its maximum at 413 nm, whereas its emission is mainly located in the orange region with its maximum at 607 nm, which corresponds to the emission registered in chloroform solution. In this case the shape of the absorption spectrum is most changed, in particular it can be observed that the absorption maximum underwent a net blue shift. It is also possible to distinguish two shoulders, one at about the same wavelength of the maximum registered in CHCl3 and the other slightly red-shifted. This leaves hypothesize an exciton coupling with prevalence of H-type aggregates. This situation appears to be more pronounced for the chromophore 34, in fact in its case the reduction of fluorescence quantum yield from organic solvent solution to NPs in water is more pronounced compared to 31 (which has lower F in solution). Note that for both, the passage to the aggregated state determines an increase of the Stokes shift (comparing to the data registered in THF solution). The hypothesis of dominating H-aggregates may be rationalized by considering the structures of the dyes; in particular the fact that the uracile moiety of 31 bears a nonyl chain on a nitrogen atom that may prevent the molecular packing, could lead to lower formation of H-aggregates.

Cpd 𝛌 𝐦𝐚𝐱 𝐚𝐛𝐬 [nm] ε max [10 4 M -1 cm -1 ] 𝛌 𝐦𝐚𝐱 𝐞𝐦𝐬 [
Finally considering the absorption molar coefficients in THF solution (the solvent chosen for the characterization of the chromophores), the shift to NPs in water determines an hypochromic effect for 34 and a slight hyperchromic one for 31 (Figure 4.12). These NPs, as well as the ones studied in the second chapter, exhibit biexponential lifetime decays, suggesting the presence of an external layer in contact with water characterized by shorter lifetime, and an internal region which is not in touch with the latter, and therefore displaying a longer lifetime.

Both the NPs show negative values of -potential (more pronounced for NPs made from 31) which suggest an organization of the external layer with triazine and uracil moieties pointing towards interface, with possibility to establish H-bonds with water. As a consequence a study of the stability of these NPs was performed by monitoring of absorption and emission spectra overtime (Figure 4.13). NPs made from 34 display a certain colloidal stability over two weeks, with a moderate flattening of the absorption spectra, concomitant to a pronounced reduction of the emission intensity. Concerning the NPs made from 31 the situation is rather similar, but with less flattening of the absorption spectra than in the previous case, in agreement with the higher value of -potential measured (Tab. 4.5)

As previously mentioned (section 4.1) the overlap of the emission spectra of the donor with the absorption one of the acceptor is a critical requirement in order to get energy transfer between two species; this condition is satisfied in the case of the two dyes under study, in particular the emission spectra of 34 partially overlaps the absorption one of 31, both in aggregated state (Figure 4.14). 300 400 500 600 700 800 900 0,0 

Energy transfer in two components NPs

The protocol for the preparation of the NPs from the two components (NPs-2C) is an adaptation of the reprecipitation method used for the other NPs in this manuscript. An equimolar solution of the two chromophores in THF was made and then was slowly added to a large volume of milliQ water. In the Figure 4.15 is reported the absorption spectra of the NPs so produced, with the ones of NPs made from pure 31 and 34. It's important to underline that according to the procedures used, the concentrations of 31 and 34 in the THF solution used for the manufacturing of the NPs-2C are the half of the ones used for the single component NPs, whereas the conditions of the reprecipitation are the same, including the volume of THF added to water (same volume too). Thus the preparation of NPs-2C was done by means of a THF solution of 31 and 34 (0.5 mM each), whereas for NPs-31 or NPs-34, the concentration of chromophore was 1 mM. The phenomena that leads to the formation of the nanoparticles by reprecipitation method are rather wide and complex, involving thermodynamic and kinetic features [29] , and depends by several factors (e.g., nature of the organic solvent used, temperature, concentration of the chromophore). Moreover in the case of the batch 2C the scenario is complicated by the presence of two chemical species, therefore the approach described for the preparation of NPs-2C aims to maintain these conditions as similar as possible to those used for the preparation of the batches NPs-31 and NPs-34, in order to allow some comparisons between their photophysical properties. NPs 2C @413 nm 2C @452 nm 34 @413 nm 31 @452 nm From the normalized spectra one can observe that exciting the 2C batch at 413 nm and 452 nm (respectively the absorption maxima registered for NPs made from 34 and 31) the emission in both cases clearly recalls the one obtained from NPs-31, with  𝑚𝑎𝑥 𝑒𝑚𝑠 = 672 nm. For completeness it is reported that the fluorescence quantum yield for the NPs-2C as a result of excitation at 413 nm or 452 nm, in both cases is equal to 0.02 (standard:

DCM in EtOH, ΦF= 0.437).

Further information can be drawn from the analysis of the same non normalized emission spectra reported in the figure 4.18, wherein it has been added also the emissions related to the batch NPs-mix, excited in the same illumination conditions and at the same wavelengths used for the batch 2C, in order to allow a comparison. Emission intensity (cps) wavelength (nm)

NPs

2C @413 nm 2C @452 nm mix @413 nm mix @452 nm 4.4), with a small shoulder below 600 nm due to the emission of 34. Upon excitation at 413 nm ( 𝑚𝑎𝑥 𝑎𝑏𝑠 of NPs-34) the difference between the molar extinction coefficients increases, becoming equal to about 6.2 10 4 M -1 cm -1

for 34 and 3.7 10 4 M -1 cm -1 for 31 (Figure 4.12), inducing an enhancement of the shoulder below 600 nm (cyan spectrum) comparing to the previous one (blue). Here the emission spectra is composed of the emissions of both species, but in a more balanced manner.
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Concerning the 2C batch, upon excitation at 452 nm, one can observe the enhancement of the emission intensity (red spectrum) comparing to the mix one (blue spectrum), furthermore it appears rather sharp, without evidence of the shoulder below 600 nm ascribable to the emission of the specie 34; in practice, as mentioned, the emission seems to be given only by the species 31. So far it could be argued that the emission of 34 in the 2C NPs type, could simply be quenched by processes such as photoinduced proton transfer. About that the emission spectrum of the 2C batch upon excitation at 413 nm gives clues about the situation, especially considering that the chromophore 31 exhibits, at this wavelength, lower molar extinction coefficient than at 452 nm, whereas a similar emission intensity is observed upon excitation at the two mentioned wavelenghts.

All these factors point out an energy transfer process from the donor (34) to the acceptor (31) in aggregated state, due to promoted proximity between the donor-acceptor pair that could be ascribable to H-bond between the species.

Conclusion

In this chapter two new dipolar chromophores bearing two H-bonding complementary subunits have been prepared and characterized. The synthetic approach was based on a linear path that started from simple aniline and led to the common aldehyde precursor (28); thus the triazine derivative (34) was obtained with high stereoselectivity by means of a HWE reaction followed by cyclization of nitrile group. Instead the uracil derivative (31) involved the use of an homologation followed by a Sonogashira cross coupling. The optical properties of the species were investigated in organic solvents. Then they have been used for the preparation of NPs in water by the reprecipitation method. In aggregated state the two chromophores display suitable properties for energy transfer process, exhibiting partial overlap of the emission spectra of 34 with the absorption one of 31. Two components NPs (2C) were prepared by reprecipitation too, and simple photophysical studies of their absorption and emission spectra compared to the ones of single component NPs, suggest an energy transfer process between the two chromophores in the aggregated state. This leads to believe that the strategy to use two molecules that could be able to interact with each other by H-bond, to promote energy transfer in NPs made from them, seems to work. However some more studies must be performed in order to better understand the nature of the H-bond between the dyes and its effect on the properties of two components NPs.

General Conclusion

In this manuscript several new fluorescent molecules for bioimaging purposes have been developed, aiming to get control of their chemical and physical properties by playing on their chemical structures.

In the second chapter we synthesized four new quadrupolar dyes which satisfy the requirements of ideal two-photon ratiometric pH probes, such as large 2PA response in the biological spectral window, ratiometric behavior and pKa close to physiological pH. The latter one was achieved by exploiting the quadrupolar effect due to the structure of the dyes, therefore avoiding chemical modifications of the endgroups. Furthermore all of them display considerable 2P brightness both in basic and acidic conditions, even for deep red emitter 4, making them very promising for monitoring of slight pH variations in biological environments, subcellular imaging and detection of cancer cells.

In the third chapter a mixed linear and divergent approach of synthesis was performed in order to develope a large series of fluorescent dyes with specific structural variations, allowing to get a wide tuning of their optical properties. The NPs prepared by them were deeply studied and displayed very interesting features for bioimaging, such as giant two-photon cross section (10 6 GM for FONs made from Ia) combined to deep red-NIR emission (FONs made from IIb and IIIb).

Finally in the fourth chapter, an articulated synthesis of two new dipolar chromophores containing two complementary acceptor groups was performed. With idea to take advantage from Hbond to promote molecular proximity in aggregated state, two-components NPs by direct reprecipitation method were prepared and a preliminary study of their optical properties suggested an energy transfer between the two dyes, leaving for further improvements of their features, aimed at making efficient NPs for bioimaging purposes.

Target Molecules

Chapter 2

Chapter 3 

E.2 Photophysical studies

All photophysical studies have been performed with freshly prepared air-equilibrated solutions at room temperature (298 K). UV/Vis absorption spectra were recorded on Jasco V-570 or Jasco V-670 spectrophotometer. Steady-state fluorescence measurements were performed on dilute solutions (optical density < 0.1) contained in standard 1 cm quartz cuvettes using a Fluoromax spectrofluorometer or an Edinburgh Instruments (FLS920), and time-resolved fluorescence measurements were carried out on a Fluorolog spectrofluorometer. Fluorescence quantum yields of dilute dye solutions and of the FONs suspensions were measured according to literature procedures [1][2] using Nile Blue in EtOH (ΦF = 0.27, λexc= 541 nm), Cresyl Violet in MeOH (ΦF = 0.54, λexc= 570 nm), Indocyanine Green in DMSO (ΦF = 0.11, λexc= 678 nm), Rhodamine-6G in EtOH (ΦF = 0.94, λexc= 488 nm), Fluorescein in NaOH 0.1 M (ΦF = 0.9, λexc= 474 nm) depending on the emission range [3] . Fluorescence decays were measured in a time-correlated single photon counting (TCSPC) configuration, under excitation from a NanoLED (370 nm, 455 nm or 570 nm). The instrument response was determined by measuring the light scattered by a Ludox suspension. The lifetime values were obtained from the reconvolution fit analysis of the decays profiles; the quality of the fits was judged by the reduced χ 2 value (0.9 < χ 2 < 1.1).

E.3 Two-photon absorption

Two-photon absorption cross sections (σ2) were determined from the two-photon excited fluorescence (TPEF) (σ2ΦF), measured at room temperature on air-equilibrated solutions, and the fluorescence quantum yield (ΦF). TPEF cross sections were measured relative to Fluorescein in 0.01 M aqueous NaOH in the 690-1000 nm spectral range and relative to Nile Red in DMSO in the 1000-1160 nm spectral range, using the method described by Xu and Webb [4] and the appropriate solvent-related refractive index corrections. Reference values between 700 and 715 nm for Fluorescein were taken from literature. The quadratic dependence of the fluorescence intensity on the excitation power was checked at all wavelengths. Measurements were conducted using an excitation source delivering fs pulses. This allows avoiding excited-state absorption during the pulse duration a phenomenon, which has been shown to lead to overestimated two-photon absorption cross-section values. To scan the 680-1080 nm range, a Nd:YVO4-pumped Ti:Sapphire oscillator was used generating 140 fs pulses at a 80 MHz rate.

To span the 1000-1400 nm range, an OPO (PP-BBO) was added to the setup to collect and modulate were added and the mixture was warmed up to reflux for 24 h. Solvents were evaporated until 0.5 ml then, 10 ml of absolute EtOH were added obtaining a dark green precipitate which was collected by means of filtration. After washing with pentane and drying, 39.0 mg of 25 (77%) as a dark green solid were obtained.

Characterization: m.p./DSC= 230°C (decomp.); 

H NMR

The extension of those dimerization reactions to halogenated aryl compounds [3] , the possibility of using substoichiometric or catalytic metal amount [4][5][6] , the advent of the palladium complexes [7] , were some of the most important input (Scheme A.2) that made such reactions more and more useful in organic synthesis, attracting the interest of different people and spurring the research in this field, leading to the development of the cross coupling reactions as we know it today. synthetic advantages, as they are compatible with a variety of potentially susceptible functional groups [8- 9] (i.e., the preparation of 13 in this chapter involved the use of (5'-formyl-[2,2'-bithiophen]-5-yl)boronic acid, bearing itself a formyl group) and may be carried out under mild conditions [8][9] ; moreover boronic acids and esters are generally rather stable and therefore easy to manipulate. The catalytic cycle of the Suzuki cross coupling is analogous to the one depicted in the Scheme A.3, however some more clarification are necessary (Scheme A.4) [9] . Reactions performed in benzene at 80°C, using Pd(PPh3)4 (3 mol%), boronic ester (1 eq) and PhI (1.1 eq).

base (eq) time (h) yield (%)

Scheme A. 4 Example of Suzuki cross coupling performed with and without base [9] In the previous scheme is reported an example that helps to better understand some features of the reaction. In absence of a base the transformation doesn't take place, whereas adding sodium alkoxyde or hydroxide, the reaction leads to coupled products quantitatively. The reason of this behavior lies in the fact that the R group in organoboran derivatives have weak nucleophilic properties and turns out to be low reactive in the transmetallation step , whereas upon complexation with a base (typically oxygen based one), it results activated and the transfer of the R group (now with enhanced nucleophilic character) to the palladium center is promoted [10] (Scheme A.5).

Scheme A.5 Activation of a boronic acid by action of hydroxide formation of the "ate" complex [10] This also explains the conditions tipically used for Suzuki reactions carried out in this manuscript: toluene/methanol in the presence of a base such as potassium carbonate, allowing the formation of the methoxyde which activates the organoboron.

A.2.2 Sonogashira cross coupling

The synthesis of the compound 1 and 2 involved what so called a Heck-Cassar-Sonogashira reaction [11- 13] , or more briefly known as Sonogashira. This most likely represents the main cross coupling method for linking of the kind sp-sp 2 carbon (both vinyl or aryl) [14][15] . Considering the Figure A.2, you may notice immediately a first difference compared to the previous described Suzuki cross coupling, in the Sonogashira reaction the organometallic specie, a copper acetylide, is not preformed and is not stoichiometric, but is generated in situ in catalytic amounts through the use of a copper(I) salt as cocatalyst. This specie then enter in the catalytic cyle in the Scheme A.3; in the following one is reported the proposed path [16] which is responsible for the generation of this specie (Scheme A.6).

Scheme A. 6 Mechanism for copper acetylide formation [16] The mechanism proposed consists into a first coordination of the copper to the triple bond; this interaction leads to an increase in acidity of the acetylenic proton, which is subsequently extracted by a base (typically an amine) with formation of the organometallic species, which then accesses the transmetallation process restoring the copper(I) salt.

Sonogashira reactions are quite robust and can be achieved in mild condition (e.g., acqueous conditions, low temperatures, weak bases), for instance in the synthesis of the intermediate 7 and 9 in this chapter, they were performed at room temperature with good yield. However there are some important practical aspects to be taken into account; in particular the presence of oxidizing agents [14][15] (e.g., oxygen) must be excluded, as it promotes the formation of homocoupling products due to Glaser coupling, therefore Sonogashira reactions have to be performed rigorously under inert atmosphere.

A.3 Knoevenagel condensations (KC)

The synthesis of the compounds in third chapter was divided into two parts: the preparation of the a series, in which we made use of cross coupling reactions and electrophilic aromatic substitutions, and the conversion of its constituents into the derivatives of the series b and c. These steps were carried out by Knoevenagel condensations, which have represented the cornerstone of the synthetic approach that led to the desired dipolar dyes.

The first historical example of Knoevenagel reaction was reported by the homonymous German chemist in 1896 [17] about condensation of malonic acid with aromatic aldehydes. Today KC represents a relevant method of carbon-carbon bond formation which is widely used in organic synthesis for the preparation of a wide variety of chemical intermediates used in different areas, such as pharmaceutical, cosmetics, perfume and polymer industry [18][19][20] , therefore a lot of research have been dedicated to the subject aiming to improve the synthetic methodologies. Such condensations take place between an aldehyde or a ketone with a compound with active methylene usually in presence of a base [18] , according to the following scheme.

Scheme A.7 General equation for Knoevenagel condensation

Wherein both X and Y, or just one of them, has electron withdrawing character (e.g., CN, COOR, CHO, COR, SO2R) capable of increasing the acidity of the methylene protons, in our specific case the nitrile groups of the malononitrile and the carbonyl ones of the 1,3-diethyl-2-thiobarbituric acid.

KC can be catalyzed by a variety of chemical species such as amines [18,21] (the most common), ammonium salts [22] , aminoacids [23] and many other species, that can be readily found in the literature.

Made this premise, it is possible to discuss the course of these reactions that, according to the nature of the substrates and conditions (i.e., type of catalyst, solvent), can basically follow two paths [18] (Scheme A.8).

stereoselectivity towards Z-alkene is favoured, especially with bulky aldehyde and bulky phosphine ligands.

A.5.2 Horner-Wadsworth-Emmons (HWE)

The HWE [44][45] are a particular variant of the Wittig reactions in which the phosphorus derivative used for the olefination of aldehydes and ketones consists of a phosphonate (Scheme A.14 [38] ).

Scheme A. 14 Horner-Wadsworth-Emmons reaction [38] Such reactions are carried out in the presence of a base able to deprotonate the phosphonate, resulting in a nucleophilic addition to the carbonyl and formation of a -oxyanion intermediate which may have erythro or threo character. These are in equilibrium, as a result of ring closure, with cyclic oxaphosphethane derivatives (respectively cis or trans), which eliminate phosphate affording the alkene with E or Z configuration.

As for classical Wittig reactions, for such the stereochemical feature is fundamental too. The use of phosphonate tends to promote an E-selectivity, which is increased by the use of sterically hindered and/ or stabilized phosphonates. Among the advantages of HWE there is also a usually more simple purification of the products, as the phosphate produced is water soluble. Finally the phosphonates can be readily prepared by means of Michaelis-Arbuzov reaction [46] , treating suitable alkyl halide with triphenylphosphite.

quench the reaction and isolate the two diastereoisomers. After separation they can be subjected again to syn-elimination in a stereocontrolled manner, allowing to get pure E or Z alkene.
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  𝑀 * ] = 𝑒𝑥𝑝(-𝑡 𝜏 ⁄ )[𝑀 * ] 0 Equation 1.5 wherein [M*]0 and [M*] are the concentrations of the specie in the excited state S1, respectively at initial time and after a generic period of time t, and  is the lifetime of the excited state, which is also equal to: 𝜏 = 1/(𝑘 𝑟 + 𝑘 𝑛𝑟 ) Equation 1.6
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 118 Figure 1.18 Sketch for dipolar and quadrupolar structures in this manuscript
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 119 Figure1.19 Effect of enhancement of dipolar strength and extension of the -system on 2 at  2𝑃𝐴 𝑚𝑎𝑥[35] 
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 129 Figure 1.29 Routine reprecipitation method for FONs' preparation
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 1 Figure 1.30 SEM images of poly(1,6-di(N-carbazolyl)-2,4-hexadiyne) nanocrystals made by RRM at different water temperatures: 0°C (left), 20°C (middle). 50°C (right); the sizes of the crystals are 150nm, 100nm and 70nm, respectively.[START_REF] Masuhara | Single Organic Nanoparticles[END_REF] 
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 23 Figure 2.3 Antiporting mechanism of Na + /H + exchanger
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 25 Figure 2.5 Pseudocolor-image of fluorescence-ratio profile between microvessels in tumor tissue. White regions, vascular space. The values of 1.0, 1.5 and 2.0 correspond to pH of 6.38, 6.92 and 7.5 respectively.Color scale height, 150 m[9] 

  .7) in different pH conditions, the fluorescence emission show a clear intensity reduction of the band at about 515 nm.
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 27 Figure 2.7 Absorption and emission spectra of fluorescein in different pH conditions[10] 
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 28 Figure 2.8In vivo pH calibration curve of fluorescein-dextran ratio against pH)[12] 
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 2 Figure 2.10 CFDA
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 2 Figure 2.12 C.SNARF-1: structure (left); absorption (middle) and emission spectra (right, sample excited at 534nm) in 50 mM potassium phosphate buffered solutions[19] 

Figure 2 .

 2 Figure 2.18 pH probes synthesized
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 219 Figure 2.19 Transmembrane incorporation of the probe in the lipidic bilayer.
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 220 Figure 2.20 Sketch of substituted fluorene core with symmetry planes.
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 28 Scheme 2.8 Synthesis of the second family of probes; (a) n-Bu4NBr, KOHaq, 1-bromo-3-methylbutane, Toluene, 65°C, 2h then rt, 24h (44%); (b) (5'-formyl-[2,2'-bithiophen]-5-yl)boronic acid, K2CO3, Pd(dppf)Cl2,Toluene/MeOH=2:1, 70°C, 48h (39%); (c) 10 or 11 (1.02 eq.), NaH, THF, rt, 24h (3, 64%; 4, 59%). Starting from 5, double alkylation by means of isopentyl bromide allows to get compound 12. Isopentyl
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 221 Figure 2.21 Normalized absorption (solid line) and emission (dotted line) spectra in basic (blue) and acidic (red) conditions

Concerning the chromophores 3 and 4 ,

 4 in basic conditions they show absorption in the violet-blue region ( 𝑎𝑏𝑠 𝑚𝑎𝑥 ≈ 445 nm), then turquoise (3,  𝑒𝑚𝑠 𝑚𝑎𝑥 = 500 nm) or yellow-green (4,  𝑒𝑚𝑠 𝑚𝑎𝑥 = 554 nm) fluorescence. Upon acidification of the solutions, the absorption bands are shifted up to cyan (3,  𝑎𝑏𝑠 𝑚𝑎𝑥 = 485 nm) and green region (4,  𝑎𝑏𝑠 𝑚𝑎𝑥 = 515 nm), whereas the emission bands move to orange-red (3,  𝑒𝑚𝑠 𝑚𝑎𝑥 = 621 nm) and deep-red-near infrared region (4,  𝑎𝑏𝑠 𝑚𝑎𝑥 = 679 nm). The trends observed are similiar to the previous ones. At this point it is possible to compare the chromophores of the first family (1 and 2) with those of the second one (3 and 4). As mentioned the elongation of the -bridge, through the replacement of the ethynylene-phenylene moiety with the 2,2'-bithiophene one, induces a red-shift of the optical bands, both in basic and acidic pH conditions.
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 2 Figure 2.22 pH dependancy of emission spectra in micellar water. Top: 1 (left, exc= 380 nm), 2 (right, exc= 386 nm); bottom: 3 (left, exc= 460 nm), 4 (right, exc= 486 nm).
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 2 Figure 2.23 pKa determination via fluorimetric ratiometric titration
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 224 Figure 2.24 Resonance structures of 1; neutral one (N, top) and two zwitterionic ones (Z1 and Z2, below).
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 2 Figure 2.25 pH dependancy of absorption spectra of 3 (left) and 4 (right) in micellar water
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 226 Figure 2.26 Spectrophotometric titration curves of 3 (blue) and 4 (red) and related data
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 2 Figure 2.27 2PA spectra in basic (blue) and acidic (red) conditions. Top: 1 (left), 2 (right); bottom: 3 (left), 4 (right).

Figure 2 . 28

 228 Figure 2.28 Ratiometric fluorimetric titration of 1 under 2P excitation (exc= 750 nm)
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 229 Figure 2.29 Ratiometric fluorimetric titration of 3 and 4 under 2P excitation
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 230 Figure 2.30 Overlap of bright field and fluorescence images (exc= 405 nm) of GUVs stained with 1 in basic conditions (artificial colours)After these results, experiments on living cells were performed iv . For the purpose COS-7 cells were
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 231 Figure 2.31 Fluorescence imaged COS-7 cell incubated with chromophore 1 (left) and overlap with bright field (right)
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 2 Figure 2.32 2P images of COS-7 cells incubated with 1 (left) and overlap with bright field one (right)
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 234 Figure 2.34 Microclimate pH monitoring over time in PLGA NPs
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 32 Figure 3.2 Planarization of the -system by fused rings
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 33 Figure 3.3 Chemical structures and binary codes of the studied chromophores
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 31 Scheme 3.1 Suzuki cross coupling; reagents and conditions: (4-(diphenylamino)phenyl)boronic acid, 5bromothieno[3,2-b]thiophene-2-carbaldehyde, K2CO3, Pd(dppf)Cl2, toluene:MeOH=1:1, 75°C, overnight (76%, 14)
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 34 Figure 3.4 Sketch of the TLC monitoring of the bis bromination reaction after one day
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 35 Figure 3.5 Normalized absorption (solid line) and emission (dotted line) spectra in CHCl3 of series a, b and c (respectively top-left, top-right and bottom-left) and serie III (bottom-right)
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 36 Figure 3.6 Examples of observed positive solvatochromism (Ia, left and IIIa, right)

  Concerning the substitutions with bromine atoms on the triphenylamine moiety, in the series b and c (from Ib to IIb and from Ic to IIc), they induce a decrease of fluorescence quantum yields, probably due to intersystem crossing, with concomitant enhancement of the non radiative decay rates. Strickingly the introduction of a third bromine atom on the -bridge (II'b and II'c) induces an increase of fluorescence quantum yields comparing with analogous bis-brominated derivatives (IIb and IIc),
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 37 Figure 3.7 2PA spectra of compounds of a (top-left), b (top-right) and c (bottom) series in CHCl3 solution
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 38 Figure 3.8 TEM image of FONs made from IIIc (left) and IIc (right)
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 39 Figure 3.9 Normalized absorption (solid line) and emission (dotted line) spectra of serie a (top-left), b (topright), c (bottom-left) and III (bottom-right) as NPs in waterConcerning the absorption spectra, one can observe that the aggregated state induces an hypsochromic

  Considering the fluorescence spectra one can observe again that the enhancement of the electron withdrawing character of the acceptor results in a marked red shift, leading to the emission from green to yellow of the series a, up to deep red to near infrared region respectively for the series b and c. The effect of the substitutions on the donor moiety are instead more complex In particular, making a comparison with the series I, the introduction of bromine atoms induces a blue shift of the emission bands (II and II'), whereas the tert-butylphenyl groups (III) determines a red shift in the series a and a blue one in the serie b and c. Moreover one can note the effect of the structural variations on the fluorescence quantum yields. As expected when the electronwithdrawing feature of the acceptor group increase, F decrease; however in each series (a, b and c) the NPs of the kind III don't exhibit the least fluorescence quantum

FONs very promising as

  bright deep red emitter for imaging by 1P excitation techniques. From now on it is possible to shift on the study of the non linear optical properties, observing what are the aftermaths that molecular confinement induces and what are the effects of the variations of the chemical structures.
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 3 Figure 3.10 2PA spectra of chromophores in CHCl3 (dotted line) solution and in aggregated state (solid line)
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 3 Figure 3.12 2P absorption spectra of serie a (left) and b (right) in aggregated state in water
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 313314 Figure 3.13 Evolution of the absorption and emission spectra of FONs in water over time
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 315 Figure 3.15 Chemical stabilization of dyes IIIb and IIIc within FONs

  photophysical properties, allowing a fine tuning of their absorption and emission spectra (that ranges

Figure 4 . 1

 41 Figure 4.1 Types of H-bonds, from the left normal, bifurcated and trifurcated
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 45 Figure 4.5 X-ray structure of cocrystals formed by 2,4,6-triaminopyrimidine and barbituric acid derivatives[18] 
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 46 Figure 4.6 Oligofluorene derivatives and neutral dye prepared in Balan's study[25] 
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 4 Scheme 4.12 Horner-Wadsworth-Emmons reaction; reagents and conditions: 29, 32, NaH, THF, room temperature, overnight (82%, 33)
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 48 Figure 4.8 Normalized absorption (solid line) and emission (dashed line) spectra of 34 (black, exc= 443 nm) and 31 (red, exc= 463 nm) in THF solution Both 34 and 31 display rather intense absorption bands in the blue region with maxima at 443 nm
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 3449 Figure 4.9 Top: Lippert's plots of 31 (left) and 34 (right). Bottom: normalized absorption (solid line) and emission spectra (dotted lines) of 31 (left) and 34 (right) in different polarity organic solvents. Consistent color code for each chromophore.
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 4 Figure 4.10 2P (red lines) and 1P (black lines) absorption spectra of 31 (left) and 34 (right)

3 Figure 4 . 11

 3411 Figure 4.11 Normalized absorption (solid line) and emission (dotted line) spectra of 31 (left) and 34 (right) in aggregated state (black) and organic solvent solution (red)

Figure 4 . 12

 412 Figure 4.12 Molar absorptivity of dyes in THF solution (black lines) and NPs state (red lines)

Figure 4 . 13

 413 Figure 4.13 Monitoring overtime of NPs

) NPs 31 34 Figure 4 . 14

 34414 Figure 4.14 Normalized absorption (solid red line) spectrum of 31 and emission (dotted black line) one of 34, both in aggregated state Thus we have tried to prepare nanoparticles containing both chromophores 31 and 34 and study their chemical

Figure 4 . 15

 415 Figure 4.15 Absorption spectra of NPs made from pure one (31, 34) and two components (2C)

Figure 4 . 16 31 and 34 .

 4163134 Figure 4.16 Absorption spectra of 2C and mix NPs batches with the computed one

Figure 4 . 17

 417 Figure 4.17 Normalized emission spectra of NPs made from single component (excited at their respectively  𝑚𝑎𝑥 𝑎𝑏𝑠 ) and 2C type

Figure 4 . 18

 418 Figure 4.18 Emission spectra of NPs-2C and mix ones

  the output signal of the Ti:Sapphire oscillator. The excitation was focused into the cuvette through a microscope objective (10X, NA 0.25). The fluorescence was detected in epifluorescence mode via a dichroic mirror (Chroma 675dcxru) and a barrier filter (Chroma e650sp-2p) by a compact CCD spectrometer module BWTek BTC112E. Total fluorescence intensities were obtained by integrating the corrected emission.

  To a round flask containing 17 (40.0 mg, 0.059mmol) in 5.0 ml of toluene, 1,3-diethyl-2thiobarbituric acid (13.0 mg, 0.065 mmol), 6.6 ml of absolute EtOH, and a catalytic amount of β-alanine

Procedure: 1 .

 1 20 g (12.9 mmol) of aniline, 14.90 g of hexylbromide (90.6 mmol) and 485 mg of tetrabutylammonium iodide(1.3 mmol) were transferred into a round flask. 13 ml of NaOHaq (50% w/v) were added and the reaction was warmed up to 60°C and left under stirring overnight.After extraction with CH2Cl2, the organic layer was dried over Na2SO4, filtered and reduced by vacuum up to 5 g. The residue was purified by chromatography column (CH2Cl2:petroleum ether = 1:9) affording 3.10 g of 26 as a colorless liquid (91%).Characterization:1 H NMR (200.13 MHz, CDCl3): δ 7.18-7.28 (m, 2H), 6.60-6.71 (m, 3H), 3.23-3.33 (m, 4H), 1.52-1.70 (m, 4H), 1.28-1.42 (m, 12H), 0.88-0.99 (m, 6H); 13 C NMR (50.31 MHz, CDCl3): δ 148.3, 129.3, 115.1, 111.8, 51.2, 31.9, 27.3, 27.0, 22.8, 14.2. 120 mg of 28 (0.26 mmol) and 94 mg of K2CO3 (0.61 mmol) were transferred into a round flask with 2.0 ml of MeOH. THF was added until total dissolution (1.6 ml). Then 104 mg of dimethyl (1-diazo-2-oxopropyl)phosphonate (0.54 mmol) were added and the mixture was stirred at room temperature for 48 h. After removal of solvents by vacuum, the residue was treated with CH2Cl2 and washed with water. The organic phase was dried over Na2SO4, filtered and concentrated by vacuum; the residue was purified by chromatography column (petroleum ether:CH2Cl2 = 7:3), affording 81 mg 29 as a brown solid (69%). Characterization: m.p./DSC= 73°C (dec.); 1 H NMR (300.19 MHz, CD2Cl2): δ 7.42 (d, J= 8.6 Hz, 2H), 7.18 (d, J= 3.6 Hz, 1H), 7.13 (d, J= 3.6 Hz, 1H), 7.04 (d, J= 3.7 Hz, 1H), 7.01 (d, J= 3.7 Hz, 1H), 6.63 (d, J= 8.6 Hz, 2H), 3.47 (s, 1H), 3.25-3.34 (m, 4H), 1.51-1.67 (m, 4H), 1.27-1.38 (m, 12H), 0.87-0.95 (m, 6H); 13 C NMR (150.83 MHz, CD2Cl2): δ 148.7, 146.2, 140.4, 134.7, 133.2, 127.2, 1256.0, 122.9, 121.5, 121.0, 120.1, 112.2, 82.5, 77.38, 51.5, 32.3, 27.8, 27.3, 23.3, 14.4; IR (KBr, cm -1 ): 2094 ν(C≡C).

  50 g of 5-iodouracil (2.1 mmol), 8 mg of (NH4)2SO4 (0.06 mmol) and 1.00 g of bis(trimethylsilyl)amine (6.3 mmol) were transferred into a round flask and heated up to reflux overnight with vigorous stirring. After cooling to room temperature, the mixture was concentrated by vacuum and 3 ml of DMF and 0.60 g of 1-bromononane (2.9 mmol) were added. The reaction was heated up to 80°C for 24 hours then, it was quenched by addition of ice and extracted with AcOEt. The organic phase was filtered, dried over Na2SO4 and concentrated by vacuum. The residue was purified by chromatography column (petroleum ether:AcOEt = 7:3), then by crystallization from CHCl3/cyclohexane, affording 860 mg of 30 as a white solid (25%). Characterization: m.p./DSC= 151°C (dec.); 1 H NMR (300.19 MHz, CDCl3): δ 8.31 (bs, 1H), 7.6 (s, 1H), 3.69-3.76 (m, 2H), 1.62-1.74 (m, 2H), 1.22-1.36 (m, 12H), 0.84-0.92 (m, 3H); 13 C NMR (50.31 MHz, CDCl3): δ 160.6, 150.5, 149.0, 67.6, 49.4, 31.9, 29.5, 29.3, 29.3, 29.2, 26.5, 22.8, 14.2. 50 mg of 29 (0.11mmol), 32 mg of 30 (0.09 mmol), 10 mg of Pd(PPh3)4 (9•10 -3 mmol) and 5 mg of CuI (0.03 mmol) were transferred into a round flask. 6 ml of DMF and 25 μl of Et3N were added and the mixture was stirred for 48 hours. The reaction was quenched with water and extracted with CH2Cl2. The organic layer was dried over Na2SO4, filtered and concentrated by vacuum. The residue was purified by chromatography column (AcOEt:petroleum ether = 52:68) and crystallization from CH2Cl2/cyclohexane, affording 54 mg of 6 as a reddish powder (72%). Characterization: m.p./DSC= 204°C (dec.); 1 H NMR (599.95 MHz, CD2Cl2): δ 7.58 (s, 1H), 7.38-7.42 (m, 3H), 7.08-7.12 (m, 2H), 7.02 (bs, 1H), 6.58-6.64 (m, 2H), 3.95-4.05 (m, 1H), 3.73-3.82 (m, 1H), 3.23-3.32 (m, 4H), 1.65-1.71 (m, 2H), 1.56-1.61 (m, 4H), 1.30-1.35 (m, 12H), 1.19-1.25 (m, 6H), 1.15-1.18 (m, 6H), 0.88-0.92 (m, 6H), 0.82 (t, J= 7.2 Hz, 3H); 13 C NMR (150.83 MHz, CD2Cl2): δ 171.

  To a solution of 4-(bromomethyl)benzonitrile (1.0 g, 5.1 mmol) in CHCl3 (20 ml), 2.2 ml of triethylphosphite were added and the mixture was heated up to reflux and stirred overnight. The crude was concentrated by vacuum leading to viscous liquid. Few milliliters of pentane were added and the mixture was sonicated for few minutes, leading to a white solid. The operation was repeated one more time and after dry by vacuum, 790 mg of 32 (62%) were obtained. Characterization: 7.49 (AA'BB', 4H), 3.92-4.08 (m, 4H) 3.16(d, J= 22.3 Hz, 2H), 1.22 (t, J= 7.0 Hz, 100 mg of 28 (0.22 mmol) and 64 mg of 32 (0.25 mmol) were dissolved in 8 ml of THF.

  70 mg of 33 (0.13 mmol), 44 mg of dicyandiamide (0.52 mmol) and 8.9 mg (0.16 mmol) of KOH were dissolved in 10 ml of BuOH and stirred for 48 hours. Solvents were removed by vacuum and the residue was treated with CH2Cl2 and washed with NH4Claq and water. The organic layer was dried over Na2SO4, filtered and concentrated by vacuum; the crude was purified by chromatography column (CH2Cl2:AcOEt = 6:4) and trituration with pentane, leading 55 mg of 34 as red powder (66%).

Scheme A. 2

 2 Scheme A.2 Key examples of coupling reactions

  

  

  

  

  

  

  

  Methanolysis of the silane; reagents and conditions: 1N KOH, THF/MeOH (3:1), rt, 30 min, 84%.At this point the common precursor of the target molecules was achieved by a second two-fold Sonogashira cross coupling with 4-bromobenzaldehyde, another commercially available and cheap reagent (Scheme 2.6).

Scheme 2.4 Two-fold Sonogashira cross-coupling; reagents and conditions: ethynyltrimethylsilane, CuI, Pd(PPh3)2Cl2, PhMe/Et3N (1:1), 40 °C, overnight, 79%.

The triple bonds were quickly deprotected by methanolysis in basic conditions (Scheme 2.5), activating the terminal carbon bonds in view of the next step. Scheme 2.5 Scheme 2.6 Two-fold Sonogashira cross-coupling; reagents and conditions: 4-bromobenzaldehyde, CuI, Pd(PPh3)2Cl2, Toluene/Et3N (4:1), 40 °C, overnight, 75%.
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1 Absorption and emission properties of chromophores 1, 2, 3 and 4 in micellar water

Table 2 . 2

 22 

	Cpd  𝒆𝒙𝒄	Intensity Ratio (nm/nm)	Adj-R 2 pKaobs
	1	380	417/544	0.998 7.0 ± 0.1
	2	386	436/590	0.998 6.2 ± 0.1
	3	470	504/624	0.998 6.3 ± 0.1
	4	486	555/770	0.985 6.7 ± 0.1

Table 3

 3 .1 and Figure 3.3).

	Acceptor	R 1 , R 2	Cpd Binary code
		H, H	14	Ia
		H, Br	15	IIa
		Br, Br	16	II'a
		tert-butyl-C6H4, H 17	IIIa
		H, H	18	Ib
		H, Br	19	IIb
		Br, Br	20	II'b
		tert-butyl-C6H4, H 21	IIIb
		H, H	22	Ic
		H, Br	23	IIc
		Br, Br	24	II'c
		tert-butyl-C6H4, H 25	IIIc

Table 3 . 1

 31 Numeric and binary code for the chromophores studied

Table 3 . 2

 32 table. Conditions of Knoevenagel condensations

	cpd	R1, R2	Eq 1	Solvents	Duration [h]	Yield [%]
	18 (Ib)	H, H	2.0 Tol:EtOH = 1.5:1.0	24	91
	19 (IIb)	Br, H	2.2	EtOH	48	87
	20 (II'b)	Br, Br	1.1	EtOH	72	66
	21 (IIIb) tert-butyl-C6H4, H 9.3 Tol:EtOH = 1.7:1.0	24	75
	22 (Ic)	H, H	1.1	EtOH	24	83
	23 (IIc)	Br, H	1.0	EtOH	24	86
	24 (II'c)	Br, Br	1.1	EtOH	24	81
	25 (IIIc) tert-butyl-C6H4, H 1.1 Tol:EtOH = 1.0:1.3	24	77

1 

Number of equivalent used for malononitrile (b) or 1,3-diethyl-2-thiobarbituric acid (c)

cm -1 ] ε max ΦF [10 4 M -1 cm -1 ] τ [ns] kr [10 9 s -1 ] knr [10 9 s -1 ]

  

	Cpd [10 3 Ia 𝛌 𝐦𝐚𝐱 𝟏𝐏𝐀 [nm] ε max [10 4 M -1 cm -1 ] 𝛌 𝐦𝐚𝐱 𝐞𝐦𝐬 [nm] Φf Stokes Shift 417 3.9 534 0.84 5.2	3.3	2.8	0.30	0.06
	IIa	409	3.7	526	0.84	5.4	3.1	2.5	0.34	0.06
	II'a	401	2.9	538	0.76	6.3	2.2	2.6	0.29	0.09
	IIIa	429	3.9	582	0.73	6.1	2.8	3.3	0.22	0.08
	Ib	511	4.2	652	0.47	4.2	2.0	2.6	0.18	0.20
	IIb	495	5.4	629	0.31	4.3	1.7	1.5	0.21	0.46
	II'b	482	4.5	638	0.42	5.1	1.9	2.4	0.18	0.24
	IIIb	525	4.5	700	0.24	4.8	1.1	1.9	0.13	0.40
	Ic	563	6.0	712	0.37	3.7	2.2	1.9	0.19	0.33
	IIc	547	6.8	681	0.28	3.6	1.9	1.2	0.23	0.60
	II'c	522	5.5	694	0.30	4.7	1.65	1.6	0.19	0.44
	IIIc	576	5.5	755	0.06	4.1	0.33	0.6	0.10	1.57

Table 3 . 3

 33 Linear photophysical properties in CHCl3 solution

Table 3 .
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		𝟐𝛌 𝐦𝐚𝐱 𝟏𝐏𝐀 [nm]	𝟐𝐏𝐀 𝛌 𝐦𝐚𝐱 [nm]	σ2 max [GM]
	Ia	834	830	240
	IIa	818	820	330
	II'a	802	820	314
	IIIa	858	890	480
	Ib	1022	1050	1164
	IIb	990	960	934
	II'b	964	960	862
	IIIb	1050	1060	1402
	Ic	1126	1110	1194
	IIc	1094	1110	1072
	II'c	1044	1060	802
	IIIc	1152	1120	2002

4 Non linear photophysical properties of dyes Ia-IIIc in CHCl3 solution

Table 3 .5 Structural properties of FONs

 3 

	4 ]

Table 3

 3 allowed by proximity of the molecules in such state In fact this effect is more pronounced in absorption spectra of the series b and c that, bearing the strongest acceptor group, are more prone to the phenomenon. In this way the aforementioned exception about the functionalization of Ib to get IIb or II'b can be also explained, considering that the enhancement of steric hindrance should provoke a reduction of the excitonic coupling by increasing of the intermolecular distance.

	cpd	 𝒂𝒃𝒔 𝒎𝒂𝒙 ( 𝒎𝒂𝒙  a [nm]	 𝒎𝒂𝒙 ( 𝒎𝒂𝒙 ) a [10 4 M -1 cm -1 ]	 𝒆𝒎𝒔 𝒎𝒂𝒙 ( 𝒎𝒂𝒙  a [nm]	ΦF	Stokes Shift [10 3 cm -1 ]	τ1/τ2 [ns]
	Ia	410 (-7)	3.4 (-0.5)	557 (+23)	0.05	6.4	1.2 (0.46) / 3.9 (0.54)
	IIa	407 (-2)	3.6 (-0.1)	541 (+15)	0.05	6.1	0.9 (0.57) / 2.8 (0.43)
	II'a	401 (0)	2.5 (-0.4)	540 (+2)	0.04	6.4	0.8 (0.71) / 2.4 (0.29)
	IIIa	424 (-5)	3.3 (-0.6)	570 (-12)	0.06	6.0	0.9 (0.59) / 3.8 (0.41)
	Ib	476 (-35)	3.5 (-0.7)	719 (+67)	0.01	7.1	1.5 (0.58) / 4.0 (0.42)
	IIb	478 (-17)	6.1 (+0.7)	711 (+82)	0.01	6.9	1.1 (0.73) / 3.5 (0.27)
	II'b	478 (-4)	/	702 (+64)	0.01	6.7	1.1 (0.84) / 3.5 (0.16)
	IIIb	507 (-18)	5.0 (+0.5)	714 (+14)	0.02	5.7	1.5 (0.50) / 4.6 (0.50)
	Ic	517 (-46)	5.2 (-0.8)	754 (+42)	0.004	6.1	0.9 (0.80) / 2.7 (0.20)
	IIc	509 (-38)	5.5 (-1.3)	752 (+71)	0.007	6.3	1.0 (0.80) / 2.9 (0.20)
	II'c	502 (-20)	5.2 (-0.3)	725 (+30)	0.006	6.1	0.7 (0.84) / 2.2 (0.16)
	IIIc	541 (-35)	4.9 (-0.6)	749 (-6)	0.005	5.1	1.0 (0.76) / 3.0 (0.24)

.6) that exhibit almost the same position of the bands. It's interesting to point out that comparing the spectra in solution with ones in aggregated state, the absorption spectra of the latter ones appear rather broadened, probably due to excitonic coupling a Inside round brackets the variation observed upon confinement in aggregated state Table

3

.6 Liner photophysical properties of dyes as FONs chromophoric subunits in deionized water

Table 3 .

 3 yield but, in spite of this, they diplay values among the best in each series. To better understand this, we can consider the λ max ems recorded in different solvents and reported in the following table.

	Cpd Cyclohex Tol CHCl3 THF DCM Acetone DMSO
	Ia	455	477	524	534	573	573	609
	IIa	435	467	509	526	540	551	589
	II'a	444	476	528	523	557	580	608
	IIIa	459	493	549	579	605	605	653
	Ib	534	584	657	665	680	723	/
	IIb	520	565	626	647	660	705	740
	II'b	524	571	638	666	683	729	747
	IIIb	550	601	696	709	743	766	/
	Ic	583	627	711	710	740	766	/
	IIc	565	608	683	690	709	752	810
	II'c	656	612	691	714	731	779	/
	IIIc	596	646	757	757	792	/	/

7 

Emission maxima of the dyes Ia-IIIc in different polarity solvents

Table 3 . 8

 38 Non linear photophysical data of dyes Ia-IIIb as FONs in deionized water All the FONs exhibit 2PA bands in the NIR with λ max 2PA which is close or slightly red shifted comparing to 2λ max 1PA , which represents a typical behavior of dipolar 2P absorbers, in which the transition to the excited state is possible both under 1P or 2P irradiation.

	Cpd	 𝒂𝒃𝒔 𝒎𝒂𝒙 [nm]	 𝒎𝒂𝒙 𝟐𝑷𝑨 [nm]	 𝟐 𝒎𝒂𝒙 ( 𝟐 𝒎𝒂𝒙  a, b [GM]
	Ia	410	910	395 (+155)
	IIa	407	820 890	457 (+127) 557 (+227)
	II'a	401	830	165 (-149)
	IIIa	424	910	182 (-298)
	Ib	476	1070	300 (-864)
	IIb	478	1060	921 (-13)
	II'b	478	1060	739(-123)
	IIIb	507	1080	726 (-676)
	a Inside the round brackets the variation observed upon confinement in NPs comparing to CHCl3 solution
		b Referred to chromophoric subunits

.8; unfortunately the serie c is characterized by too low fluorescence quantum yield to get reliable data in 2PEF experiments, therefore it is omitted.

Table 4 . 2

 42 

Table 4 .3 Photophysical

 4 

properties in THF solution

Table 4 . 4
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		𝟐𝛌 𝐦𝐚𝐱 𝟏𝐏𝐀	𝛌 𝐦𝐚𝐱 𝟐𝐏𝐀	σ2 max
		[nm]	[nm]	[GM]
			890	480
	31	926	960	320
			1050 115
			830	490
	34	886		
			890	640

Table 4 . 5
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	nm]	ΦF	Stokes Shift [10 3 cm -1 ]	τ (e) [ns]	-pot [mV]

Standard reference : a) DCM in EtOH (ΦF=0.437); b) CV in Methanol (ΦF=0.54); c) Rhodamine 6G in EtOH (F=0.94);

d) 

Fluorescein in NaOH 0.1M (ΦF=0.90); e)  𝑒𝑥𝑐 =455nm

  E.1 Material and general proceduresCommercially available reagents (purchased from Aldrich, Alfa Aesar and TCI) were used without further purification. Dry solvents were distilled from the appropriate drying reagents immediately before use. All air -or water -sensitive reactions were carried out under argon. Reactions were monitored by thin layer chromatography on Merck silica gel 60 F254 precoated aluminium sheets. Column chromatography were carried out on Merck silica gel Si 60 (40-63 mm, 230-400 mesh or 63-200 mm, 70-230 mesh). Melting points were measured on Stuart SMP 10 or Electrothermal IA9300. DSC measures were carried out on Mettler Toledo DSC 1 STAReSystem. 1 H and 13 C NMR spectra were recorded on Bruker ARX 200 or Avance 200 ( 1 H: 200.13 MHz, 13 C: 50.31 MHz), Avance AV 300 ( 1 H: 300.19 MHz, 13 C: 75.47 MHz), Avance AV 400 ( 1 H : 400.25 MHz, 13 C : 100.63 MHz), Avance AV 500 ( 1 H : 499.89 MHz, 13 C : 125.68 MHz), Avance AV 600 ( 1 H : 599.95 MHz, 13 C : 150.83 MHz). Chemical shifts (δ) are given in parts per million with respect to solvent residual peak and coupling constants (J) are given in Hertz. High and low resolution mass spectra measurements were performed at the Centre Régional de Mesures Physiques de l'Ouest (C.R.M.P.O., Rennes) using a Micromass MS/MS ZABSpec

	TOF instrument or by CESAMO (Bordeaux, France), on a TOF mass spectrometer AccuTOFGCv using
	an FD emitter with an emitter voltage of 10 kV. Elemental analyses were performed at C.R.M.P.O or at
	"Institut de Chimie des Substances Naturelles" (Gif-sur-Yvette, France). pH of water solutions were
	measured on a Tacussel PHN81 instrument with a glass combined electrode and a saturated KCl calomel
	electrode as reference.

-dibutyl-9H-fluorene-2,7-diyl)bis(ethyne-2,1-diyl))bis(4,1-phenylene))bis (ethene-2,1-diyl))dipyridine (1) and 4,4'-((1E,1'E)-(((9,9-dibutyl-9H-fluorene-2,7-diyl)bis(ethyne- 2,1-diyl))bis(4,1-phenylene))bis(ethene-2,1-diyl))diquinoline (2) General procedure:

  Air was removed from a solution of 9 (20 mg, 0.037 mmol) and 2.05 equiv of phoshine oxide (10 or 11) in THF (5 ml) by blowing argon for 20 min. Then NaH (4 mg, 95%) was added. The mixture was stirred at room temperature for 24 hours after which TLC revealed complete conversion. Water was added to the reaction mixture and extracted with CH2Cl2. The organic layer was washed with brine then dried over Na2SO4, filtered and evaporated in vacuo. The resulting crude yellow solids were repeatedly washed with EtOH then dried under vacuum. 20.8 mg of 1 (81.2%) and 23.3 mg of 2 (79.5%) were obtained.

	9,9-Dibutyl-2,7-diethynyl-9H-fluorene (8) Procedure: To a solution of 7 (0.86 g, 1.83 mmol) in THF/MeOH (3:1, 44 mL) was added aqueous KOH (1 M, 13 mL), and the mixture was stirred at room temperature for 30 min. CH2Cl2 and water were added and the organic layer was separated. The aqueous layer was extracted with CH2Cl2, and the combined organic layers were dried over Na2SO4. The residue obtained after removal of the solvents was purified by column chromatography using heptane/CH2Cl2 (8:2) as eluent to yield 0.50 g (84%) of 8. Characterization: m.p.= 93 °C; 1 H NMR (200.13 MHz, CDCl3): δ 7.63 (d, J = 8.6 Hz, 2H), 7.48 (d, J = 8.6 Hz, 2H), 7.46 (s, 2H), 3.15 (s, 2H), 1.94 (m, 4H), 1.07 (m, 4H), 0.67 (t, J = 7.2 Hz, 6H), 0.54 (m, 4H). 13 C NMR (50.31 MHz, CDCl3): δ 151.0, 140.9, 131.2, 126.5, 120.8, 119.9, 84.5, 77.4, 55.1, 40.0, 25.8, 22.9, 13.7; elemental analysis calcd (%) for C25H26 (326.48): C, 91.97; H, 8.03; found: C, 92.17; H, 8.07; HRMS (EI) m/z calcd for C25H26 [M +· ]: 326.2035; found: 326.2036. 8.4 Hz, 2H), 8.17 (d, J= 8.4 Hz, 2H), 7.89 (d, J = 16.2 Hz, 2H), 7.75-7.54 (m, 20H), 7.37 (d, J = 16.2 Hz, 2H), 2.01 (m, 4H), 1.11 (m, 4H), 0.70 (t, J = 7.2 Hz, 6H), 0.60 (m, 4H); 13 C NMR (125.68 Procedure: 12 (500 mg, 0.90 mmol) and (5'-formyl-[2,2'-bithiophen]-5-yl)boronic acid (643 mg, 2.7 mmol) were transferred into a flask under Argon. A mixture of toluene/MeOH = 3:2 (degassed by blowing Ar for 30 minutes) was added until completely dissolution. K2CO3 (1.64 g, 11.8 mmol) and Pd(dppf)Cl2 (147 mg, 0.18 mmol) was added and the mixture was heated up to 70 °C for 48 hours. After addition of water and extraction with CH2Cl2 the organic phase was dried over Na2SO4 and concentrated by vacuum. The residue was purified by chromatography column (CH2Cl2) affording 240 mg of 13 as orange solid (39%). Characterization: m.p. = 208°C (decomp.); 1 H NMR (300.49 MHz, CD2Cl2): δ 9.86 (s, 2H), 7.68-7.76 (m, 4H), 7.60-7.67 (m, 4H) 7.36-7.44 (m, 4H), 7.32 (d, J= 3.9 Hz, 2H), 2.05-2.20 (m, 4H), 1.24-1.40 (m, 2H), 0.71 (d, J= 6.6 Hz, 12H), 0.48-0.62 (m, 4H); 13 C NMR (75.47 MHz, CD2Cl2): δ 182.8, 152.3, diyl))bis(ethene-2,1-diyl))dipyridine (3) Procedure: Air was removed from a solution of 13 (30 mg, 0.043 mmol) and 1.02 eq. of 10 in THF (5 ml) by blowing argon for 20 min. Then NaH (4 mg, 95%) was added. The mixture was stirred at room temperature for 24 hours then poured into ice; after melting the suspension was centrifuged and the residue was purified by chromatography column (CH2Cl2:MeOH = 93:7) affording 23 mg of 3 as a reddish powder (64%). Characterization: m.p. = 249°C (decomp.); 1 H NMR (300.19 MHz, CDCl3): δ 8.53-8.60 (m, 4H), 7.74-7.77 (m, 2H), 7.59-7.64 (m, 2H), 7.53-7.56 (m, 2H), 7.39 (d, J= 16.0 Hz, 2H), 7.29-7.35 (m, 6H), 7.23 (d, J= 3.7 Hz, 2H), 7.13 (d, J= 3.7 Hz, 2H), 7.09 (d, J= 3.7 Hz, 2H), 6.79 (d, J= 16.0 Hz, 2H), 1.99-2.11 (m, 4H), 1.28-1.38 (m, 2H), 0.71 (d, J= 6.6 Hz, 12H), 0.50-0.62 (m, 4H); 13 C NMR (75.47 MHz, Procedure: To a solution of 1 (1.00 g, 3.450 mmol) in 16.0 ml of anhydrous and degassed toluene/MeOH mixture (1:1), 5-bromothieno[3,2-b]thiophene-2-carbaldehyde (0.812 g, 3.280 mmol), K2CO3 (1.13 g, 8.210 mmol), Pd(dppf)Cl2 (134.0 mg, 0.154 mmol) were added and the mixture was stirred overnight at 75 °C. After cooling down to room temperature, the crude was concentrated and few milliliters of CH2Cl2 were added. The suspension was filtered and plenty rinsed with CH2Cl2. The filtered was purified by means of chromatography column (petroleum ether: CH2Cl2 = 6:4) obtaining 1.03 g of 14 as a yellow powder (76%). Characterization: 1 H NMR (300.19 MHz, DMSO-d6): δ 9.95 (s, 1H), 8.37 (s, 1H), 7.87 (s, 1H), 7.65 (d, J= 8.5 Hz, 2H), 7.30-7.41 (m, 4H), 7.05-7.17 (m, 6H), 6.99 (d, J= 8.5 Hz, 2H). 4,4'-((1E,1'E)-(((9,9Characterization (1): m.p.= 178°C (dec.) ; 1 H NMR (300.19 MHz, CDCl3): δ 8.60 (d, J = 6.2 Hz, 4H), 5',5'''-(9,9-diisopentyl-9H-fluorene-2,7-diyl)bis([2,2'-bithiophene]-5-carbaldehyde) (13) 4,4'-((1E,1'E)-(5',5'''-(9,9-diisopentyl-9H-fluorene-2,7-diyl)bis([2,2'-bithiophene]-5',5-5-(4-(diphenylamino)phenyl)thieno[3,2-b]thiophene-2-carbaldehyde (14) 5-(4-
	7.70 (d, J = 7.9 Hz, 2H), 7.62-7.52 (m, 12H), 7.38 (d, J = 6.2 Hz, 4H), 7.31 (d, J = 16.3 Hz, 2H), 7.06 147.1, 147.0, 142.0, 141.3, 137.9, 135.2, 133.0, 127.6, 125.3, 124.6, 124.5, 120.8, 120.3, 55.6, 38.5, MHz,CDCl3): δ 151.3, 150.2, 148.7, 143.0, 141.0, 136.5, 134.6, 132.2, 131.0, 130.2, 129.6, 127.3, 126.8, CD2Cl2): δ 152.1, 150.2, 144.7, 144.6, 140.8, 140.7, 138.2, 136.2, 133.1, 129.9, 126.2, 125.6, 125.4, 1 H NMR (d, J = 16.3 Hz, 2H), 2.02 (m, 4H), 1.11 (m, 4H), 0.70 (t, J = 7.2 Hz, 6H), 0.61 (m, 4H); 13 C NMR (75.47 126.5, 126.1, 123.9, 123.8, 123.6, 122.0, 120.2, 117.2, 92.5, 90.2, 55.6, 40.7, 26.3, 23.5, 14.3; elemental 33.0, 28.6, 22.5; IR (KBr): ν= 1662 cm -1 (C=O); HRMS (FD) m/z calcd for C41H38O2 [M +• ]: 690.1755, 124.9, 124.4, 124.2, 120.8, 120.6, 120.0, 55.4, 38.5, 32.8, 28.5, 22.5; IR (KBr): ν = 1619 cm-1 (C=C); 1 H NMR
	MHz, CDCl3): δ 151.3, 148.8, 141.0, 135.8, 135.7, 133.9, 132.2, 131.0, 127.3, 126.3, 124.2, 121.9, found 690.1763. analysis calcd (%) for C59H48N2 + 0.75 CH2Cl2: C, 84.56; H, 5.88; N, 3.30 found: C, 84.11; H, 6.35; N, HRMS (ESI) m/z calcd for C53H48N2S4 [M +• ]: 840.2700, found 840.2715; elemental analysis calcd (%)
	121.3, 120.2, 92.4, 89.8, 55.4, 40.3, 26.0, 23.2, 13.9; elemental analysis calcd (%) for C51H44N2 + 1.5 3.24; HRMS (ESI) m/z calcd for C59H49N2 [(M+H) + ]: 785.3890, found 785.3895. 1 H NMR for C53H48N2S4 + 0.56 CH2Cl2: C 72.38, H 5.57, N 3.15; found: C 72.34, H 5.82, N 3.13.
	H2O: C, 86.04; H, 6.65; N, 3.93 found: C, 86.42; H, 6.65; N, 3.79. HRMS (ESI) calcd m/z for C51H45N2
	[(M+H) + ]: 685.3577, found 685.3575. 1 H NMR (2) 1 H-NMR

1 H NMR (1) Characterization (2): m.p.=140 °C (dec.); 1 H NMR (300.19 MHz, CDCl3): δ 8.92 (s, 2H), 8.25 (d, J =

(bis(4-bromophenyl)amino)phenyl)thieno[3,2-b]thiophene-2-carbaldehyde (15) Procedure:

  To a solution of 14 (200.0 mg, 0.486 mmol) in 22.0 ml of anhydrous THF cooled at 0°C, NBS (176.5 mg, 0.991 mmol) was added and the mixture was stirred for 6 h. The solution was slowly warmed to room temperature and stirred for 12 h. 22.0 ml of water were added and extraction with CH2Cl2 was done. The organic layer was washed with NaHCO3(sat), water, dried over Na2SO4 and filtered. Evaporation of the solvents gave a yellow powder which is purified by means of chromatography column (CH2Cl2), obtaining 244.0 mg of 15 as a yellow powder (88%).

	5-(4-
	Characterization: m.p./DSC= 204°C (dec.); 1 H NMR (200.13 MHz, acetone-d6): δ 10.01 (s,1H), 8.28
	(s,1H), 7.84 (s,1H), 7.72 (d, J= 8.6 Hz, 2H), 7.51 (d, J= 8.8 Hz, 4H), 7.14 (d, J= 8.6 Hz, 2H), 7.09 (d,
	J= 8.8Hz, 4H); 13 C NMR (50.31 MHz, acetone-d6): δ 184.3, 152.9, 148.6, 147.3, 147.1, 145.7, 138.8,
	133.5, 131.1, 129.4, 128.1, 127.3, 124.7, 116.9, 116.6; ATR (cm -1 ): 1657 ν(C=O); HRMS (FD) calcd
	m/z for C25H15Br2NOS2 [M +• ]: 566.8962, found: 566.8935; elemental analysis calcd (%) for
	C25H15Br2NOS2 + 0.04 CH2Cl2: C 52.51, H 2.65, N 2.45, found: C 52.25, H 2.59, N 2.58.
	1 H NMR

(bis(4-bromophenyl)amino)phenyl)-6-bromothieno[3,2-b]thiophene-2-carbaldehyde (16) Procedure:

  To a solution of 14(30.0 mg, 0.073 mmol) in 3.5 ml of anhydrous THF cooled at 0°C, NBS (43.0 mg, 0.240 mmol) was added and the mixture was stirred for 0.5 h. The solution was warmed to room temperature and stirred for 72 h. 4.0 ml of water were added and extraction with CH2Cl2 was done.The organic layer was washed with NaHCO3(sat), water, dried over Na2SO4 and filtered. Evaporation of the solvents gave a yellow powder which is purified by means of a short pad of silica (CH2Cl2), obtaining 42.0 mg of 16 as a yellow powder (89%).

	Characterization: m.p./DSC= 240°C (dec.); 1 H NMR (200.0 MHz, CD2Cl2): δ 9.96 (s,1H), 8.00 (s,1H), 7.64 (d, J=8.7 Hz, 2H), 7.43 (d, J=8.8 Hz, 4H), 7.11 (d, J= 8.7 Hz, 2H), 7.03 (d, J= 8.8 Hz, 4H); 13C NMR (150 MHz, CD2Cl2): δ 183.6, 155.7, 148.8, 148.4, 146.3, 146.1, 144.7, 135.6, 133.0, 130.3, 129.9, 126.9, 123.1, 117.0, 100.2; ATR (cm-1): 1663 ν(C=O); HRMS (FD) calcd m/z for C25H14Br3NOS2 [M +• ]: 644.8067, found: 644.8062; elemental analysis calcd (%) for C25H14Br3NOS2: C 46.32, H 2.18, N 2.16, found: C 46.41, H 1.84, N 2.09. 1 H NMR 5-(4-(bis(4'-(tert-butyl)-[1,1'-biphenyl]-4-yl)amino)phenyl)thieno[3,2-b]thiophene-2-carbaldehyde (17) with CH2Cl2, drying over Na2SO4 and filtering through a short pad of Celite, the crude was concentrated under vacuum and purification was achieved by chromatography column using gradient elution (petroleum ether, petroleum ether:CH2Cl2 = 75:25, 60:40) to yield 211.0 mg of 17 as an orange powder (71%). Characterization: m.p./DSC= 155°C (dec.); 1 H NMR (300.19 MHz, CD2Cl2): δ 9.96 (s,1H), 8.39 (s,1H), 7.92 (s,1H), 7.71 (d, J= 8.6 Hz, 2H), 7.65 (d, J= 8.5 Hz, 4H), 7.59 (d, J= 8.4 Hz, 4H), 7.47 (d, J= 8.4 Hz, 4H), 7.20 (d, J= 8.5 Hz, 4H), 7.13 (d, J= 8.6 Hz, 2H), 1.32 (s, 18H); 13 C NMR (75.47 MHz, CD2Cl2): δ 183.4, 153.4, 150.6, 148.9, 147.3, 146.5, 144.6, 138.1, 137.8, 136.7, 129.8, 128.2, 127.7, 127.5, 126.7, 126.2, 125.5, 123.4, 115.1, 34.8, 31.5; ATR (cm -1 ): 1660 ν(C=O); HRMS (FD) calcd m/z for C45H41NOS2 [M 1 H NMR 2-((5-(4-

Procedure: Air was removed from a mixture of 15 (250.0 mg, 0.440 mmol), 4-tert-butylphenylboronic acid (215.0 mg, 1.208 mmol), Pd(dppf)Cl2 (72.0 mg, 0.088 mmol) and K2CO3 (365.0 mg, 2.641 mmol) in 6.0 ml of toluene/MeOH (1:1) by blowing argon for 30 min. The mixture was warmed to 75°C for 24 h. The reaction was cooled to room temperature and quenched by addition of water. After extraction +• ]: 675.2630, found: 675.2614; elemental analysis calcd (%) for C45H41NOS2 + 0.05 CH2Cl2: C 79.55, H 6.09, N 2.06, found: C 79.18, H 6.17, N 1.90.

(diphenylamino)phenyl)thieno[3,2-b]thiophen-2-yl)methylene)malononitrile (18) Procedure:

  To a round flask containing 14(46.3 mg, 0.112 mmol) dissolved in 4.5 ml of toluene were added and the solution was stirred for 5 minutes. Then malononitrile (14.5 mg, 0.220 mmol), 3.0 ml of absolute EtOH and a catalytic amount of β-alanine were added and the mixture was warmed up to reflux for 24 h. Solvents were evaporated and the crude was dissolved in a small amount of CH2Cl2 and purified by chromatography column (CH2Cl2) to yield 46.0 mg of 18 as a dark powder (91%).

	2-((5-(4-
	0,
	138.5, 135.8, 130.5, 129.7, 127.3, 126.3, 125.5, 124.2, 122.3, 114.6, 114.1, 113.9, 75.4; ATR (cm -1 ):
	2213 ν(C≡N); HRMS (FD) calcd m/z for C28H17N3S2 [M +• ]: 459.0864, found: 459.0879; elemental
	analysis calcd (%) for C28H17N3S2: C 73.17, H 3.73, N 9.14, found: C 72.84, H 3.67, N 9.19.
	1 H NMR

Characterization: m.p./DSC= 158°C (dec.); 1 H NMR (599.95 MHz, acetone-d6): δ 8.46 (s,1H), 8.22 (s,1H), 7.88 (s,1H), 7.68 (d, J= 8.7Hz, 2H), 7.38 (d, J= 8.4Hz, 2H), 7.36 (d, J= 8.4Hz, 2H), 7.13-7.17 (m, 6H), 7.05 (d, J= 8.7Hz, 2H); 13 C NMR (150.83 MHz, CDCl3): δ 155.8, 150.9, 149.7, 149.5, 147.

(bis(4-bromophenyl)amino)phenyl)-6-bromothieno[3,2-b]thiophen-2-yl)methylene) malononitrile (20) Procedure:

  To a round flask containing 16(40.0 mg, 0.062 mmol) in 85.0 ml of absolute EtOH, malononitrile (4.5 mg, 0.068 mmol) and a catalytic amount of β-alanine were added and the mixture was warmed up to reflux for 72 h. EtOH was distilled until appearing of solid, then the crude was slowly cooled to room temperature and left for 3 h. Filtration and washing with pentane gave 28.2 mg of 20 as a dark powder (66%).

	1 H NMR 5-((5-(4-
	Characterization: m.p./DSC= 230°C (dec.); 1 H NMR (400.25 MHz, CD2Cl2): δ 7.98 (s,1H), 7.90
	(s,1H), 7.66 (d, J= 8.8 Hz, 2H), 7.44 (d, J= 8.8 Hz, 4H), 7.11 (d, J= 8.8 Hz, 2H), 7.03 (d, J= 8.8 Hz,
	4H); 13 C NMR (150.83 MHz, CD2Cl2): δ 151.5, 150.8, 148.8, 148.1, 146.1, 136.3, 136.1, 133.1, 131.4,
	130.3, 127.1, 126.4, 122.8, 117.2, 114.5, 113.7, 99.7, 77.8; ATR (cm -1 ): 2225 ν(C≡N); HRMS (FD)
	calcd m/z for C28H14Br3N3S2 [M +• ]: 692.8180, found: 692.8179; elemental analysis calcd (%) for
	C28H14Br3N3S2: C 48.30, H 2.03, N 6.04, found: C 47.99, H 1.86, N 6.05.
	1 H NMR

(diphenylamino)phenyl)thieno[3,2-b]thiophen-2-yl)methylene)-1,3-diethyl-2- thioxodihydropyrimidine-4,6(1H,5H)-dione (22) Procedure:

  To a round flask containing 14 (30.0 mg, 0.073 mmol) in 25.0 ml of absolute EtOH, 1,3diethyl-2-thiobarbituric acid (16.1 mg, 0.080 mmol) and a catalytic amount of β-alanine were added and the mixture was warmed up to reflux for 24 h. Filtration of the precipitate obtained after cooling to room temperature, gave 36.0 mg of 22 as a dark powder (83%).

	5-((5-(4-
	0Hz,
	2H), 4.59 (q, J= 7.0Hz, 2H), 4.55 (q, J= 7.0Hz, 2H ), 1.32 (t, J= 7.0Hz, 3H), 1.29 (t, J= 7.0Hz, 3H); 13 C
	NMR (150.83 MHz, CD2Cl2): δ 179.2, 161.3, 160.2, 156.6, 156.4, 150.0, 149.8, 147.3, 139.4, 139.0,
	138.1, 129.9, 127.7, 126.9, 125.8, 124.5, 122.4, 114.8, 110.3, 44.2, 43.5, 12.6, 12.5; ATR (cm -1 ): 1655
	ν(C=O); HRMS (FD) calcd m/z for C33H27N3O2S3 [M +• ]: 593.1265, found: 593.1268; elemental analysis
	calcd (%) for C33H27N3O2S3: C 66.75, H 4.58, N 7.08, found: C 66.53, H 4.62, N 6.73.
	1 H NMR

Characterization: m.p./DSC= 180°C (dec.); 1 H NMR (599.95 MHz, CD2Cl2): δ 8.71 (s,1H), 8.09 (s,1H), 7.57 (d, J= 8.7Hz, 2H), 7.50 (s, 1H), 7.30-7.34 (m, 4H), 7.10-7.17 (m, 6H), 7.06 (d, J= 7.

(bis(4-bromophenyl)amino)phenyl)thieno[3,2-b]thiophen-2-yl)methylene)-1,3-diethyl-2- thioxodihydropyrimidine-4,6(1H,5H)-dione (23) Procedure:

  To a round flask containing 15(35.0 mg, 0.061 mmol) in 40.0 ml of absolute EtOH, 1,3diethyl-2-thiobarbituric acid (12.9 mg, 0.064 mmol) and a catalytic amount of β-alanine were added and the mixture was warmed up to reflux for 24 h. Filtration of the precipitate obtained after cooling to room temperature, gave 39.5 mg of 23 as a dark powder (86%).

	5-((5-(4-
	8.8Hz, 4H), 4.59 (q, J= 7.0 Hz, 2H ), 4.56 (q, J= 7.0 Hz, 2H ), 1.32 (t, J= 7.0Hz, 3H), 1.29 (t, J= 7.0Hz,
	3H); 13 C NMR (150.83 MHz, CD2Cl2): δ 179.2, 161.3, 160.2, 156.1, 155.9, 150.1, 148.7, 146.2, 139.6,
	139.1, 138.0, 133.0, 128.2, 127.9, 126.9, 123.5, 117.0, 115.4, 110.6, 44.2, 43.5, 12.6, 12.5; ATR (cm -1 ):
	1660 ν(C=O); HRMS (FD) calcd m/z for C33H25Br2N3O2S3 [M +• ]: 748.9476, found: 748.9475; elemental
	analysis calcd (%) for C33H25Br2N3O2S3: C 52.74, H 3.35, N 5.59, found: C 53.06, H 3.11, N 5.54.
	1 H NMR

Characterization: m.p./DSC= 250°C (dec.); 1 H NMR (599.95 MHz, CD2Cl2): δ 8.72 (s,1H), 8.10 (s,1H), 7.61 (d, J= 8.7Hz, 2H), 7.53 (s, 1H), 7.43 (d, J= 8.8Hz, 4H), 7.08 (d, J= 7.0Hz, 2H), 7.02 (d, J=

(bis(4-bromophenyl)amino)phenyl)-6-bromothieno[3,2-b]thiophen-2-yl)methylene)-1,3- diethyl-2-thioxodihydropyrimidine-4,6(1H,5H)-dione (24) Procedure:

  To a round flask containing 16 (30.0 mg, 0.046 mmol) in 65.0 ml of absolute EtOH, 1,3diethyl-2-thiobarbituric acid (10.2 mg, 0.051 mmol) and a catalytic amount of β-alanine were added and the mixture was warmed up to reflux for 24 h. After cooling to room temperature the solid was filtered, washed with pentane and dried, leading to 31.0 mg of 24 as a dark solid (81%).

	8 Hz,
	4H), 4.60 (q, J= 7.0 Hz, 2H), 4.56 (q, J= 7.0 Hz, 2H), 1.34 (t, J= 7.0 Hz, 3H), 1.29 (t, J= 7.0 Hz, 3H);
	13 C NMR (150.83 MHz, CD2Cl2): δ 179.2, 161.3, 160.2, 156.1, 155.9, 150.1, 148.7, 146.2, 139.6, 139.1,
	138.0, 133.0, 128.2, 127.9, 126.9, 123.5, 117.0, 115.4, 110.6, 44.2, 43.5, 12.6, 12.5; ATR (cm -1 ): 1687
	ν(C=O); HRMS (FD) calcd m/z for C33H24Br3N3O2S3 [M +• ]: 826.8581, found: 826.8584; elemental
	analysis calcd (%) for C33H24Br3N3O2S3: C 47.73, H 2.91, N 5.06, found: C 47.68, H 2.80, N 5.05.

Characterization: m.p./DSC= 265°C (dec.); 1 H NMR (300.19 MHz, CD2Cl2): δ 8.73 (s,1H), 8.14 (s,1H), 7.69 (d, J= 8.9 Hz, 2H), 7.44 (d, J= 8.9 Hz, 4H), 7.11 (d, J= 8.8 Hz, 2H), 7.04 (d, J= 8.

  1 H NMR (599.95 MHz, CD2Cl2): δ 8.72 (s,1H), 8.10 (s, 1H), 7.62 (d, J= 8.8 Hz, 2H), 7.58 (d, J= 8.6 Hz, 4H), 7.55 (d, J= 8.5 Hz, 4H), 7.53 (s, 1H), 7.47 (d, J= 8.5 Hz, 4H), 7.24 (d, J= 8.6 Hz, 4H), 7.17 (d, J= 8.8 Hz, 2H), 4.59 (q, J= 7.0 Hz, 2H), 4.56 (q, J= 7.0 Hz, 2H), 1.36 (s, 18H), 1.32 (t, J= 7.0 Hz, 3H), 1.29 (t, J= 7.0 Hz, 3H); 13 C NMR (150.83 MHz, CD2Cl2): δ 179.2, 161.3, 160.2, 156.5, 156.4, 150.7, 150.0, 149.5, 146.2, 139.4, 139.0, 138.0, 137.8, 137.0, 128.3, 127.8, 127.2, 126.7, 126.2, 125.8, 122.9, 115.0, 110.4, 44.2, 43.5, 34.8, 31.5, 12.6, 12.5; ATR (cm -1 ): 1646 ν(C=O); HRMS (FD) calcd m/z for C53H51N3O2S3 [M +• ]: 857.3143, found: 857.3134;

elemental analysis calcd (%) for C53H51N3O2S3: C 74.18, H 5.99, N 4.90, found: C 73.82, H 5.80, N 4.87.

  4, 155.4, 148.6, 148.4, 146.8, 142.5, 140.4, 132.5, 129.7, 127.1, 126.8, 126.5, 123.7, 121.4, 120.6, 112.0, 107.1, 100.0, 52.7, 51.4, 32.2, 32.1, 29.8, 29.7, 29.6, 29.5, 27.6, 27.2, 26.9, 23.10, 23.0, 14.3, 14.2; IR

(KBr, cm -1 ): 1670 ν(C=O).

  80 mg of NaH (60% in mineral oil) were added and the mixture was left under stirring overnight. The crude was poured into ice and after total melting it was filtered and washed with pentane, affording 105 mg of 33 as a reddish solid (82%).Characterization: m.p./DSC= 179°C; 1 H NMR (300.19 MHz, CD2Cl2): δ 7.59 (AA'BB', 4H), 7.40-7.46 (m, 2H), 7.33 (d, J= 16.0 Hz, 1H), 7.14-7.17 (m, 1H), 7.04-7.11 (m, 3H), 6.87 (d, J= 16.0 Hz, 1H), 6.60-6.67 (m, 2H), 3.24-3.35 (m, 4H), 1.53-1.66 (m, 4H), 1.27-1.39 (m, 12H), 0.86-0.94 (m, 6H); 13 C NMR (75.47 MHz, CD2Cl2): δ 148.6, 146.0, 142.1, 140.5, 138.9, 134.0, 133.1, 129.7, 127.2, 127.1, 126.2, 125.7, 125.7, 123.9, 121.6, 121.1, 119.5, 112.2, 110.9, 51.5, 32.3, 27.8, 27.3, 23.3, 14.4; IR (KBr,

cm -1 ): 2222 ν(C≡N).

  Characterization: m.p./DSC= 217°C (dec.); 1 H NMR (599.95 MHz, CD2Cl2): δ 8.30-8.34 (m, 2H), 7.55 (d, J= 8.2 Hz, 2H), 7.42-7.46 (m, 2H), 7.33 (d, J= 16.0 Hz, 1H), 7.15 (d, J= 3.7 Hz, 1H), 7.08 (d, J= 3.7 Hz, 1H), 7.06 (d, J= 3.7 Hz, 1H), 7.04 (d, J= 3.7 Hz, 1H), 6.94 (d, J= 16.0 Hz, 1H), 6.62-6.66 (m, 2H), 5.14 (bs, 4H), 3.27-3.32 (m, 4H), 1.58-1.62 (m, 4H), 1.31-1.35 (m, 12H), 0.89-0.93 (m, 6H); 13 C NMR (150.83 MHz, CD2Cl2): δ 171.9, 168.3, 148.4, 145.5, 141.2, 140.6, 137.8, 135.9, 134.1, 129.1, 128.6, 127.5, 127.0, 126.4, 125.3, 123.7, 123.6, 121.4, 121.0, 112.0, 51.4, 32.2, 27.6, 27.2, 23.1, 14.2; HRMS (FD) calcd m/z for C37H44N6S2 [M +• ]: 636.30689, found m/z 636.30765; IR (KBr, cm-1): 1527, 1543 ν(CN) + δ(NH2).

i Compounds 1 and 2 were previously prepared and studied by A. Sourdon, J.-M. Vabre and J. Daniel, that I warm thank.
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Chapter 4 Towards Efficient Energy Transfer Process in NPs Exploiting Hydrogen bond

Strong Moderate Weak

Interaction type strongly covalent mostly electrostatic electrost. / dispers.

Bond length H•••A [Å]

1.2-1.5 1.5-2.2 >2.2

Lengthening of X-H [Å]

0.08-0.25 0.02-0.08 <0.02 [2,5] The hydrogen bonding is responsible for a whole series of phenomena in nature, such as the unique properties of water, like high dielectric constant, surface tension and heat of vaporization. Moreover its biological role is fundamental, contributing to the stabilization of secondary and tertiary structures of proteins [6][7][8] or, corcerning DNA, the pairing of purine and pyrimidine bases [9][10] . The latter one represents a natural example of molecular recognition via hydrogen bond [10] ; this concept is very important in the field of supramolecular chemistry [2,[11][12][13][14] and it plays a pivotal role in crystal engineering [4] ,

wherein non-covalent interactions are exploited to get control over the structure of a supermolecule. In this view several studies have been done in order to understand the nature and the properties of the chemical motifs [15][16] that can be used for this purpose and some of them are reported in the following figure [2,16] .

Synthesis of the intermediate

The retrosynthesis of the intermediate 28 is shown in the Scheme 4.2.

Scheme 4.2 Retrosynthesis of the intermediate 28

The disconnection illustrated is very useful because it utilizes the cross coupling between a suitable aniline derivative and a boronic acid that is commercially available. Planning an organic synthesis involves not only the acquaintance of the chemical reactions, their mechanisms and how to perform them properly, but it entails also some other requirements which are the result of the experience; one of these is the knowledge and the use of the chemicals which are commercially available. As in this case it allows to optimize a synthetic scheme and its related costs, avoiding the preparation of chemical compounds which may be more expensive to synthesize on a laboratory scale or time-consuming or difficult to purify. After choosing the route, we can move on to the description of the synthesis of the aniline derivative.

The first step consists in a bis alkylation of aniline by means of nucleophilic substitution on hexylbromide, working in biphasic conditions and using a little amount of phase transfer agent (Scheme 4.3). Then the phenyl ring, activated towards aromatic electrophilic substitution by the dialkylamino group, was functionalized by halogenation on the para position using iodine (Scheme 4.4). The used approach has advantageously led to the preparation of the compound 28 and, as well as to be useful for this work in view of the preparation of the compounds 31 and 34, may be an efficient general method for the preparation of derivatives similar to the dialkylaniline 28 that can be readily functionalized on the carbonyl moiety (e.g., Knoevenagel condensations), thus useful as building block for more complex systems. At this point we can switch to the second part of the synthesis.

Synthesis of the uracile derivative

The path used for the preparation of 31 can be quickly understood by inspection of the retrosynthesis depicted in the following scheme. The disconnection proposed reduces the problem to the synthesis of the shown starting materials, a N-alkylated uracile derivative preparable from commercially available product and a terminal alkyne derivative of 28. The latter one can be prepared by means of a functional group interconversion (FGI) able to convert the formyl group of the compound 28 into an acetylen moiety. In this way the coupling between the donor and the acceptor is performed in two steps by means of a robust Sonogashira cross coupling.

The FGI was achieved by a Seyfert-Gilbert homologation using Ohira-Bestmann reagent according to the following scheme. After the preparation of the first target (31), we can move on the description of the synthesis of the last one, the triazine derivative (34).

Synthesis of the triazine derivative

The retrosynthetic strategy adopted is depicted in the Scheme 4.10. The diaminotriazine moiety on the target compound (34) can be achieved by cyclization of a nitrile group with dicyandiamide, which represents a common route for the preparation of such derivatives, reducing the problem to the synthesis of the nitrile showed in the scheme. The latter one can be disconnected on the double bond and, considering a Wittig reaction, it leads to 28 as carbonyl precursor that can be reacted with the depicted phosphonate. This compound may in turn be easily prepared from commercially available 4-(bromomethyl)benzonitrile.

For this purpose a Michaelis-Arbuzov reaction by means of triethylphosphite was performed (Scheme 4.11), leading to desired phosphonate (32) in good yield. A Horner-Wadsworth-Emmons (HWE) reaction between 28 and 32 was achieved in the conditions reported in the Scheme 4.12, affording 33 as pure E-stereoisomer and in good yield.

Chapter 4

Experimental Part

E.4 Determination of pKa values

The pH of solutions of probes (10 -6 M) in micellar water (SDS/butanol/water, 6 : 5 : 89 wt%) were tuned by addition of solutions of HCl (1.0 and 0.1 M) and NaOH (1.0 and 0.1 M) using a microsyringe. The values of pKaobs were determined via ratiometric titrations, fitting the data with the following equation [5- 6] : ). I is the ratio of the emission intensities (or absorption) measured in basic conditions to the ones measured in acidic environment, at the wavelenght chosen for the denominator of R, therefore I= Fmin( 𝑒𝑚𝑠 2 ) / Fmax( 𝑒𝑚𝑠 2 ) in emission ratiometric mode or I= Amin( 𝑎𝑏𝑠 2 ) / Amax( 𝑎𝑏𝑠 2 ) in absorption ratiometric mode.

2,7-Bis(trimethylsilylethynyl)-9,9-dibutyl-9H-fluorene (7) [9] Procedure: Air was removed from a solution of 6 (2.00 g, 3.77 mmol) in toluene/Et3N ( The mixture was warmed up to reflux for 24 h. Solvents were evaporated and the crude was dissolved in CH2Cl2 and purified by chromatography column (CH2Cl2) to yield 24.0 mg of 21 as a dark powder (75%).

Characterization: m.p./DSC= 145 (dec.); 

Annex Organic Synthesis Review

A.1 Organic synthesis overview

In this section will be elucidated some main aspects about chemical reactions of particular relevance that have been used to prepare the target compounds described in this manuscript, in order to understand their features in relation to the synthetic protocols adopted.

A.2 Palladium catalysed cross coupling

Nowdays cross coupling reactions are a very powerful tools in organic synthesis largely used both in industry and academia. The birth and evolution of these reactions are the result of over a century of scientific research (Figure A.1) and the interested reader can find more detailed information in the nice review by Snieckus et al [1] and cited literature in it.

Figure A.1 Time evolution of metal catalyzed cross coupling reactions [1] Since the pioneering works of Glaser [2] in the middle of the 19 th century about oxidative dimerization of phenylacetylene (Scheme A.1), the interest towards the reactions that bring to the selective formation of carbon-carbon bonds has soared. Many of these reactions follow the catalytic cycle depicted in the Scheme A.3.

Scheme A.1 Glaser's coupling

Scheme A.3 General catalytic cycle for many Pd catalysed cross coupling

The first step is an oxidative addition of the specie R-X to the palladium leading to a Pd(II) specie; at this point a transmetallation takes place leading the R' moiety on the metal center. The last step consist in a reductive elimination which leads to the cross coupling product and restores the catalyst. Besides to the general mechanism exposed, each kind of cross coupling has its specific features according to the nature of the substrates (i.e., R-X and R'-Y), which involves the need to optimize the reaction conditions in order to obtain satisfactory results (i.e., nature of the catalyst, solvent, temperature, bases).

A.2.1 Suzuki cross coupling

When R'-Y is an organoboron derivative (usually a boronic ester or, as in this chapter, a boronic acid) the cross coupling comes to Suzuki-Miyaura reaction. Generally such reactions have significant Scheme A. 8 Hann-Lapworth and Knoevenagel mechanisms for KC

The mechanism on the top is known as Hann-Lapworth [24] . When the catalyst is a tertiary amine (e.g., triethylamine), it represents the main way that leads to the condensed product [18] ; the base is responsible for deprotonation of the specie bearing the active hydrogens, generating a stabilized anion that gives addition to the carbonyl with formation of hydroxy intermediate, followed by dehydration to the final alkene. The mechanism on the bottom is known as Knoevenagel [17] one that, when the base chosen is a primary or secondary amine, represents a competitive path with the Hann-Lapworth one that leads to the same condensed product through the formation of an iminium salt. Concerning the cases in this manuscript, a study in the literature by Prout et al. [25] about KC condensation between 3methylcyclohexanone and malononitrile, carried out in a mixture of water/ethanol and catalyzed by alanine, showed that Hann-Lapworth type course was favoured.

Regarding the experimental protocols used, the first KC carried out was the one for the synthesis of 18 (Ib). In this case the reaction was carried out by dissolving 14 (Ia) in toluene then adding malononitrile that, being not completely soluble in the reaction medium, has required the addition of absolute EtOH up to complete dissolution. After warming up the reaction the product precipitated (the reaction does not lead to the formation of other non soluble byproducts, but just water). After purification qualitative assays showed that the condensed product was not soluble in pure EtOH. In this view the subsequent protocols were implemented by performing the reactions exclusively in absolute EtOH. In the cases of the synthesis of 21 and 25 (respectively IIIb and IIIc), the starting aldehyde 17 (IIIa), was only sparingly soluble in EtOH, as for the preparation of 18 (Ib), these condensations were carried out by dissolving IIIa in a minimum amount of toluene and, after the addition of the active methylene compounds, ethanol was added till completely solubilization of all the reagents.

In the fourth chapter several organic reactions have been carried out, aimed at multisteps synthesis of the two final compounds (31 and 34). Among them are found to be of particular interest the homologation of the aldehyde ( 28) and the Horner-Wadsworth-Emmons reaction for the preparation of 33. Therefore in the next sections they will be briefly discussed in a broader context of belonging, respectively, the conversion of an aldehyde into a terminal alkyne and the olefination of carbonyl compounds through Wittig type reactions, describing also the Horner-Wittig ones which have been used

in the synthesis of the pH-probes (1-4) exposed in the second chapter

A.4 Seyferth-Gilbert homologation / Bestmann-Ohira modification

The conversion of an aldehyde into a terminal alkyne falls within the group of homologation reactions, in which the carbon chain is lengthened by one unit. Preparation of alkyne from carbonyl derivatives is an important methodology in organic chemistry, allowing the synthesis of aldehyde and ketones that, in this view, can be therefore considered to be precursors of target acetylenes. A broad discussion on the key methods for such transformations has been described by Koshinen et al. [26] ; they are the Corey-Fuchs (Scheme A.9), the Colvin rearrangement (Scheme A.9) and the Seyferth-Gilbert homologation.

Scheme A. 9 Corey-Fuchs (top) and Colvin rearrangement (bottom) for aldehyde homologation Corey-Fuchs [27] are performed by generating a phosphorous ylide by reaction of triphenylphosphine with tetrabromomethane, to which the carbonyl compound is added. A Wittig type reaction [26] , known as

Ramirez olefination [28] , leads to the formation of a dibromoolefin. Then the latter one is reacted with n-BuLi, getting lithium acetylide by halogen-lithium exchange followed by elimination. The hydrolysis of the organometallic species returns the desired alkyne.

The Colvin rearrangement [29] takes place by treating the aldehyde or the ketone with trimethylsilyldiazomethane lithium salt (thermally unstable and therefore usually generated in situ), that gives nucleophilic attack followed by elimination of lithium trimethylsilanolate leading to a diazoalkene.

The latter one undergoes Wolff rearrangement [26] to afford the alkyne.

The Seyfert-Gilbert [30][31] homologation is reported in the Scheme A.10.

Scheme A. 10 Seyferth-Gilbert homologation

The reaction involve the use of dimethyldiazomethylphosphonate which is deprotonated by a steric hindered base (tipically t-BuOK), leading to the corresponding anion. It's assumed a nucleophilic attack on the carbonyl group affording an intermediate, that collapses to oxaphosphethane and eliminates dimethylphosphate (similarly to Horner-Wittig-Emmons reaction) leading to a diazoalkene. The latter one undergoes nitrogen extrusion and 1,2-shift of the alkyl moiety (Wolf rearrangement) as in the Colvin rearrangement affording the desired alkyne. However both trimethysilyldiazomethane and dimethyldiazomethylphosphonate lithium salt are sensitive to temperature and can undergo thermal decomposition [26] ; in fact common protocols for the two processes are carried out at low temperature (i.e., THF solution at -78°C). Furthermore dimethyldiazomethylphosphonate is not commercially available and requires synthesis. In this view the Bestmann-Ohira [32][33] modification of the Seyferth-Gilbert homologation represents an improvement of the latter points. In particular Ohira demonstrated that treatment of dimethyl (1-diazo-2-oxopropyl)phosphonate with K2CO3 (substoichiometric) in MeOH, leads to dimethyldiazomethylphosphonate (Scheme A.11) in high yield and, in parallel, the stability of the latter one is improved by the low concentration of methoxide in the solution [26,33] .

Scheme A.11 Bestmann-Ohira conditions for in situ generation of dimethyldiazomethylphosphonate These conditions have been adopted in the protocol for the synthesis of 29. However the starting aldehyde (28) was only partially soluble in pure MeOH, therefore a cosolvent (THF) was added till completely solubilization. The reaction represents a good alternative to the most common Corey-Fuchs with positive features in terms of experimental protocol (no n-BuLi manipulation), conditions (mild base) and purification, in fact the reaction leads to the formation of dimethylphosphate (water soluble), whereas in the Corey-Fuchs the formation of the dibromoolefin affords triphenylphosphine oxide as byproduct. Finally the Bestmann-Ohira reagent allows a certain synthetic flexibility, in facts under suitable conditions the alkyne generated can directly undergo 1,3-dipolar cycloaddition with azide in click chemistry fashion, without previous isolation and purification [34][35] (Scheme A.12).

Scheme A.12 One-pot synthesis of 1,4-disubstituted tryazole

A.5 Wittig type reactions

Wittig type reactions represent a versatile and efficient way for carbonyl olefination, allowing the formation of carbon-carbon double bonds from aldehyde and ketones. The amount of studies carried out for such transformation is literally huge [36][37][38] , due to the interest of understanding what are the factors that regulate some aspects of these versatile reactions such as reactivity and stereoselectivity.

A.5.1 Classical Wittig reactions

Reported for the first time in 1953 by G. Wittig [39] , the reaction involves the use of a phosphorous ylid (generated by the action of a base on a suitable phosphonium salt) which is reacted with an aldehyde or a ketone as reported in the Scheme A.13 [38] .

Scheme A. 13 Wittig reaction reaction [38] As depicted the reaction can, when allowed by the nature of the reagents, lead to the two stereoisomers of alkene (E/Z). The mechanism of the reaction has been debated for several years and many paths have been proposed [40] , such has the formation of a betaine intermediate [41] due to nucleophilic attack of the ylid on the carbonyl moiety, followed by ring closure to oxaphosphetane. However nowadays it has been generally assumed that the formation of the four membered ring proceeds through a concertated cycloaddition that can lead to the cis or trans-oxaphosphetane [42][43] . From these intermediates a synelimination affords the target alkene with formation of phosphinoxide as byproducts.

The factors that contribute to determining the type of the cyclic intermediate, and then the stereoselectivity of the reaction, are wide and depend on several parameters (e.g., nature of the ylids, of the carbonyl compounds, conditions of the reaction). When the ylids bear an electronwithdrawing group (R') on the -carbon (e.g., -CN, -COR, -SO2R) able to give a conjugative stabilization, they are referred to stabilized ones. Such ylids are less reactive and tend to promote the formation of the transoxaphosphetane and consequently the formation of the E-alkene. Vice versa when ylids are not stabilized (e.g., R= alkyl group) they are more reactive than the previous ones, and in this case the

The combination of the two processes represents the protocol which have been exploited for the synthesis of 33, wherein the phosphonate 32 was prepared by Arbuzov-Michaelis on the 4-(bromomethyl)benzonitrile and then reacted with the aldehyde 28.

A.5.3 Horner-Wittig (HW)

In this class of Wittig reactions the phosphorus derivative involved is a phosphin oxide [47] that, although it may seem similar to phosphonate in HWE, it provides some specific properties that make HW reactions unique and very useful (Scheme A.15 [38] ).

Scheme A. 15 Horner-Wittig reaction [38,48] The illustrated mechanism may be discussed by dividing it into two parts [48] , depending on whether the base used to deprotonate the phosphin oxide is a lithium-based one or not. In the case of non-lithiated (e.g., KOH, NaH), the reaction proceeds with nucleophilic addition, leading to the formation of a hydroxy phosphin oxide which may be erythro or threo type, that undergoes ring closure and synelimination, affording Z or E-alkene. Considering that the nucleophilic addition is reversible and the elimination leading to the E-alkene faster, these reactions usually display good E-stereoselectivity when the phosphin oxide bears a stabilizing group otherwise, with non-stabilizing ones (e.g., R'= H, Me) the stereoselectivity is reduced. However in this case the character of the phosphin oxide plays a key role;

in particular the use of a lithium-base leads to the formation of stable intermediates, which allows to