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A fullerene helical peptide: synthesis, characterization and formation of self-assembled monolayers on gold surfaces †
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The synthesis of a C 60 -peptide using ''clickable'' fullerene and peptide derivatives is described. The peptide is composed of a repeating sequence of a-aminoisobutyric acid (Aib) and two L-alanine (Ala) residues, promoting the formation of a helical conformation, which has been confirmed by IR absorption, NMR and circular dichroism measurements. In addition, the presence of a lipoyl moiety, at the end of the peptide sequence, allows the formation of self-assembled monolayers of the C 60 -peptide and the parent peptide on ag o l ds u r f a c e .AC 60 -alkyl derivative was also prepared to compare the self-assembly properties of fullerene derivatives containing peptides or alkyl chains. The fullerene assembly on a gold substrate characterized by quartz crystal microbalance and by cyclic voltammetry show that the monolayers containing alkyl chains are slightly less well packed than the peptide monolayers. Finally, polarization modulation reflection adsorption infra-red spectroscopy measurements indicate that the C 60 -peptide tends to be more vertical than the parent peptide which could originate from complementary C 60 -C 60 and helical-helical interactions.
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CHAPTER 1 General Introduction and Thesis Objectives

Preamble

With the growth in world population and the pursuit of improvement in human living standards, energy has become one of the greatest global challenges for human beings. The currently dominant dependence on fossil fuels (more than 80% of the world's energy supply) not only accelerates the decline of natural resources, but also impacts severely on the environment and climate. [1] As the public becomes progressively more aware of the environmental, social, and economic impacts of fossil fuels worldwide, it is apparent that a departure from the current worldwide dependence on these traditional energy sources is mandatory. Accordingly, the exploration of sustainable and non-contaminating energy sources is of great interest and represents one of the most intense research topics today.

In this regard, sunlight is considered one of the most promising sources of energy providing, 3 × 10 24 J (120,000 TW) of energy per year. The huge amount of sunlight energy has been naturally harvested over the years by plants and bacteria through a sophisticated biological phenomenon known as photosynthesis. In this process, highly efficient primary events (such as light harvesting, charge separation, water splitting and CO 2 reduction) occur through energy cascade architectures. Indeed, short-range and efficient energy and electron transfer processes take place between well-arranged light-absorbing organic donor and acceptor pigments. Interestingly, when averaged over a year, photosynthetic organisms convert about 100 TW of solar power into energy, which is far beyond the total current global energy consumption of human beings (estimated 13.3 TW in 2010 with an expected increase demand for energy reaching 30.0 TW in 2050). [2,3] This fascinating bio-chemical process has inspired the scientific community to develop artificial photosynthetic systems that are able to mimic natural photosynthesis, namely harvesting and storing the solar energy that can be used by humans in order to address the problems of energy shortage and air pollution.

Artificial photosynthetic systems "In the broadest sense, artificial photosynthesis means exploiting the physics and chemistry

underlying natural photosynthesis to harvest solar energy for technological purposes." -Devens Gust [4] Indeed, this term figured in every molecular system contributing to the conversion of sunlight to another form of energy (chemical energy and electricity production).

Artificial photosynthetic systems are arrays comprised of a light-harvesting moiety (antenna) covalently or supramolecularly connected to a donor and an acceptor unit (reaction centers).

The former component harvests the light effectively throughout the solar spectrum, and then transfers the excitation energy to the reaction centers (donor or acceptor). This latter phenomenon initiates an electron transfer process from the donor to the acceptor, resulting in the generation of a charge separated state that preserves some of the photon energy as electrochemical potential energy. It is important to mention that in some cases, the lightabsorbing/antenna unit is capable of playing a dual role as an energy or electron donor/acceptor unit, thus simplifying the molecular architecture.

When designing artificial reaction centers, some relevant factors should be taken into consideration in order to favor 1) electronic coupling between the donor and the acceptor, and 2) to generate efficient long-lived PET process (see following section). For example, linking the reaction centers through covalent bonds is one of the best ways to control the electronic interaction between the donor and acceptor. In such situations, electronic coupling interactions usually occur via the chemical bonds of the linkage, rather than simply through the space between the redox counterparts.

Organic D-A conjugates

Covalently linked organic-based D-A assemblies have attracted wide interest in recent decades due to their contribution to the design and development of organic binary electronics systems with applications ranging from artificial photosynthesis, photovoltaics, photonics, non-linear optics (NLO), and molecular electronics. [5] Moreover, the possibility of switching between different electronic states through variation of an external stimulus, such as light, makes these D-A systems interesting for molecular electronics. Indeed, when the appropriate external stimulus is applied, an intramolecular electron transfer (IET) can be induced with the movement of an electron from the donor to the acceptor to form the charge-separated state that will be accompanied by different physical properties (i.e. electrical, optical or magnetic properties ). In particular, photoinduced electron transfers (PET) are processes of prime importance in which the energy of an electron is transferred from a donor to an acceptor when one of these species is photoexcited, producing the radical cation of the donor and the radical anion of the acceptor. This interaction can occur through bond (intramolecular) or through space (supramolecular). The former approach including covalently linked donor and acceptor moieties by a or -conjugated bridge is an obvious strategy to achieve efficient and rapid electron transfer. Indeed, a huge number of donor-spacer-acceptor molecular systems have been synthesized and studied. [6] For instance, we can cite electron donor entities such as tetrathiafulvalenes (TTF), Ferrocene (Fc), and chromophores (light-harvester and electron donors) such as porphyrins (P), phthalocyanines (Pcs), perylene diimides (PDI), and recently boron-dipyrromethenes (BODIPYs). Organic synthesis allows fine tuning of their light absorption abilities, redox properties and chemical and photochemical stabilities, in order to maximize energy and electron transfer capability. On the other hand, although a variety of electron acceptors have also been reported over the years, the most commonly investigated systems are fullerenes and their derivatives (Figure 1. 1). Before highlighting the recent developments in PET of the most relevant D-A assemblies and their applications in organic electronics, an overview of the fundamentals of the energy and electron transfer mechanisms upon radiative absorption (photo-excitation) will be discussed in this section. [7] Upon irradiation, the excitation of a molecule to a higher energetic state causes the formation of an electronically excited molecule M*. This excitation is due to a "jump" of an electron from the Highest Occupied Molecular Orbital (HOMO) to the Lowest Unoccupied Molecular
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Orbital (LUMO ). The ground and electronic excited states are characterized by a discrete number of vibrational levels (i.e. ν" or ν' = 0, 1, 2, 3…n). Since the electronic transition is much faster than vibrational motion of nuclei, the most probable transition occurs vertically between states with the same nuclear coordinates and where the wave functions have a maximum overlap integral (Franck-Condon principle). At room temperature most of the transitions take place from the zero vibrational (ν' = 0) level of the ground state through zero or higher (ν" = 0, 1, 2, 3…n) vibrational levels of the excited state (Figure 1.2) 

Electronic desexcitations

The resulting electronically excited molecule M* is energetically unstable, thus it will rapidly find a way to dissipate its excess of energy and return to the ground state. The energy excess can be emitted from the molecule by radiative process (including fluorescence, phosphorescence or delayed luminescence) or by non-radiative processes (including internal conversion and intersystem crossings).

Radiative processes

When the desexcitation is accompanied by emission of light, the process is named luminescence. If the emission of a photon proceeds from an excited state of the same spin multiplicity as the ground state (i.e. S 1 →S 0 ), the phenomena is called Fluorescence. However, if the radiation proceeds from an excited state with different spin multiplicity with respect to that of the lower state (i.e. T 1 →S 0 ), the emission is called phosphorescence. According to Kasha's rule, since the rate of the vibrational and electronic-energy relaxation in excited states is very rapid compared to the rate of fluorescence emission, the latter phenomena proceeds from the lowest vibrational level of the excited state S 1 (ν'=0) to one of the S 0 state vibrational levels.

The characteristic parameters of fluorescence radiation are the quantum yield ( F ) and the lifetime (τ) of the luminescent excited state. The emission efficiency is given by the quantum yield which is expressed by the ratio of number of emitted photons by the number of photons absorbed by a molecule. The lifetime of the emission (τ) is given as the inverse of the radiative-desexcitation rate constant r (τ = 1/k r ). When non-radiative desexcitations are involved in the overall emission process, a non-radiative desexcitation rate constant nr is added to the previous equation [τ = 1/(k r +k nr )].

Non-radiative processes

Radiationless transitions are desexcitation pathways that are not accompanied by emission of photons. The absorption of a photon, promotes the molecule to a singlet excited state S n . It may return to a lower singlet excited state (i.e. S 1 ) without emitting a photon, thus converting the excitation energy into vibrational thermal energy. The transition is named internal conversion (IC) and involves the transfer of population (electron density) between electronic states with the same spin multiplicity. The non-radiative transitions are characterized as "horizontal" which means that they occur between quantum states with the same energy (isoenergetic levels ). The intersystem crossing (ISC) is another non-radiative process which proceeds between two isoenergetic vibrational levels of excited states with different spin multiplicity (e.g. S 1 → T 1 ). We have to note that these transitions occur via spin-orbit coupling which is enhanced in molecules possessing "heavy atoms" (e.g. Br, I or transition metals ). All the various photophysical processes that may occur after light absorption can be summarized in a Jablonski-Perrin diagram (Figure 1.3). 

Quenching mechanisms

In fluid solutions, when the lifetime of the excited state is sufficiently long, the excited molecule can encounter another molecule and dissipation of the excited energy proceeds through electron or energy transfer processes.

Excitation Energy Transfer (EET or EnT)

If a donor molecule is in proximity (or even covalently attached) to a suitable energy acceptor molecule, it is possible to transfer the excitation energy of the donor (D*) within the acceptor (A) as written above:

D * + A → D + A *
In order for this mechanism to occur, the energy transfer must be faster than the lifetime of D* and the energy level of D* must be higher than that of A*. This type of process involves specific interactions which may occur via collisions, such as between electron clouds of donors and acceptors that overlap significantly in space (electron-exchange process) or by dipole-dipole interactions (Coulomb interactions). The former is referred to as the Dexter mechanism and the latter as the Förster mechanism.

The first concept of excitation energy transfer came from Förster in 1948. [8] This mechanism is defined by an energy transfer through "space" by dipole-dipole interactions (also known as the Coulombic mechanism) without the occurrence of a double electron exchange. Thus, the Förster mechanism does not require close contact (wave function overlap) of the interacting species for transfer of the excitation energy. In fact, the excited electron in the LUMO orbital of D*, represented as an oscillating dipole, perturbs the orbital motions (oscillations) of the electron in the HOMO of the acceptor. If resonance occurs, then the electron of A oscillates more strongly leading to its jump into the LUMO of A (A→A*) while the excited electron of D relaxes into its ground state (D*→D) as schematically depicted in Figure 1. 4. Note that the energy transfer process described by the Förster model take place when the distances between D and A range from about 5 Å to about 100 Å. The non-radiative transfer by dipole-dipole interactions is possible at distances of up to 80-100 Å. [9] The Dexter excitation energy transfer involves an electron transfer mechanism between donor and acceptor moieties, which means that an important overlap between the wave function of the energy donor and the energy acceptor is required. As a consequence, the two molecular systems need to be within a very short distance of each other (6-20 Å). Thus, in this case energy transfer corresponds to the exchange of an electron from the D* to the A*, simultaneously associated with an exchange of an electron from A to D (Figure 1. 4). [10] Figure 1. 4. Förster and Dexter energy transfer mechanisms.

The photoinduced electron transfer (PET) process

The quenching of emission of specie D * by another specie A (or specie A * by another specie D), may involve an electron transfer process. Photoinduced Electron Transfer (PET) is a second highly important emission quenching process. It is noteworthy to mention that this phenomenon is involved in many organic photochemical reactions. Indeed, it plays a key role in natural and artificial photosynthetic systems for the conversion of solar energy based on photoinduced charge separation. Fluorescence quenching experiments provide a useful insight into the electron transfer processes taking place in these systems.

Prior to ET, one of the components is excited by a stimulus (light, temperature, or pressure).

Two main PET pathways can be considered: the oxidative and the reductive quenching processes. In the former process, the photo-excited molecule (D * ) can transfer the excited electron to a vacant orbital of a molecule (A) while the latter process corresponds to the transfer of an electron from specie D into the vacancy created after electron excitation within the specie A (Figure 1.5). We have to note that an excited state is both a stronger reductant and a stronger oxidant than the ground state because of the high energy level. However, the exact nature of the electron transfer process (oxidative or reductive) will depend on the redox properties of D * and A, or D and A * respectively, and the driving force is determined by the positions of their frontier orbitals. Driving forces for the electron transfer (free energy change of charge separated state -G CS = -  G 0 ) can be estimated based on redox potential measurements by the following Rehm-Weller equation: [11]   G 0 = e[E 0 (D +. /D) -E 0 (A/A -. )] -E 0,0

In which E 0 (D +. /D) and E 0 (A/A -. ) are the standard oxidation and reduction potentials respectively, and E 0,0 is the energy associated with the 0,0 optical transition (the corresponding midpoint of absorption and emission). The electron transfer process between the redox counterparts is thermodynamically favorable if the value of the free energy change is negative.

On the other hand, Marcus proposed a theory in 1956 [12] that treats the dependence of the electron transfer rate (k ET ) on the free energy changes (-  G 0 ) of the electron transfer reaction through a parabola (Figure 1.6). Note that an important key parameter in this theory is the reorganization energy (). This latter is the required energy to rearrange the vibrational spheres of the electron donor and acceptor, in addition to their solvation spheres upon ET ( =

 v +  s ).
Three regions in the parabola are indentified in the ET theory by Marcus:

1) Normal region (-  G 0 < ): In this region where the electron transfer is weakly exergonic, the increase of the thermodynamic force (  G 0 becomes more negative) is accompanied by an increase in the electron transfer rate.

2) Top region (-  G 0 = ): In this region where the driving force is equal to the reorganization energy, the rate constant is at its maximum and it is mostly governed by the magnitude of the electronic coupling element between the electron donor and acceptor.

3) Inverted region (-  G 0 > ): In this region, the electron transfer rate starts to decrease with the increase of the energy driving force (  G 0 becomes more negative). Marcus plot of the log (K ET ) as a function of free energy changes for electron transfer reactions. [13] Therefore, in order to achieve efficient ET with long-lived charge separated state lifetimes, the charge separation process CS (forward electron transfer) should be in the top region, while the charge recombination process CR (back electron transfer) should be considerably shifted to the inverted region. Collectively, molecular derivatives with small reorganization energies would contribute to making the forward and backward electron transfer processes faster and slower, respectively, than the corresponding processes in the case of derivatives with a larger λ-value.

The study of PET in molecular D-A dyads plays a crucial role in the development of many light-harvesting materials for organic electronics. Particularly in covalently linked D-A dyads (or polyads), PET was more efficient than in non-covalent D-A systems and can be enhanced by controlling structural parameters (i.e. choice of the donor-acceptor pair, distance, mutual orientation and nature of the spacer) and thermodynamic parameters (i.e. excitation energy, redox potentials) of the D-A system. [14] Indeed, innumerable studies have investigated the factors that influence and govern this mechanism in linked D-A dyads. The single Photoinduced electron transfer in unimolecular covalent D-A dyads can schematically be described as: D-A + h → D*-A → D •+ -A •-if the donor is excited for example (Figure 1. 7).

In this particular case, the donor plays a double function as an antenna molecule that harvests light and as a primary electron donor, which transfers an electron to the acceptor. The photoexcitation of the donor leads to the formation of a charge separated state (CS) formed by a pair of donor (radical cation) and acceptor (anionic radical) which recombine to the initial state of the system (CR: charge recombination). In addition, as shown in the Jablonski-Perrin diagram in figure 1.7, the PET process is in direct competition with the radiative and nonradiative processes that are present in the excited state of D. These competitive processes, in addition to the CR of the zwitterionic species, can be detrimental for energy conversion-type applications from the practical point of view. Indeed, the formation of a long-lived charge separated state is crucial for most of these applications including artificial photosynthesis, photovoltaics, photocatalysis, etc. [15] One of the most important points for efficient energy conversion is to obtain a chargeseparated (CS) state, which has a sufficiently long lifetime for subsequent charge-separation steps in competition with the charge-recombination (CR) processes to the ground state.

Therefore, strategies for the formation of long-lived charge-separated states have been proposed and developed by researchers in the field. For example, beside the strategy of employing molecular derivatives with small reorganization energies, one of the adopted strategies is the cascade (multi-step) photoinduced electron transfer in D-A-based polyads.

This phenomenon was inspired by the natural photosynthetic system in which solar energy is converted into chemical energy by a cascade of photoinduced energy and electron transfer among donors and acceptors in the antenna complexes and reaction centers. [16] For this strategy, at least three components are required and must be covalently linked to maximize the efficiency of the sequential electron transfer process within the molecule. For instance, in a D-A triad, two types of multi-step electron transfer can be considered: donor-donor-acceptor (D 1 -D 2 -A) or donor-acceptor-acceptor (D-A 1 -A 2 ) as shown in figure 1. 8. [17] For example, Sakata and co-workers reported the first example of D-A 1 -A 2 triad system comprised of a porphyrin (D), linked to two quinones (A 1 and A 2 ). [18] As in the case of D-A dyads, the porphyrin plays the role of a chromophore that harvests the light, then transfers an electron to the first acceptor, resulting in the formation of D •+ -A 1 •--A 2 state . This process is then followed by an electron shift from A 1 •-to A 2 resulting in the formation of D In 1984, Moore et al. reported a (carotenoid-porphyrin-quinone)-type D-D-A triad. [19] In this case, the photo-excitation of the porphyrin (D 2 ) resulted in an electron transfer to the quinone acceptor (A) to produce D 1 -D 2 •+ -A •-followed by a sequential electron transfer from the carotenoid (D 1 ) to the porphyrin resulting in the formation of D 1 •+ -D 2 -A •-. Although such multistep electron transfer results in a substantial loss of input energy in each electron transfer step, the lifetime of the final charge separated state in the triad systems (Figure 1.8) is longer than that in the single-step D-A dyads (Figure 1.7). This is due to the longer distances between molecules in D 1 -D 2 -A and D-A 1 -A 2 -type triads (compared to the distances between molecules in the D-A system) that is beneficial to the prolongation of lifetimes. Following the strategy of multi-step electron transfer, many examples were reported dealing with the synthesis and the photophysical properties of complex D-A assemblies. These D-A systems were mainly constituted of linked-porphyrin derivatives (donor) to quinone or diimide derivatives (acceptors). [18][19][20] Nevertheless, these cited model systems lacked the methodology to optimize each electron transfer process in terms of reorganization energy. Thus, molecules possessing small reorganization energies have been considered as essential building blocks for organic electronic applications including artificial photosynthesis and photovoltaics.

•+ -A 1 -A 2 • -final CS state in a PET cascade of D * -A 1 -A 2 → D •+ -A 1 •--A 2 → D •+ -A 1 -A 2 •-(Figure 1.8).
Three-dimensional fullerenes are families of molecular species characterized by a small reorganization energy (compared to conventional two-dimensional acceptors such as quinones and diimides). In addition, their good electron acceptor capability (up to six electrons), and their high degree of charge delocalization within the π-extended conjugation make them excellent candidates as electron acceptors in D-A assemblies. [17] The following section will be dedicated to a general background on fullerenes C 60 . Their discovery, structure, and properties will be outlined in the first place. Then, their reactivity and functionalization methodologies will be reviewed. Finally, the most relevant and novel examples of donor-linked fullerenes for organic electronic applications will be discussed. in 1970 a truncated icosahedral structure for fullerene C 60 . [21] However, this hypothetical structure remained theoretical for many years until the breakthrough that occurred in 1985 when Kroto, Curl and Smalley described the production of fullerenes using the "laser vaporization of graphite" technique (Figure 1.9). [22] Figure 1.9. History of Fullerene C 60 .

Among the numerous carbon clusters that were obtained in this experiment, C 60 The Fullerene family represents the third allotropic form of carbon after diamond and graphite. The discoverers of the allotrope named the newly found molecule "buckminsterfullerene" after Buckminster Fuller who designed many geodesic dome structures that look similar to the most abundant C 60. After the discovery of other clusters (e.g.

C 70 , C 76 , C 80 and C 82 ) the shorter name "Fullerene" was kept to describe this family of compounds. Nowadays, the Buckminster fullerene C 60 is also known as C 60 fullerene or [60]Fullerene.

At the beginning, the production of fullerene in useful quantities was difficult and expensive which made the study of this molecule quite complicated. In 1990, Krätschmer et al. reported the production of C 60 on a milligram scale by resistive heating of graphite. In this technique, two graphite rods in close contact to two copper electrodes are connected in a bell jar under a helium atmosphere (Figure 1.11). [23] For producing soot, an electric current was applied to evaporate the graphite rods by resistive heating. Purification of the resulting soot afforded a fullerene yield of 5-10%. Improving the conditions of the flaming soot technique in addition to optimized purification methods (i.e. sublimation, extraction, and chromatography) increased the production efficiency of fullerenes and allowed industrial production on the gram scale using a technique based on the combustion of hydrocarbons in sooting flames (Figure 1.11). [24,25] Concurrently, the cost of fullerenes have considerably decreased from about 5000 $/g originally to an affordable price of 20-25 $/g (for C 60 ) nowadays. Fullerene C 60 is the smallest stable fullerene derivative and the most abundant. As mentioned previously, the discoverers proposed a truncated icosahedral structure that was premised by Osawa even before its discovery! Theoretical calculations were in agreement with this structure and it was experimentally confirmed by several techniques later on. As all fullerenes, C 60 has a ball shape structure and is formed by 20 hexagons and 12 pentagons.

Each pentagon is isolated by hexagons which explain the "extra stability" of the C 60 (Isolated Pentagon Rule, IPR). In fact, the juxtaposition of two pentagons increases the strain energy and destabilizes the structure. On the other hand, the high symmetrical structure of the C 60 which is manifested by a uniform distribution of strain is also a factor in the high stability of fullerenes. These findings were confirmed for instance by the 13 C NMR spectrum of C 60 showing only one signal for the 60 equivalent carbon atoms in addition to the X-ray structure obtained by diffraction of C 60 crystals. [26][27][28] The latter characterization technique did not only allow the confirmation of the icosahedral structure of the C 60, but also the study of other parameters including the diameter, organization in space, and aromaticity. The diameter of [60]fullerene is 10.34 Å if the π electron cloud is considered. At room temperature the C 60 molecules adopt a face-centered cubic (cfc) organization. The spherical shape of C 60 implies a pyramidalization of the sp 2 carbons which leads to a weak π orbital overlap and no real delocalization of the π-electrons preventing "superaromaticity". Two different bonds can be distinguished (Figure 1.12). A simple [5,6] bond character of 1.45 Å at the junction of a pentagon and a hexagon, and a double [6,6] bond character of 1.38 Å at the junction of two hexagons. These bond lengths are essential in understanding the reactivity of the C 60 (see next section).

Figure 1.12. Representation of [5,6] and [6,6] bonds in fullerene C 60 . [29] One of the major drawbacks of the fullerene C 60 is its low solubility in organic solvents due to the strong π-π interactions and its high tendency to aggregate. In particular, C 60 is not soluble in polar solvents (except for N-methyl-2-pyrrolidone (NMP): 0,89 mg/mL), and slightly soluble in alkanes and haloalkanes. Aromatic solvents are the best to solubilize C 60 , especially naphthalene derivatives. The most used solvents for fullerene chemistry are 1,2dichlorobenzene, carbon disulfide, and toluene with a solubility of 27, 7.9, and 2.8 mg/mL respectively. [30] Although the solubility of the fullerene can be considered as an issue for chemical reactions, many synthetic methodologies to functionalize the fullerene have been developed in order to increase its solubility in organic solvents, as well as in aqueous media.

Optical and photophysical properties

The optical and photophysical studies of C 60 in solution have revealed some of its remarkable properties that can be attributed mostly to its unique geometry. In 1990, W. Krätschmer and D. Huffman recorded the infrared (IR) and ultraviolet-visible (UV-vis) absorption of pure produced C 60 . [31] The corresponding infrared spectrum is characterized by four prominent peaks around 1429, 1183, 577, and 528 cm -1 which emerge out of the essentially unchanged continuum, along with a number of weaker lines (Figure 1. 13). The absorption spectrum of C 60 is characterized by a strong absorption in UV with characteristic bands at 211 nm, 256 nm and 328 nm mainly attributed to the presence of fused-benzene rings. In addition, the appearance of bands between 410 and 620 nm in the visible region is mostly assigned to the forbidden transitions causing the purple color of C 60 in solution (Figure 1. 13). The experimental data obtained from the IR and UV-vis spectra are in agreement with the predicted theoretical values. [23,32] Regarding the emission properties, a very weak fluorescence ( F = 2.2 x 10 -4 in toluene) [33] was observed for C 60 due to a nearly quantitative ISC process. Despite a very high triplet quantum yield ( T = 0.96), no phosphorescence could be observed. [34] The deactivation of the triplet-excited states occurs via non-radiative deactivation and/or bimolecular quenching depending on the experimental conditions (Figure 1.13, bottom). In the presence of molecular oxygen, very efficient quenching by O 2 leading to 1 O 2 * occurs.

Electron accepting properties

Fullerene C 60 are one of the most used electron accepting candidates in organic D-A assemblies. This feature is due to their ability to accept more than six electrons. In fact, the Hückel molecular orbital (HMO) calculations show that fullerene has triply degenerated LUMO orbitals of low energy adjusting to the six electrons in electrochemical reductions. [35] After many attempts by different research groups to visualize the entire reduction waves of fullerene by electrochemistry, Echegoyen et al. were the first to have access to the six monoelectronic reversible reduction of C 60 in 1992 (Figure 1. 14) . [36] The measured potentials for the six electron reductions relative to Ferrocene/ferrocenium (Fc/Fc + ) were at -0.98, -1.37, -1.87, -2.35, -2.85, and - 3.26 V in acetonitrile/toluene mixture at -10°C. According to the authors, C 60 5-specie appears to be stable in solution at room temperature whiles the stability of C 60 6specie require a lower temperature (-10°C). Although the reduction of C 60 is relatively accessible, its oxidation is more difficult and requires more strict conditions. [37] Another important factor in making the fullerenes excellent candidates in D-A -based systems for organic electronics is their low reorganization energy, in addition to their rigid structure and high degree of charge delocalization within the π-extended conjugation, which is one of the keys to obtain a long-lived charge separation states in a PET process. [17] 1. 4. 4

. Reactivity of [60]Fullerenes

As stated earlier, the poor solubility of fullerene C 60 has limited the exploitation of its unique chemical and electronic properties in different scientific fields. Nevertheless, functionalizing the C 60 core through well-established synthetic procedures led to the increase of its solubility in common organic solvents, while maintaining (or enhancing) its unique properties. As a result, this core-functionalization contributed to the development of fullerene chemistry to cover different fields of applications ranging from biology to material science and optoelectronics.

The unique geometry of the fullerene C 60 is behind its remarkable reactivity made from strain and electronic effects. Particularly, its spherical shape is manifested by non-planar sp 2 carbons which induce a strain effect along the cycle. Thus, the strain relief when going from a "sp 2 " to a sp 3 C upon functionalization at the reacting atom is a driving force for addition reactions.

Moreover, according to the electrochemical studies, C 60 is a good electron acceptor entity, and can be considered as an electron deficient polyolefin. All these properties make the fullerene C 60 prone to radical, nucleophilic, and carbene addition reactions, as well as cycloadditions.

Cycloadditions

Fullerene C 60 as a good dienophile can undergo cycloaddition reactions (i.e.

[4+2], [3+2],

[2+2], and [2+1]). In most cases, the cycloaddition takes place on the [6,6] bonds. The first reported example of cycloaddition on fullerene C 60 was the [4+2] Diels-Alder reaction using butadiene as the 1,4-diene system (Scheme 1.1). [38,39] The reaction occurs spontaneously in benzene or toluene as solvents with (or without) heating and can tolerate a large family of diene derivatives. The major products obtained by the Diels-Alder reaction are substituted mono-and bis-C 60 -adducts in addition to unchanged C 60 . The main drawback of this reaction resides in the stability of the formed cycloadduct in competition with the retro-Diels-Alder reaction that strongly depends on the electronic nature of the diene substituents. [40] Scheme 1.1. Diels-Alder reaction on fullerene C 60 with butadiene derivatives.

Another powerful cycloaddition reaction on fullerene C 60 is 1,3-dipolar cycloaddition of azomethine ylides developed by Prato and Maggini. [41] This reaction is also known as the "Prato reaction". It involves the formation of an azomethine ylide intermediate via the decarboxylation of the immonium salts resulting from the condensation of an -amino acid with an aldehyde. The earliest and simplest example reported in the literature involves the reaction of C 60 with sarcosine (N-methylglycine) and formaldehyde in refluxing toluene, producing the corresponding N-methylfullereno-pyrrolidine in 41% yield (Scheme 1.2). [42] This synthetic strategy is one of the most popular reactions for the functionalization of the fullerene core. This is due to its high selectivity, targeting specifically [6,6] bonds of the C 60 , in addition to an access to a wide variety of commercially available α-amino acids and aldehydes (or ketones), with the possibility to insert simultaneously two substituents into the pyrrolidine ring. [43] It is important to highlight that this convenient reaction has been extensively incorporated in the synthesis of fullerene-based D-A conjugates for artificial photosynthesis and organic electronic related applications (section 1.4.6).

Scheme 1.2. Prato reaction on fullerene C 60 .

Furthermore, the reaction of divalent species such as carbene (Scheme 1. 3), nitrenes and silylenes with the C 60 core through [1+2] cycloaddition reactions leads to the formation of a huge variety of methanofullerene or heteroanalogues. [40] Moreover, thermally and photochemically -activated [2+2] cycloadditions with alkene (or alkyne) derivatives have also been used on fullerene C 60 for annulations of cyclobutane fragments (Scheme 1. 3). 

Nucleophilic additions

Numerous nucleophilic reactions (including Bingel-Hirsch, Grignard, and organolithium reactions) have been established in the literature in order to functionalize C 60 . The first examples can be found in the addition of organolithium or Grignard compounds, but also the addition of cyanide groups and of 13 hetero-groups containing phosphorous or silicon follow the same route. Nucleophilic additions with organolithium or Grignard compounds usually occur in a 1,2-addition fashion (Scheme 1. 4). Generally in this case, the nucleophilic intermediate NuC 60 -can be quenched by the addition of an electrophile E + . [44] However, these nucleophilic-type reactions on C 60 suffer from major drawbacks including low monoaddition selectivity, low functional group compatibility, and high load requirement of organometallic reagents. [40] Scheme 1. 4. Nucleophilic addition reactions on fullerene C 60 using Grignard or organolithium compounds.

The Bingel reaction, also known as the Bingel-Hirsch reaction, is a procedure that allows the synthesis of methanofullerenes C 60 in very high yields. Discovered in 1993 by Carsten Bingel, the classical conditions for cyclopropanation include the treatment of diethylbromomalonate with sodium hydride NaH in the presence of fullerene C 60 . [45] However, the preparation of bromomalonate precursors was found to be complicated in some cases, since it was accompanied by the formation of undesired dibromomalonates that required tedious purification steps to remove. Hence, conditions were developed in order to generate the halogenomalonate in-situ with iodine (I 2 ) [46] or carbon tetrabromide (CBr 4 ) [47] in the presence of 1,8-diazabicyclo[5. 4.0]undec-7-ene (DBU) as a base (Scheme 1. 5). The proposed mechanism of the Bingel reaction of [60]Fullerene under these latter conditions are provided in scheme 1. 6. First, the malonate is deprotonated by the DBU, resulting in the formation of a nucleophile that attacks the iodine to generate the corresponding haloderivative. Then, this latter is again deprotonated with DBU, leading to the generation of a reactive nucleophile that attacks the fullerene C 60 electron-deficient double bond. Finally, the resulting carbanion displaces the iodine atom in a nucleophilic aliphatic substitution in an intramolecular ring cyclopropane ring closure, leading to the formation of the target methanofullerene derivative. [48] Scheme 1.6. Bingel-Diederich reaction mechanism.

Among the synthetic strategies described previously, the Bingel-Hirsch and Bingel-Diederich reactions, along with Prato reaction, are the most popular approaches for the design of fullerene derivatives with different properties with potential applications in biomedical, material sciences, and photovoltaics. [43,[48][49][50][51] Radical additions have also been considered for the functionalization of Fullerene C 60 (usually referred to as a radical sponge). However, such reactions have been less explored in the literature due to the high reactivity of the radical species toward the C 60 , resulting in the formation of complex mixtures of polyadducts in which the monoadducts could not be isolated (only observed by mass spectroscopy and electron spin resonance ESR). [40] Multiple functionalization of C 60

In the majority of cases, the addition of an organic residue to a [6,6] junction of C 60 leads to monoadducts, but also to a complex mixture of multiadducts. This extreme complexity requires a good understanding of the reactivity of the multiadducts of C 60 and more particularly their regiochemistry (Scheme 1.7). Indeed, 9 regioisomers can be formed in principle upon two-fold addition to C 60 . The number of regioisomers increases to 46 and 262 for example when tri-fold and tetra-fold appendages are formed respectively. In general, the hard and time-consuming purification steps required have minimized interest in multiadducts. [40,52] Scheme 1. 7. Multiple functionalization of C 60 .

On the other hand, multiple functionalizations of the C 60 leads to a perturbation of its system, which is accompanied by a decrease in its electron accepting capability. Indeed, electrochemical investigations revealed that the fullerene core becomes more difficult to reduce in the case of multiadducts (compared to a C 60 monoadduct). [53,54] Hence, it is preferable to consider fullerene mono-adducts if the study requires it to conserve its photophysical and electron accepting properties.

Fullerene chemistry

The functionalization of C 60 did not only improve its solubility in organic solvents, but also allowed the design of sophisticated architectures such as D-A assemblies and advanced materials bearing functionalities with interesting features for many applications in materials and life sciences. [6,13,55,56] Most of these derivatives have been prepared by appending the desired functionalities to the C 60 core at the final step of a given synthesis (namely the direct approach). [40,55] However, this strategy can be limiting in many cases, particularly when it comes to the synthesis of complex architectures and highly substituted C 60 (biological systems, dendrimers, polymers, and sophisticated D-A systems). In these systems, in which functional group reactivities could be inherently low, desired reaction products are usually accompanied by a mixture of multiadducts and unfunctionalized pristine C 60, which requires tedious purifications and resulting in low efficiencies.

In contrast, the use of fullerene building blocks (indirect approach) in multi-step synthesis could be presented as a solution to this issue, resulting in the formation of superfunctionalized C 60 derivatives without steric hindrance problems and multiplefunctionalizations. In this context, some research groups provided interesting coupling strategies including esterification [57,58] amidification [59,60] and condensation [61,62] for the post functionalization of fullerene derivatives. More recently, the copper-catalyzed alkyne-azide cycloaddition reaction (CuAAC), simultaneously discovered by Sharpless [63] and Meldal, [64] arose as an efficient strategy to functionalize fullerene derivatives. The CuAAC reaction, also known as Huisgen type 1,3-dipolar cycloaddition, corresponds to a cycloaddition reaction between an azide moiety and a terminal alkyne derivative to form a [1,2,3]-triazole. This reaction was discovered initially by Rolf Huisgen in the 60's when a mixture of azides and terminal alkynes was heated at high temperature leading to slow and non-regioselective reactions (Scheme 1. 8). [65] The reaction was optimized by Meldal and co-workers in 2002 and leads to a fast and regioselective formation of the desired [1,2,3]-triazole at room temperature with the use of copper(I) salts as catalyst. [64] Scheme 1. 8. General CuAAC reaction developed by Huisgen and Meldal.

Later, Sharpless and coworkers improved the efficiency of the reaction and extended the scope by reducing a Cu(II) salt to Cu(I) in situ in the presence of water as polar and green solvent. [66] The CuAAC was then classified as a "click chemistry" reaction, a concept developed by H. C. Kolb, M. G. Finn and K. B. Sharpless, as it follows the "click" requirements including fast, efficient, and stereospecific reactions in addition to a wide and modular scope obtained from readily available starting materials under mild and green conditions. [63] The mechanism starts with coordination of the terminal alkyne to the copper(I) complex in aqueous media leading to the formation of a copper acetylide. That π-complexation lowers the pKa of the alkyne C-H bond by up to 9.8 pH units making this step possible without the need for a base. Then, the substituted N-atom coordinates the second copper atom, followed by nucleophilic attack at the terminal N-atom of the azide by the β-carbon of the acetylide to form the first covalent C-N bond. The ring closure happens in the following step to form a triazolide which is subsequently protonated to form the final 1,2,3-triazole substituted at the 1,4 positions (Scheme 1.9). [67] Scheme1. 9. Proposed mechanism for the CuAAC reaction.

CuAAC click chemistry on Fullerene

The first examples combining the CuAAC reaction with fullerene C 60 were reported individually by Nakamura [68] , Cheng [69] , and Nierengarten [70] , and their co-workers in 2007 and 2008, in which organic azides were reacted with alkyne functionalized C 60 (scheme 1.

Scheme1. 10. Possible strategies for CuAAC reaction on fullerene C 60 . Following these strategies, a variety of fullerene derivatives endowed with alkyne and/or azide derivatives that are suitable for CuAAC reactions have been reported in the literature (scheme 1.10). [71][72][73] In figure 1.15 are displayed some of the reported examples concerning the design of fullerene -terminated-alkyne derivatives. [68][69][70]74] However, fullerene monoadducts bearing terminal alkyne functions suffer from poor solubility in organic solvents which decrease the efficiency of further functionalization by CuAAC. [75] Higher yields were obtained when sufficiently soluble alkynated fullerene mono-adducts are involved. [75,76] Figure 1. 15. Fullerene -terminated-alkyne derivatives for CuAAC reactions.

Alternatively, fullerene derivatives endowed with azide groups that can readily react with alkyne derivatives have also been considered in the literature (Figure 1. 16). [70,77] However, azide derivatives were found to undergo [3+2] cycloadditions with the [6,6] double bonds of fullerenes. [78] Indeed, fullerene mono-adducts bearing azide functions appeared to be very unstable in the solid state and require being in solution in order to avoid intra-and intermolecular addition to the fullerene core. [77] This side reaction is less common in fullerene multi-adducts where the [6,6] double bonds are quite "protected" by the multiple functionalization. Additionally, the development of fullerene derivatives bearing two different clickable functionalities has also been considered in the literature. Such a strategy has been applied mainly to fullerene hexaadducts in which this latter play the role of a three dimensional scaffold as the photophysical, electronic, and electrochemical properties of C 60 are lost upon multiple-functionalization. For example, Nierengarten reported the preparation of C 60 hexaadduct building blocks, functionalized with 10 azides and two TMS-protected alkyne groups, allowing the grafting of 10 alkyne and 2 azide units through successive CuAAC reactions (Figure 1.17). [79] In a similar manner, Martin and co-workers reported the synthesis of a fullerene hexaadduct bearing 10 cyclooctyne units and 1 maleimide function that can be functionalized through copper-free click chemistry reactions in a sequential one pot-fashion (Figure 1.17). [80] Figure 1.17. Fullerene hexaadduct structures containing different clickable units.

This strategy has also been employed on a fullerene monoadduct. Only one example has been reported using the click chemistry concept. This example, published by our group, consists in the derivatization of a dual clickable fullerene, bearing two different functions, an alkyne and a maleimide, in a sequential CuAAC and thiol-maleimide Michael addition (Figure 1. 18). [81,82] In fact, this approach seems to be very appealing since it could allow the preparation of fullerene derivatives with different appendages displaying different properties, while keeping the electrochemical and photophysical properties of fullerene C 60 .

Figure 1. 18. Fullerene monoadduct containing maleimide and terminal alkyne clickable units.

In the last decade, the post-functionalization of fullerene building blocks by CuAAC click chemistry has appeared to be very appealing for the design of a large variety of new advanced materials and bioactive compounds for distinct applications. Importantly, the use of the CuAAC reaction in fullerene chemistry has allowed not only the preparation but also the isolation of fullerene derivatives that would be barely accessible using the direct approach. [72] This is particular the case when pre-constructed fullerene hexa-adducts are used and combined to dendrimers for the construction of giant molecules. [83] It is also the case when the fullerene C 60 is combined to a polymer, [69,84,85] biological systems, [86,87] and other carbon nanoforms. [88,89] 1. 4

.6. Various applications

Due to their unique properties, fullerene C 60 and its derivatives represent a class of compounds with high potential for use in various fields of science ranging from biomedicine to materials sciences and optoelectronics.

Biomedicine

Fullerene C 60 derivatives have been used in biomedical applications owing to their nontoxicity, in addition to their outstanding features including their geometry (namely the shape and size), their capability for sensitizing singlet oxygen ( 1 O 2 ) formation after UV-visible irradiation and their ability to scavenge a large number of free radicals. [90] For example, fullerene derivatives have found applications in the inhibition of enzyme activity of the human immunodeficiency virus HIV-1 by fitting into the hydrophobic cavity of the protease specific to the virus (Figure 1.19, right). Although the reported C 60 derivatives are less active than the current anti-AIDS drug 3′-azido-3′-deoxy-thymidine, many research groups are working on the development of bioactive fullerene derivatives with a greater effect and an efficient activity on chronically infected cells. [91] The most active fullerene derivative with anti-HIV activity is probably a water-soluble dendritic methano [60]fullerene octadeca-acid (Figure 1. 19). [90] Figure 1. 19. Molecular structure of water-soluble dendritic fullerene with anti-HIV activity.

Furthermore, fullerene C 60 family of molecules can also be employed in imaging and radiotherapy related applications. For instance, endohedral fullerenes encapsulating lanthanide metal Gd 3+ in their hollow core have attracted special interest as MRI contrast agents. [92] Besides, fullerene C 60 is probably the most efficient free radical scavenger among all known chemical compounds due to their 30 carbon double bonds. This feature allowed water-soluble C 60 derivatives to become potential free-radical scavenger candidates in a large variety of in vitro and in vivo experimental models. [90] The high efficiency of triplet 3 C 60 formation and its ability to sensitize singlet oxygen ( 1 O 2 ) production after irradiation favored the use of fullerene in photodynamic therapy (PDT), DNA specific cleavage, and in enzyme inhibition as well. [90] 

Material science

The remarkable electronic, electrochemical, and photophysical properties of fullerene C 60 made them the most used electron acceptor moieties in D-A assemblies for organic electronic applications especially in photovoltaics and artificial photosynthetic systems. 

Donors-linked fullerene conjugates

In 1992, Williams et al. reported the first example of a covalently linked electron donoracceptor dyad comprised of fullerene and aniline, connected by a heterocyclic bridge (Figure 1.20). [93] In this study, the intramolecular electron transfer between an aniline derivative and the fullerene C 60 was demonstrated. Following this work, another family of ferrocene-based electron donating entities was linked to fullerene via rigid or flexible linkers in order to form covalent D-A assemblies (Figure 1.20). [94,95] In fact, the nature of the spacer appeared to be a crucial factor for the generation of long-lived charge separated states. According to the authors, in the case of rigid unsaturated linkers, the electron transfer occurs through-bond, followed by a rapid charge recombination process. However, in the case of a flexible alkyl chain bridge, a transient intramolecular exciplex is formed yielding long lived radical ion pair state, which recombine with a relatively slow rate constant (Figure 1. 20). ). [START_REF] Hudhomme | World Sci. Ser. Carbon Nanosci[END_REF][START_REF] Bendikov | [END_REF] [6] As expected, the higher stability of the exTTF •+ radical pair was accompanied by an increase in the exTTF Donors-linked fullerene conjugates for OPV [60]Fullerene derivatives represent one of the most used class of electron accepting materials in the field of organic photovoltaic technology OPV due to their spherical symmetry and small reorganization energy, nicely combined with their high electron affinity and good electron mobility. In particular, the most commonly used fullerene derivative for photovoltaic applications is the phenyl-C61-butyric acid methyl ester PCBM (Figure 1.23). This latter has been blended with various electron donor entities (including polymers, low band gap polymers, and small molecules) [6] reaching power conversion efficiencies (PCE) of higher than 10% in bulk heterojunction solar cells BHJSC. [99] Figure Although the obtained PCE are lower than those obtained with the conventional BHJSCs, such systems have tremendous advantages since only one photoactive material containing the light harvester and the redox counterparts has to be deposited, leading to an improvement in the long term stability (thermal and photochemical) of the device. [100,101] Note that in the 2000's, weak photovoltaic efficiencies (<1%) were obtained for reported donor-linked fullerene derivatives containing oligo [102] and polyphenylenevinylene [103] units (Figure 1. 24).

Recently, examples of SMOSC-based donor-linked fullerene conjugates containing oligomeric dithienopyrrol, [100] oligothiophene, [104] and cyclopentadithiophene [105] have reached PCEs higher than 1% (Figure 1. 24). 

Donors-linked fullerene conjugates for artificial photosynthesis

Porphyrins, phtalocyanines and their related structures have been frequently linked to fullerene derivatives. The advantage of incorporating these macrocycles in fullerene-based D-A systems is not only due to their outstanding photophysical properties, but also due to their excellent electronic and electrochemical properties in addition to their small reorganization energies with minimal structural and solvatation changes when electrons are released. Indeed, porphyrins are characterized by strong absorption bands around 420-450 nm (Soret region)

with high molar absorption coefficient (10 5 M -1 cm -1 ) and much less intense Q bands in the long wavelength region 500-650 nm. In the spectra of phthalocyanines, the Q bands in the long-wavelength region (650-680 nm) are strong, while less intense bands appear in the range of the Soret bands.

Although the incorporation of phtalocyanines in donor-linked fullerene conjugates has been less considered in the literature than their structural analogs, porphyrin-C 60 assemblies, several examples have been reported in which phtalocyanines are covalently attached to C 60 . After the first example published by Hirsch et al. in 1995, [106] numerous investigations on the combination of phtalocyanines and fullerenes in D-A assemblies have been reported in which long-lived CS lifetimes were obtained. [107,108] For example, Guldi, Torres, Prato and their coworkers reported in 2005 the synthesis of an amphiphilic zinc-phtalocyanine-fullerene C 60 salt able to form nanotubules via self-assembly. The photophysical investigation of this latter dyad revealed an ultra-fast CS and ultra-slow CR yielding a long-lived CS state lifetimes of 1.4 ms (Figure 1.25). [109] Figure Regarding the porphyrins, the first example of a porphyrin-linked fullerene was reported by

Gust and co-workers in 1994 (Figure 1.26). [110] In this work, where the two -electron systems are essentially in van der Waals contact, the authors found that the CR rate is significantly slower than the CS in polar and non-polar solvents. Following this pioneering study, an extensive number of porphyrin-linked C 60 were reported in the literature. It was shown in these studies that the combination of porphyrins with fullerene provides ideal donor-acceptor linked systems to achieve long-lived CS states. [6,13,17,[111][112][113] The longest CS state in a porphyrin-fullerene -based conjugate was achieved in 2004 by Ohkubo et al. with a lifetime of 120 s at -150 °C in benzonitrile (Figure 1.27). [114] Figure Following the strategy of multistep ET at a long distance to attain long-lived CS states, many researchers persisted in the design and development of sophisticated D-A polyads (i.e. tetrads, pentads, and more). Despite the striking improvement of such systems regarding the development of molecular opto-electronics devices, the major limitation of these complex assemblies remains in the extremely time-consuming synthesis, which require exhaustive multistep reactions and complicated purification methods that often result in low yields.

Particularly in the synthesis of porphyrin derivatives, most of the synthetic methodologies are known to be complicated, laborious, and accompanied by a low efficiency especially when trying to scale-up the synthesis. [116] Therefore, many studies have been focusing on the incorporation of "non-porphyrin" chromophores in the design of D-A conjugates for organic electronic applications. Recently, BDPs (BOrronDIPYrromethene), also referred to as "porphyrin's little sister" due to their similarities in structure and properties, have undergone tremendous progress over the past two decades. Compared to other classes of chromophore dyes, BDPs have attracted remarkable attention from the scientific community due to their distinguished photophysical, optoelectronic, and electrochemical properties. Furthermore, in addition to the accessible and straightforward synthesis of the BDP platform, the convenient and flexible tuning of its outstanding properties can be achieved via facile synthetic modifications on five different positions. As a result, BDP derivatives have been successfully applied to multidisciplinary scientific and technological fields, ranging from biomedicine to photonic and optoelectronic applications. [117,118] The discovery, syntheses and fundamental properties of the BDP will be considered in the following section. The most novel and relevant strategies for the modification of the BDP core, in addition to their effects on optical and photophysical properties will be discussed.

Finally, the potential and thriving applications of this chromophore in the biological and organic electronic field will be listed.

BODIPYs

Fundamental properties

Among the wide library of available organic chromophores reported in the literature, BDPs (i.e., 4,4'-Difluoro-4-bora-3a,4a-diaza-s-indacenes) are one of the most studied class of molecular dyes. Their growing success is conspicuously noticeable by the increasing amount of published papers summarizing their outstanding properties and their diverse applications. [119,120] The unrivaled versatility of boron dipyrromethenes is due to their chemical robustness, high thermal resistance, low photo-degradation, and most importantly by their unique electrochemical and photophysical behaviors, which is directly related to their easily functionalizable molecular architecture. In particular, BDPs exhibit sharp absorption and emission bands in the visible range that are separated by narrow Stokes shifts and characterized by high extinction coefficients and fluorescence quantum yields ( > 60000 M - 1 cm -1 ,  > 0.6). [121] The normalized absorption and fluorescence spectra of the commercially available BDP "PM567" are displayed in figure 1. 29. Normalized absorption and emission spectra of the commercially available BDP "PM567" recorded in DCM. [122] The facile derivatization of the -conjugated BDP core by suitable groups at the appropriate positions allows fine-tuning of its optical and photophysical signatures, enabling coverage of the entire visible spectrum and beyond. Another appealing feature of the BDPs is their electrochemical behavior, that can be tuned upon modification of the core at different positions. In fact, BDPs are characterized by reversible reductions with an average potential of -1.53 V (vs. Fc/Fc + ) that can be shifted by about 700 mV depending on the substitution of the BDP core. Moreover, BDPs are capable of reversible oxidations as well, exhibiting an average oxidation potential of 610 mV, with the possibility to be altered by up to 600 mV from the average potential. Therefore, the functionalization of the BDP platform with electroactive species will modulate their electrochemical responses, given that BDPs can play a dual role as electron donor or acceptor depending on their electronic environment. [123] 1.5. ). [124] The synthesis was optimized by isolating the dipyrromethene intermediate 1. 3 followed by the addition of a large excess of BF 3 .OEt 2 in the presence of triethylamine (Et 3 N) as a base. The structure of the BDP is composed of a dipyrromethene ligand complexed with a disubstituted electron-deficient boron atom, typically a BF 2 unit. Due to this complexation, the dipyrromethene ligand is linked by an N-B-N bridge, forming a fixed planar -electron system where the formal negative charge always remains on boron, and the positive charge can be delocalized between the two nitrogen atoms via a resonance structure equilibrium over the ring structure (Figure 1. 30). Although BDP dyes do not obey Hückel's aromaticity rule, their properties are more similar to those of aromatic -systems because of the rigidity introduced by coordination of the boron atom. Despite their similarities with the dipyrromethene, the IUPAC numbering system of BDP core is based on the s-indacene structure (Figure 1. 30). The conventional numbering by -, and meso-positions are also used which originated from porphyrin and pyrrole chemistry. Thus, the 3,5-positions of the BDP core are often called -positions, the 1,7-and 2,6-are commonly specified'-and positions respectively, whereas the 8 th position is referred to as the meso-position. As mentioned in the previous section, the complexation of the non-fluorescent dipyrromethene with boron difluoride led to the bright BDP fluorophore. This geometricaloptical correlation inspired many research groups in the development of novel fluorescentbased boron complexes. [125,126] The AzaBDPs (referred to as 4-bora-3a,4a,8-triazaindacene)

are the most relevant and studied BDP analogs owing to their absorption and emission characteristics in the far-and near-IR region of the spectrum. This is due to the participation of the nitrogen lone pair at the meso-position in the -system electronic delocalization (Figure 1. 30). The azaBDPs synthesis and photophysical properties were mainly investigated by the O'Shea and Carreira groups, in addition to their potential applications in many research fields. [127] Despite the rising interest in the azaBDPs, the parent BDP remains the most studied compound and is exclusively the main crux of this dissertation. The synthesis of the BDP core in addition to the most recent and relevant pre-and post-functionalization methodologies will be discussed in the next section.

Synthesis of the BODIPY core

The potential of BDPs in many scientific areas started to be recognized twenty years after their discovery by Treibs and Kreuzer. Therefore, extensive research focusing on the reactivity of the BDP core has produced novel and various approaches for synthesizing sophisticated derivatives for different applications. These methodologies are derived from the famous chemistry of pyrroles and dipyrromethenes, mainly adapted for the synthesis of porphyrins. [128] Before addressing the synthetic pathways for the formation of symmetrical and unsymmetrical substituted-BDP frameworks, it is important to mention that the synthesis of the "parent unsubstituted-BDPs" appeared to be very challenging during the past years due to the highly unstable dipyrromethene intermediate. Not until recently, some synthetic routes were developed in order to obtain the "naked" BDP derivative 1.6 in appreciable yields (Scheme 1.12). [129][130][131][132] Scheme 1.12. Synthetic pathways of the unsubstituted-BDP 1.6.

Most of the substituted-BDP publications concern those of symmetrical derivatives where the pyrrolic units have identical substituents. Dissymmetrical core formation has already been the subject of extensive studies, but requires different synthetic pathways. [121] Therefore, it is necessary to consider different strategies, depending on the nature of the target molecule.

Symmetrical BDP derivatives:

The general strategy for the synthesis of symmetrical BDP fluorophores relies on the preparation of the dipyrromethene intermediate obtained by the acid-catalyzed condensation of two pyrroles with an acid chloride, anhydride, or aryl-aldehyde. Note that the starting pyrrolic derivative must contain only one free -position for the reaction in order to avoid pyrrole polymerization. [133] The resulting dipyrromethene ligand is then chelated with BF 3 .OEt 2 in the presence of a tertiary amine as a base to generate the desired symmetrical BDP. Interestingly, applying this general procedure in a one-pot approach was found to be more efficient than the conventional synthesis, since no loss of the unstable intermediates during purification steps occurred. The first synthetic pathway starts with the condensation of two units of the -free pyrrole with an aryl-aldehyde derivative in the presence of a catalytic amount of acid (most commonly TFA for better yields [134] ) affording the dipyrromethane 1.7 the condensation of two equivalents of the starting pyrrole with an acid chloride [135] (bromide [136] , or orthoester [137] ) derivative (Scheme 1. 13). The target symmetrical BDP 1.9 is obtained in the last step by complexation with BF 2 in the presence of an amine as a base. This strategy was found to be more efficient since the side-products formed by the oxidation reaction step are avoided. However, the high reactivity of the acid groups forbids the presence of nucleophilic substituents on the pyrrolic group. In addition, the instability of the acid chloride precursors is the main reason why this strategy is not very frequent in the literature.

(Scheme 1.13
Thus, the first route remains the most common strategy due to the existence of a larger library of commercially available aldehyde derivatives. Acid anhydrides can also be incorporated in the synthesis of symmetrical BDPs 1.10 generating carboxylic acid functions at the mesoposition that can be used in labeling biological molecules such as proteins, DNA, and lipids (Scheme 1. 13). [138,139] Scheme 1. 13. General synthetic procedure of the substituted meso-BDP derivatives.

Unsymmetrical BDP derivatives:

The synthetic methodologies for unsymmetrical BDP derivatives are less common in the literature. The main reason behind this fact relies on the synthetic difficulties of the corresponding pyrrole precursors and the instability of the corresponding dipyrromethene ligands. Moreover, the innovative and relevant synthetic pathways of this family of BDPs are mostly published as patents and less as peer-reviewed articles. Nevertheless, some procedures have been reported and require different synthetic steps than for forming the symmetrical BDPs. The main strategy relies on the acid-catalyzed condensation between a pyrrole and a carbonyl-pyrrole derivative (aldehyde or ketone) followed by deprotonation and chelation with BF 3 .OEt 2 . For instance, the condensation of a carbonyl-pyrrole and a pyrrole that is unsubstituted on the 2-position under acidic conditions provided the corresponding dipyrrinium salt 1.11 (Scheme 1. 14). The subsequent deprotonation of this latter followed by the complexation step yielded the unsymmetrical BDP dye 1.12 (Scheme 1. 14). [140] The advantage of this strategy is that the substituent at the meso-postion is not only limited to aryl groups, which opens new perspectives for the synthesis of a larger scope of boron dipyrrins using this approach.

Scheme 1.14. General synthetic procedure of the substituted unsymmetrical BDP 1.12.

Derivatization and properties correlation

The unsurpassed versatility of the BDP in term of synthesis, core-derivatization, and finetuned optical and photophysical properties makes this fluorophore the new El Dorado for fluorescence tools.

As mentioned previously, the straightforward synthesis and derivatization of the BDP core is one of the most important characteristics of this dye. In addition, the high influence of the BDP core functionalization on the optical, photophysical, and electrochemical properties of the resulting functionalized-BDP prompted many research groups to study the correlation between derivatization and properties. The functionalization of the BDP backbone can be achieved by attaching appropriate functionalities and entities on the different positions using numerous reactions in order to generate highly functional materials for countless and various applications. For instance, many research groups, including Vicente, [141,142] Burgess, [139] Ziessel, [143] Boens and Dehaen, [144,145] Nagano, [146] Akkaya, [147] O'Shea, [148] Rurack and Daub, [149] Carreira, [150] and Clavier [151][152][153][154] are intensively exploring strategies for tuning the optoelectronic properties as well as the applications of these dyes.

Two main synthetic strategies can be considered for the functionalization of the BDP core:

pre-and post-functionalization (Scheme 1.15). Regarding the pre-functionalization strategy, the synthesis of the target BDP ends with the final complexation step with BF 3 .OEt 2 .

Therefore, derivatization of the starting precursors (pyrrole and/or aldehyde derivatives) or the dipyrromethene intermediate ligand is required. On the other hand, the postfunctionalization strategy requires additional synthetic steps after the complexation with BF 3 .OEt 2 in order to generate the functionalized-BDP derivatives with the desired substituents (Scheme 1.15). This modification can occur directly on the BDP core (-, -, '-, mesoposition, or boron complex), or it may involve reactions with peripheral groups (groups not directly attached to the BDP core).

Post-functionalization

The post-functionalization strategy of the BDP core has been extensively studied in the literature. The intrinsically electron-rich nature of the BDP platform explains its variable reactivity to many reaction types. Thus, multitudes of well-documented synthetic methods have been developed to selectively substitute the five different positions of the BDP core. [119,121,166,171,172] The most popular reactions on each position of the BDP skeleton are depicted in figure 1. 33. The post-modification strategy consists of the preparation of a boron dipyrrin derivative with reactive substituents (halogen, methyl, formyl, alkylthio, hydrogen)

that can be derivatized to give sophisticated assemblies with unlimited molecular structural modifications, and concomitant fine-tuned optical, photophysical, and electrochemical properties. Hence, the postfunctionalization methodology is highly attractive for expanding the diversity of the BDP family, especially for some types that are difficult to access through conventional pre-functionalization methods. In the following section of this dissertation, we will be focusing on the novel and most relevant synthetic strategies for the post-modification of the BDP core, in particular at the and positions since they represent the most interesting positions for our study (see following section). Additionally, the effect of platform derivatization on the optical and photophysical properties will be discussed.



 and ' (1, 3, 5, 7-positions)

Reactivity of methyl substituted-BDPs:

Methyl-substituted BDPs at the 1, 3, 5, and 7-positions are relatively acidic and can easily undergo deprotonation under mildly basic conditions. [173,174] This acidity allows the coremethyl-substituted BDPs (compound 1.19, Scheme 1.17) to be condensed with aldehyde derivatives to form alkenyl analogues 1.20-1.23 in a Knoevenagel reaction [173,175] (scheme 1.17). This condensation normally occurs under basic conditions and requires the removal of water from the mixture by using molecular sieves or azeotropically using a Dean-Stark apparatus. The Knoevenagel condensation reaction on a BDP derivative was firstly reported by Glossman et al. [START_REF] Knaus | Proc. Natl. Acad. Sci[END_REF] Interestingly, the addition of a -system, especially at the -position of the BDP core, results in a significant bathochromic shift in the absorption and emission spectra (70 nm upon first functionalization, 150 nm upon double functionalization, and can reach 200 nm after tetra-functionalization) [175] . The ease of this strategy, in addition to its notable effect on the photophysical properties of the resulting -extended BDP derivative inspired many research groups to design sophisticated -extended NIR-BDP dyes with onesubstituted (3-position), two-substituted (3,5-, or 1,5-, or 1,7-positions), three-substituted (1,3,5-or 1,3,7-positions), and tetra-substituted-BDPs for distinct applications. [166] Unfortunately, the major drawback of this strategy is the low efficiency of formation of the resulting BDP derivatives. This is due to low regioselectivity resulting in a mixture of arylethenylBDPs, especially in the case of BDP precursors containing several methyl substituents (Scheme 1.17). Nevertheless, it was reported that the relative yields of the monoto tetrastyryl-substituted BDPs can be adapted by adjusting the concentrations of the reactants, the amount of aromatic aldehyde added, and the reaction time. [173] On the other hand, Chang et al On the other hand, the preparation of aldehyde-substituted BDPs at the -position starting from 3,5-dimethylBDP was also reported in the literature. In 1994, Boyer et al. reported the regioselective oxidation of the classical BDP 1.26 at the -position using four equivalents of DDQ in THF. The resulting BDP derivative 1.27 was obtained in excellent yields (Scheme 1. 19). [START_REF] Sathyamoorthi | [END_REF] Furthermore, the 3-methylBDP can also be converted to 3-acetaldehydeBDP in two reaction steps starting from the BDP 1. 26. The reaction of this latter with N,Ndimethylformamide dimethyl acetal [(MeO) 2 CHNMe 2 ] resulted in the formation of an enamineBDP intermediate that can be efficiently hydrolyzed to form the target BDP 1.28

(Scheme 1. 19). [178] The reaction of these BDP-terminated aldehyde functions allows the preparation of numerous 3-ethenyl-substituted BDPs and annulated heterocyclic BDP fluorophores.

Scheme 1. 19. Synthetic pathways of BDP-terminated aldehydes 1.27 and 1.28 at the -position.

Reactivity of halo substituted-BDPs:

The most common reactive functional group attached to the boron dipyrromethene core structure is a halogen. Further derivatization by S N Ar and Pd-catalyzed cross coupling reactions of the core-halogenated BDPs makes them key building blocks for the design of substituted BDP derivatives through post-functionalization. [179] However, the electrophilic aromatic substitution of the BDPs is highly regioselective with the 2,6-positions undergoing preferential substitutions. Nevertheless, S E Ar chemistry can be employed to introduce halogens at the 3,5-and 1,7-positions through steric blocking or prior substitution of the 2,6positions. [121,171] Recently, Jiao et al. described a highly efficient and regioselective chlorination strategy using copper(II) chloride in acetonitrile resulting in the formation of 3chloro-and 3,5-dichloroBDP derivatives 1.30 and 1.31, respectively, starting from the BDP precursor 1.29 (Scheme 1.20). [180] Scheme 1. 20. Highly regioselective synthesis of -chlorinated BDPs 1.30 and 1. 31.

In contrast, the dipyrromethanes display complimentary regiochemistry with respect to S E Ar conditions. Being intrinsically more pyrrole like in their chemistry, the dipyrromethanes readily undergo electrophilic aromatic substitution at the two α-positions. in the presence of N-chlorosuccinimide (NCS). The following oxidation and chelation steps under standard conditions yielded the target 3,5-dichloroBDP 1.34 (Scheme 1.21). [181] This strategy is the most reliable synthetic route available toward 3,5-halogenatedBDPs. [182] intermediates, thus reducing the number of steps required to produce BDPs of interest. with electron-rich, heteroaromatic, sterically hindered and ring-fused bromoarenes gave moderate yields of the corresponding target BDPs 1.37 and 1.38. [185,186] Scheme 1. These results can be ascribed to the smaller torsion angles and their stronger electron donating properties. Moreover, the rigidization of the BDP core at the -positions by ring-fusion contributed in notable red-shifts (Figure 1.35, compound 1.46). In addition, when the post-functionalization of the BDP core at the '-positions was investigated using the same functionalities mentioned above, lesser red-shifts of the absorption and emission were obtained compared to those at the -positions (Figure 1.36, compounds 1.48-1.51). This was attributed to a smaller molecular orbital coefficient of the HOMO (nodal planes) at the 1,7-positions. [175] Note that a general consistent decrease in quantum yield values upon post functionalization was observed due to the approximation of the S0 and S1 levels that favors deactivation by non-radiative pathways, rather than by the emission of photons.

 (2, 6-Positions)

As mentioned previously, the electronic mapping study of resonance structures of the BDP core show that the 2-and 6-positions possess the highest electron density, making them the most susceptible positions to electrophilic aromatic substitution (S E Ar). Examples of S E Ar halogenations [146] (Br, I, and Cl) on pentamethyl BDP 1. 52 were reported and the corresponding functionalized BDP 1.53 and 1. 54 were obtained in moderate to excellent yields (scheme 1. 24). . By increasing the number of equivalents of NCS under similar conditions, 2,3,5-trichloroBDP 1.58 and 2,3,5,6-tetrachloroBDP 1.59 were obtained. [187] Scheme 1.25. Chlorination of BDP 1.55 under mild conditions using NCS.

Following this work, Zhang et al. optimized the halogenations reaction conditions using NBS and NIS and by replacing the THF by fluorinated alcohols as solvent. The target mono-and bis-halogenated BDP at the -position were produced quantitatively in a short reaction time. [188] wavelength when compared to their -substituted analogs (Figure 1.38). This was attributed by the authors to the presence of larger MO coefficients at the 3,5-positions when compared to the ones at the 2,6-positions. [173] Figure 1. 38. Optical properties of -substituted BDPs.

It is worth noting that the derivatization of the -positions with inductive donating substituents (methyl groups), and inductive withdrawing substituents (halogens) resulted in relatively notable bathochromic shifts. However, halogenations of the BDP resulted in a significant decrease in the quantum yields, attributed to the effect of the presence of heavy atoms (Figure 1. 39). To summarize the above-mentioned impact of the -, -, and '-functionalization of the BDP core on the optical properties, the structural/ photophysical correlation are depicted in figure 1. 40. On the other hand, in biology and biomedicine, the low dark toxicity of the BDP beside their outstanding physicochemical properties allowed them to be classified as one of the most promising organic dyes for fluorescent probing and labeling applications. Particularly, BDPbased fluorescent labels are widely used to target important biological markers such as DNAs, RNAs, amino acids, lipids, dextran, and proteins. In order to achieve efficient bio-conjugation in such applications, reactive ligand/anchor groups (such as carboxylic acids, sulphonic acids, polyethylene glycolpolysaccharides and oligonucleotides) were attached to the BDP-based probe platforms (Figure 1.42). [144] Furthermore, BDP derivatives were classified as potential agents for photodynamic therapy (PDT) (Figure 1.43). [195] Figure 1. 43 This therapy is used for the destruction of malignant cells and tissues via photosensitized reactive oxygen species ( 1 O 2 ) formation. Indeed, the facile derivatization of the BDP core allowed them to be appropriate for PDT by following its principal requirements including 1) strong absorption with a high extinction coefficient in the red/near infrared region by adding distyryl moieties at the -position, 2) efficient intersystem crossing (ISC) and forming longlived triplet excited states by positioning heavy halogen atoms (i.e. Br, I) in order to produce 1 O 2 efficiently, and 3) high solubility in biological media that can be achieved by attaching PEG-ylated structures (Figure 1.43, compound 1.66). [198] However, the introduction of heavy atoms into BDPs results in significant dark cytotoxicity of these compounds. Nevertheless, a new approach for the generation of efficient triplet excited states has been developed through PET in heavy-atom-free BDP D-A dyads (Figure 1.43, compound 1.67). [194] Furthermore, the reversible redox behavior (amphoteric) of BDPs allowed them to be suitable as electron donors as well as acceptors depending on their electronic surroundings. Besides, their remarkable photophysical properties make the BDP -based D-A systems attractive for application in optoelectronics such as dye-sensitize solar cells (DSSC) [117,199] and bulkheterojunction solar cells (BHJSC), [118,200] electrochemiluminescence materials ECL, [123] organic light-emitting diodes (OLED), [201] molecular cassettes [120,193] , non-linear optics (NLO), [202] photonics [120] and so on (Figure 1. 44). 

[60]Fullerene-BODIPY ensembles

Although the association of fullerenes with BDP derivatives in D-A systems is relatively new and has been less considered in the literature than the other popular chromophores (porphyrins, phtalocyanines, PDI, etc), several examples of BDP-C 60 conjugates have been designed and their structural, photophysical, and electronic properties have been investigated.

An overview of the development of covalently linked D-A systems containing BDP and [60]Fullerene conjugates across the last decade will be provided in this section. The association of BDP in [60]Fullerene-based D-A systems started in the early 2000's as molecular antenna for energy-transfer cassettes in artificial photosynthetic complexes based on porphyrins and fullerenes C 60 . [203] In this particular example published in 2004, a supramolecular triad composed of an axially coordinating C 60 to the zinc centre of a covalently linked zinc porphyrin-boron dipyrrin dyad (ZnP-BDP) was designed (Figure 1. 45). The selective excitation of the BDP unit resulted in an efficient energy transfer from the singlet-excited state of the BDP toward the porphyrin, followed by a fast electron transfer from the excited-state of 1 ZnP* to the fullerene moiety. The lifetime of the final charge separated state (BDP-ZnP ) was found to be around 5 ns, with a charge recombination rate constant of 2.0 x 10 8 s -1 (Figure 1. 45). Following this work, several examples of supramolecular D-A tetrads, pentads, and hexads mainly composed of BDP, porphyrins and C 60 were designed. [204] Only the covalently-linked D-A conjugates based on BDP and C 60 as primary redox center will be discussed in this section. In other terms, the examples of non-covalent D-A assemblies in which the BDP acts as secondary electron or energy donor in porphyrin-or phtalocyanines-C 60 polyads will be excluded. The first "non-porphyrin" covalently-linked BDP-C 60 dyad was synthesized in 2009 by Ziessel and co-workers. [205] The target dyad is linked through a diphenylacetylene rigid linker connected from one side at the meso-position of the BDP and from the other to the fullerene C 60 through a pyrrolidine unit (Figure 1. 46). The photophysical investigations revealed a series of photoinduced events between the two active units that was highly dependent on the solvent polarity. Briefly, upon photoexcitation in non-polar solvents (toluene), singlet energy transfer from the BDP to the fullerene was dominantly observed followed by an ISC to populate the triplet excited state of fullerene before going back to the fundamental state (CR). However in polar solvents (DCM and benzonitrile), a chargeseparated state was observed due to the PET from the excited BDP to the fullerene unit with lifetimes around 430 and 160 ps in benzonitrile and DCM respectively. Based on these findings, a series of BDP-C 60 dyads has been reported in the literature in which the [60]Fullerene plays the role of electron acceptor unit and the BDP has a dual function (energy and/or electron acceptor and/or electron donor depending on the molecular structure and electronic surroundings). Indeed, the BDP-C 60 association, that gives rise to photoinduced energy transfer and/or electron transfer has been developed for different applications including artificial photosynthetic systems, triplet-triplet annihilation up-conversion, photocatalysis, and more recently as an antimicrobial agent.

D'Souza and co-workers were the first to investigate the electronic and photophysical properties of the BDP as a primary unit (electron donor and/or acceptor) when linked to fullerenes in such artificial photosynthetic systems. [206,207] Therefore, they developed an elegant synthetic methodology in order to connect the C 60 to the BDP derivative by replacing the fluorine atom of the BDP with a catechol group to which fullerene is attached (Compound s -1 and  CS = 310 ps) parent dyads. [207] The authors wanted to study the ability of the BDP as an energy acceptor and electron donor simultaneously. Thus, in a sequential study, they reported an extensive series of triads in which the redox active units (Ferrocene and triphenylamine) were replaced by different energy-donor antenna molecules including fluorene 1.71, anthracene 1.72, naphthalene 1.73, and pyrene 1.74

(Figure 1.47). [207] In all cases, the photoexcitation of the antenna entity resulted in an efficient energy transfer from the excited aromatic unit to the BDP followed by sequential electron transfer from the excited BDP to the fullerene, yielding the final charge-separated state antenna-BDP •+ -C 60 •-. According to the authors, a stabilization of the charge-separated states in these triads was observed to some extent with lifetimes of 770, 990, 390, 700 ps for triads 1.71, 1.72, 1.73, and 1.74 respectively. [207] Figure However, the systems listed above are characterized by relatively short absorption and emission wavelengths that are limited to the visible region, whereas more than 70% of the solar spectrum is present in the infra-red (IR) and near-infrared (NIR). Nevertheless, the facile derivatization of the BDP core, as described in section 5.4, can result in a very significant bathochromic shift in term of absorption and emission wavelength, especially when ringfused and stryryl BDPs are synthesized, leading to the development of -extended NIR absorbing and emitting derivatives. In addition, when these derivatives are linked to fullerenes, energy transfer processes between the two components can be ruled out in the majority of cases, due to the insignificant spectral overlap between the emission of the donor and the absorption of the acceptor. The first example of a covalently-linked distyrylBODIPY (DSBDP) entity to the fullerene C 60 was reported in 2010. [208] The synthesis of this dyad was achieved under Prato conditions in the presence of sarcosine between the [60]Fullerene and DSBDP containing an aldehyde on the peripheral group at the meso-position (Compound around 476 and 730 ps in toluene and benzonitrile respectively. [208] Another remarkable In addition, the calculated values of CR constant rates of these dyads were found to be 2 times slower than their corresponding CS states, which is attributed to the low reorganization energy of the fullerene C 60 (k CR = 7.66 x 10 8 , 9.78 x 10 8 , 2.93 x 10 9 s -1 for dyad 1.76a, 1.76b, and 1.76c respectively). [208] Figure Following the strategy of designing NIR BDP-C 60 polyads, a family of multi-modular monoand bis(donor)-BDP-C 60 has been reported in the literature in which secondary electron donating entities such as ferrocene, triphenylamine, or phenothiazine were covalentlyattached to the BDP unit (Figure 1. 49). [209][210][211][212] These assemblies exhibited good spectral capture, covering the visible and NIR region due to extension of the -system and good electronic communication between the supplementary donor entities and the BDP unit.

A fast CS process was revealed in the conjugate 1.77, in addition to a relatively slow CR process resulting from the stabilization of the final charge-separated state. [209] However, these photodynamic values ( CS = 500 ps) were similar to those calculated for the parent DSBDP-C 60 dyad 1. 75 ( CS = 476 ps) [208] and the Fc-BDP-C 60 1.68 ( CS = 416 ps). [206,207] In the case of the conjugates 1.78a and 1.78b, ultrafast CS and relatively slow CR recombination processes were demonstrated (Figure 1. 49). Interestingly, the charge recombination processes were slower in the case of 1.78a and 1.78b in respect to the donor-BDP-C 60 triad 1. 70 for example [206,207] (and phenothiazine-BDP-C 60 [213] ). In other terms, the ultra fast CS and CR processes in the latter assemblies were attributed to the close proximity between the redox entities. In the case of the covalently-linked Fc-DSBDP-C 60 assembly 1. 79 that employs a catechol-based bridge between the BDP and the C 60, the photoexcitation of the BDP resulted in the formation of the Fc •+ -BDP •--C 60 CS state followed by the fast recombination of charge with no further transfer of the charge across the catechol bridge to the fullerene (Figure 1. 49). According to the authors, the catecholpyrrolidine bridge appeared to act as a barrier to charge transfer, failing to provide efficient coupling to the fullerene to out-compete the CR process between the BDP and the Fc units. [212] It is noteworthy to mention that some studies on the nature of the linker between the BDP derivative and the fullerene have been reported The presence of the pyrrole linker contributed to the extension of the -system that was accompanied by a red-shift in the absorption and emission properties. Additionally, an accelerated charge separation process was seen in comparison with compound 1.80, due to better electronic communication between the redox units that was promoted by the pyrrole spacer. [214] Moreover, a following study involving the synthesis of a new immino-C 60 -BDP 1.81, obtained by a direct addition of an azido-substituted-BDP on the C 60 , was reported by Donato and co-workers (Figure 1.50). [215] This linker-free BDP-C 60 conjugate showed a fast PET process with a relatively slow charge recombination lifetime. This was attributed by the authors to the geometrical arrangement of the assembly that is characterized by an orthogonal orientation of BODIPY and the meso-phenyl substituent connecting it to the C 60 (Figure 1.50). Interestingly, the association of BDP and [60]Fullerene in D-A -based polyads as shown in the examples discussed above contributed to the design and development of light-harvesting materials for artificial photosynthesis related applications. Besides, these systems could also be used for building optoelectronic devices operating under NIR light as an excitation source for direct light-electricity conversion -type applications, including OPV, and photoelectrochemical devices. [204] On the other hand, BDP-C 60 dyads, triads and even polyads have been designed as triplet photosensitizers for applications in photocatalysis, [216], [217] Photodynamic inactivation (PDI) of microbes, [218] and triplet-triplet annihilation (TTA) up-conversion (Figure 1.51). [219], [220], [221] In fact, combining the high ISC efficiency of the fullerene with the strong visible and NIR absorption of the BDP in a covalently-linked D-A system resulted in the efficient population of the triplet excited state of the C 60 through intramolecular energy or/and electron transfer from the photoexcited antenna (i.e. BDP). A remarkable improvement in the field of triplet photosensitizers based on BDP-C 60 conjugates has been achieved recently, but there are still many challenges to overcome in order to develop more efficient triplet photosensitizers. 

Thesis Objectives

As seen in this introductory chapter, BDP-C 60 conjugates have been well-studied in the literature in the last decade and appeared as potential candidates in a wide variety of intriguing applications, ranging from biomedicine to material sciences. Most notably, their demonstrated photophysical and photodynamic properties may allow them to address several current challenges within the field of organic electronics, particularly in artificial photosynthesis applications. However, some limitations regarding the reported BDP-C 60 conjugates should be taken into consideration:

1) The majority of the reported BDP-C 60 assemblies (if not all of them) are synthesized using the direct approach of fullerene chemistry, in which the C 60 is connected to the BDP derivative in the final step of a given synthesis (namely by Prato cycloaddition). Although this latter allowed the successful formation and isolation of the target BDP-C 60 conjugates, it is important to point out the main drawbacks of this approach including: a) low efficiency (limited yields to maximum 50%) due to the formation of a mixture of monoadduct, multiadducts, and unfunctionalized C 60 , which is accompanied by the loss of the BDP precursors in the resulting multi-adducts derivatives; and b) non-versatility, since the resulting BDP-C 60 assemblies cannot be further extended to more complex and sophisticated architectures (such as organic/inorganic hybrids, biological systems, peptides, etc.) due to the lack of available functionalities allowing post-functionalization of the BDP-C 60 conjugates.

2) The investigation of the properties (photophysical, and electrochemical) of such BDP-C 60 conjugates is limited to the liquid phase. However, the exploitation of these properties (observed in solution) in the design of organic electronic devices (such as Photoelectrochemical cells) to evaluate their properties in photon-to-electron conversion (photocurrent generation) when grafted on metallic surfaces, have not been yet reported.

Hence, we realized there was an opportunity to contribute to the field of BDP-C 60 -based D-A systems by elaborating first a novel, efficient and straightforward synthetic strategy, based on the indirect approach of fullerene chemistry, allowing the design of complex and sophisticated BDP-C 60 -based D-A architectures. Indeed, this synthetic methodology should allow us to attach supplementary appendages of interest (such as multifunctional molecular light harvesters/redox entities, complex molecular architectures, etc…), allowing the modification of the photophysical and photodynamic properties of the resulting assemblies, in addition to the possibility of immobilizing the D-A conjugates on metallic surfaces.

The pursuit of such systems was the original inspiration for our work in the area and is the subject of this dissertation:

The second chapter of this thesis is dedicated to the synthesis and characterization of novel methanofullerene building blocks bearing two different clickable functionalities (maleimide or protected alkyne and terminal alkyne) allowing the grafting of different appendages to the C 60 core using the click chemistry. This strategy allowed the construction of two new BDP- Finally, a conclusion summarizing the presented results in this dissertation will be provided in chapter 5, in addition to the expansion of these findings for anticipated future projects.

The experimental procedures and the characterization of the newly synthesized compounds are listed in chapter 6. 
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Introduction

The study of the photo-induced electron transfer process in organic Donor-Acceptor (D- A) conjugates is a crucial point for the design of energy-conversion devices and their related applications. In this regard, numerous examples of organic D-A assemblies have been studied

in order to achieve an efficient energy conversion upon the photo-excitation of the donor (or the acceptor) by generating stable and long-lived charge-separated states (see Chapter 1, section 1.3). Among the different acceptors reported in the literature, [60]Fullerene remains the most dominant electron acceptor unit due to its outstanding photophysical and electrochemical properties (see Chapter 1, section 1.4). [1] The combination of [60]Fullerene and chromophoric electron donors, especially porphyrin derivatives, have been extensively

studied in the literature. The photodynamic investigations on these sophisticated porphyrin-C 60 assemblies revealed excellent photon-to-electron conversion with a high potential in organic electronics including photovoltaics, and artificial photosynthetic systems [1][2][3] .

Recently, BDPs, also referred to as "porphyrin's little sister", has undergone tremendous progress over the past two decades. Compared to other classes of chromophore dyes used both as light-harvesters and electron donors, BDPs have attracted recently remarkable attention due to their outstanding photophysical, optoelectronic, and electrochemical properties. [4] Furthermore, in addition to the accessible and straightforward synthesis of the BDP platform, convenient and flexible tuning of its photophysical and electrochemical properties can be achieved via facile synthetic modifications at five different positions (see Chapter 1, section 1.5). [5] Some examples of covalently-linked BDP-C 60 dyads have been reported in the literature in which the BDP derivative acts as a primary unit by playing a dual role as a light harvester and electron donor. These BDP-C 60 assemblies have contributed to the development of lightharvesting materials for organic electronics; as well as for the design of triplet photosensitizers for applications in photocatalysis, photodynamic inactivation of microbes, and triplet-triplet annihilation (TTA) up-conversion (see Chapter 1, section 1.6). However, in the majority of these examples (if not in all of them), the synthetic strategy to prepare the desired BDP-fullerene conjugates is achieved by attaching the fullerene core in the final step of a given synthesis (direct approach). One of the main disadvantages of this method remains the formation of undesired multi-adduct derivatives due to the multifunctional nature of the fullerene, resulting in the loss of the BDP-based precursors and the formation of the target assembly in low yields. In addition, this strategy can be limiting in some cases, especially when it comes to the association of the BDP and C 60 entities with more complex molecular appendages such as polymers, dendrimers, peptides, biological systems, etc. Therefore, another strategy could be considered to overcome these limitations, by linking the BDP derivative to a readily prepared fullerene building block endowed with different reactive chemical functionalities (namely the indirect approach, see figure 2.1). In this context, the use of the "click chemistry" concept [6] can be considered as an efficient approach to functionalize [60]Fullerene building blocks. Indeed, the post-functionalization of fullerene building blocks by CuAAC has appeared recently to be very appealing for the design of a large variety of new advanced materials and bioactive compounds for distinct applications. Importantly, the use of click reactions in fullerene chemistry has allowed not only the preparation but also the isolation of fullerene derivatives that would be barely accessible using the direct approach. [7] Among the different clickable fullerene derivatives that have been described, methanofullerene mono-adducts, with their maintained electrochemical and photophysical properties of C 60 , represent one of the most used building blocks. Few examples of these "clickable" fullerene mono-adducts bearing either alkyne or azide derivatives have been reported in the literature (Figure 2.2first two examples). [7,8] The elaboration of CuAAC on these derivatives resulted in the formation of symmetrical functionalized fullerene mono-adducts. On the other hand, fullerene mono-adducts bearing two terminal alkyne functions with short alkyl chains suffer from poor solubility in organic solvents which decrease the efficiency of further functionalization by CuAAC. [8] The functionalization of a fullerene mono-adduct bearing two different clickable moieties that results in the construction of a non-symmetrical fullerene platform has also been described in the literature. Only one example of a dual clickable fullerene mono-adduct, bearing two different functions an alkyne and a maleimide, has been reported recently by our group (Figure 2.2). [9] This C 60 building block, that can be functionalized in a sequential CuAAC and thiol-maleimide Michael addition, allowed the preparation of a set of photo-and/or electroactive fullerodendrimers and cysteine-functionalized fullerene assemblies. [10] This latter strategy seems to be very appealing since it could allow the preparation of fullerene derivatives with different entities displaying different properties. Therefore, one of the main objectives of this thesis is to design novel dual clickable methanofullerene building blocks that will allow us to attach different appendages from both sides of the C 60 (Figure 2.2). In this context, we decided first to use this clickable fullerene mono-adduct in order to design a novel D-A conjugate comprised of a fullerene as electron acceptor and a BDP derivative as light harvester and electron donor. The advantage of this kind of [60]Fullerene platform is also the possibility of extending the scope of the BDP-C 60 -based assemblies by designing sophisticated D-A arrays with multiple photochemical events (D-A-A, D-A-D', D-A-A-D, etc.) in high yielding reactions based on simple conditions, thanks to the second available clickable functionality. It would also be possible to use the second free functionality to covalently link a selectively reactive "anchor" group for subsequent grafting to a solid support for the design of organic electronic devices (see chapter 4).

In the section 2. Nevertheless, this platform I displays few drawbacks including its multi-step synthesis (10 reaction steps), accompanied by low overall yields. Besides, the possible occurrence of the retro-Michael reaction in solution of this dyad, in addition to the presence of an asymmetric center resulting from the thiol-maleimide addition, could be problematic for some applications from the practical point of view. Photophysical analyses by steady-state and time-resolved fluorescence spectroscopies were conducted on this system and seem to confirm this point. In addition, preliminary analyses by transient absorption measurements on the nanosecond and femtosecond scale were also conducted on the triad 2.3 in order to decipher the nature of the processes occurring within the triad upon photoexcitation (section 2.5). Finally, to extend the scope of this new platform II, we have also considered different type of reactions that allowed the design and isolation of complex BDP-C 60 -based assemblies, which can be hardly obtained using the fullerene direct approach. For example, we decided to design a novel contorted D-A-A-D dumbbell -type tetrad comprised of BDP and C 60 in which both [60]Fullerenes could be placed in a close proximity thanks to a rigid bis(acetylene) bridge, and then connected to a BDP derivative from both sides rather than being placed between the C 60 entities (see figure 2.6). This twisted novel dumbbell topology design could improve the photophysical and photodynamic properties as previously observed with other C 60 dumbbell conjugates. [11] The BDP-C 60 -C 60 -BDP dumbbell-like assembly 2.5 was successfully synthesized by an oxidative homo-coupling of the BDP-C 60 dyad 2.2 (after the deprotection of the TMS-alkyne) via a Glaser-Hay coupling reaction (tetrad 2.5, Figure 2.6). A brief introduction to [60]Fullerene dumbbell-like conjugates will be made in section 2.5 of this chapter, followed by the synthesis and reaction condition optimization of this particular tetrad 2.5. Finally, the effect of this dumbbell-like D-A-A-D arrangement on the electronic and photophysical properties will be discussed. 
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In this paper, we describe the synthesis, characterization and photodynamic properties of a novel flexible BDP-C 60 dyad. Our previously reported clickable fullerene building block bearing a terminal alkyne on one side and a maleimide function on the other side was selected as the electron accepting entity. We decided in this project to shorten the alkyl chain length linking the fullerene to the clickable functionalities in order to assure efficient electron transfer processes from the photoexcited donor (BDP derivative) to the fullerene C 60 platform.

After optimizing the reaction conditions, the resulting BDP-C 60 conjugate was efficiently obtained in very good yields. The molecular structure was confirmed by NMR analyses, and mass spectrometry. An equilibrium of three conformations of the dyad was deduced This work was achieved by collaboration between five national and international laboratories.

The synthesis and reaction optimization of the BDP-C 60 dyad was done by Jad Rabah at the Institut Lavoisier de Versailles (ILV-Paris Saclay) under the supervision of Dr On the basis of the combination of semi-empirical and density functional theory (DFT) calculations, spectroelectrochemical experiments, and steady-state and time-resolved spectroscopies, the photophysical properties of this new BODIPY-C 60 dyad were thoroughly studied. By using semi-empirical calculations, the equilibrium of three conformations of the BODIPY-C 60 dyad has been deduced, and their molecular orbital structures have been analyzed using DFT calculations. Two short fluorescence lifetimes were attributed to two extended conformers displaying variable donor-acceptor distances (17.5 and 20.0 Å). Additionally, the driving force for photoinduced electron transfer from the singlet excited state of BODIPY to the C 60 moiety was calculated using redox potentials determined with electrochemical studies. Spectroelectrochemical measurements were also carried out to investigate the absorption profiles of radicals in the BODIPY-C 60 dyad in order to assign the transient species in pump-probe experiments. Under selective photoexcitation of the BODIPY moiety, occurrences of both energy and electron transfers were demonstrated for the dyad by femtosecond and nanosecond transient absorption spectroscopies. Photoinduced electron transfer occurs in the folded conformer, while energy transfer is observed in extended conformers.

INTRODUCTION

The association of a donor and acceptor in dyads (and polyads) has significantly contributed to the development of many light-harvesting materials for organic electronics. These systems are able to undergo electron transfer and/or energy transfer due to photoexcitation of either the donor or acceptor moiety. Studies on these light-induced processes and, more specifically, electron transfer, are of prime importance not only from a fundamental point of view but also for practical applications. Indeed, conversion of solar light energy into electricity in photovoltaics or to chemical energy (solar fuel) through photocatalytic processes invariably starts with photoinduced electron transfer (PET). 23 Consequently, a huge number of donor-acceptor conjugates have been designed and light-induced electron transfer and/or energy transfer events in solution have been probed. Among the different acceptors, fullerene C 60 is probably the most attractive one due to its outstanding properties including good electron acceptor capability, a high degree of charge delocalization within the π-extended conjugation, and small reorganization energies in electron transfer processes. 20,24 Regarding the chromophores used both as light-harvesters and electron donors, 4,4′-difluoro-4-bora-3a,4a-diaza-s-indacenes (referred to as BODIPYs) have recently gained more attention in the design of donor-C 60 conjugates. [25][26][27][28][29][30][31][32][33][34][35][36][37][38][39][40] Indeed, BODIPYs are chemically stable and display remarkable photophysical properties, including high absorption coefficients and emission quantum yields. Another important feature relies on the ease of functionalization of the BODIPY core, allowing to tune its spectral and electrochemical properties. 41 In many examples, it has been shown that the PET in these BODIPY-C 60 assemblies was the main pathway leading to charge-separated states, 26,27,29,[31][32][33][34][35][36][37]39 whereas energy transfer appeared as a competitive process in a few cases. 25,28 The occurrence of this PET in these BODIPY-fullerene systems observed in solution could also be exploited in the construction of photocurrent-generating photoelectrochemical cells. These molecular photovoltaic devices have already been prepared from self-assembled monolayers (SAMs) of donorfullerene systems on gold surfaces, mainly with porphyrinfullerene conjugates. 42,43 However, the existence of energy transfer from the excited state of the chromophores to the metallic surface has appeared as a limiting factor for photocurrent generation. 2,42 In this context, it was recently proposed that helical peptide could be used as a spacer between the chromophore and the gold surface. The rigid helical conformation adopted by the peptide keeps the chromophore away from the surface and thus prevents (or limits) the quenching of the chromophore excited state. 44,45 Another remarkable feature of the helical peptide is related to its good electron mediator ability compared to an alkyl chain. 44,45 Thus, promising results have been recently obtained with peptide-based SAMs functionalized with electroactive and/or photoactive probes in the construction of devices for photo-energy conversion applications. [45][46][47] Consequently, we are interested in the synthesis of a BODIPY-C 60 dyad that could be associated with a helical peptide. The resulting BODIPY-C 60 -peptide assembly could then be immobilized on surfaces to develop photoelectrochemical devices. To accomplish this goal, we have to first address the synthesis and the photophysical characterization of a BODIPY-C 60 dyad that could be used as a building block in the design of dyad-terminated helical peptides (Figure 1).

Herein, we present the synthesis of a BODIPY-C 60 dyad obtained from a "clickable fullerene" and BODIPY derivatives. Previously reported BODIPY-C 60 dyads were prepared by direct functionalization of C 60 in the fi nal step. [26][27][28][29]31,32,[34][35][36][37][38]40 What makes our system different is the use of the "clickable" fullerene building block that bears two different reactive centers: an alkyne moiety on one side and a maleimide unit on the other side (Figure 1). This derivative can be easily functionalized using sequential orthogonal transformations based on copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) and thiol-maleimide "click" reactions, as we have previously demonstrated. 48,49 In the present study, the fullerene building block is functionalized with a BODIPY thiol, leaving the alkyne moiety available for further functional arrangement with a peptide azide through the use of a CuAAC reaction. 50 In this contribution, the photoinduced processes in this BODIPY-C 60 dyad were investigated, thanks to the combination of computational studies, spectroelectrochemical experiments, and steady-state and time-resolved spectroscopy techniques. The Journal of Physical Chemistry B 143.22, 144.0, 144.76, 144.79, 144.81, 144.84, 145.1, 145.2, 145.22, 145.3, 145.4, 145.42 (50 mL), and argon was bubbled through the solution for 10 min. To this oxygen-free solution were added successively kryptopyrrole (0.9 mL, 6.60 mmol) and trifluoroacetic acid (0.6 mL). The reaction mixture was stirred for 2 h; chloranil (0.71 g, 2.87 mmol) was then added, and the reaction was further stirred for 5 min. N,N-Diisopropylethylamine (DIPEA, 3.5 mL, 20.1 mmol) was then added to the mixture that was left to stir for 15 min. Boron trifluoride etherate (3.9 mL, 31.6 mmol) was finally introduced to the reaction. The resulting solution was stirred at room temperature for 2 h and evaporated to dryness. Purification of the black-red residue by column chromatography (SiO 2 ; EP/DCM, 1:2) gave 625 mg of a red solid in 44% yield. 1 (25 mL). The reaction mixture was stirred overnight under reflux at 60 °C. The crude product was taken up in DCM, washed with water, and finally dried over MgSO 4 . Purification of the crude product by column chromatography (SiO 2 ; DCM/EP, 1:1.3 then 1:1) gave 475 mg of a red solid in 81% yield. 1 H NMR (300 MHz, CDCl 3 ) δ 0.98 (t, 6H, J = 7. 5 Hz, H B ), 1.32 (s, 6H, H D ), 2.30 (q, 4H, J = 7. 5 0.16 mmol) was then added to this oxygen-free solution, and the resulting reaction mixture was stirred for 1 h. Potassium carbonate was filtered, and the solvent was evaporated under reduced pressure. Dried DCM (5 mL) was then added to the solid, and argon was bubbled through the solution for 10 min. To this oxygen-free solution was added tributylphosphine (0.04 mL, 0.16 mmol). The resulting reaction mixture was stirred for 30 min at room temperature and evaporated to dryness. Purification of the crude product by column chromatography (SiO 2 ; DCM/EP, 3:1) gave 60 mg of a red solid in 82% yield. 1 H NMR (300 MHz, CDCl 3 ) δ 0.98 (t, 6H, J = 7. 5 Hz, H B ), 1.33 (s, 6H, H D ), 1.74 (t, 1H, J = 8. 5 Hz, H I ), 2.30 (q, 4H, J = 7. 5 Hz, H C ), 2.53 (s, 6H, H A ), 2.96 (dt, 2H, J = 8. 4 Hz, J = 6. 4 Hz, H H ), 4.18 (t, 2H, J = 6. 4 Hz, H G ), 7.01 (d, 2H, J = 8. 6 Hz, H E or H F ), 7.18 (d, 2H, J = 8. 5 Hz, H E or H F ); 19 F NMR (282 MHz, CDCl 3 ) δ -145.73 (q, J = 34.8 Hz); 11 145.32, 145.34, 145.37, 145.42 (C sp2 C60 )]; 153.8, 158.9 (C sp2 BDP ); 163.5, 163.7 (C f ,C h ); 174.6, 176.9 (C l ). 19 F NMR (282 MHz, CDCl 3 ) δ -145.69 (q, J = 34.7 Hz); 11 The UV-vis absorption spectra were obtained on a Varian Cary5000 spectrophotometer, and corrected emission spectra were carried out on a Horiba FluoroMax+ in a right-angle configuration. The fluorescence quantum yields were measured relative to Rhodamine 590 in ethanol Φ F = 0.95 as a reference. Fluorescence intensity decays were measured by the TCSPC method with femtosecond laser excitation using a Spectra-Physics setup composed of a titanium-sapphire laser (Tsunami, Spectra-Physics) pumped by a doubled Nd:YVO4 laser (Millennia Xs, Spectra-Physics). Light pulses at 1000 nm were selected using optoacoustic crystals at a repetition rate of 4 MHz, and a doubling crystal is used to reach an excitation wavelength of 500 nm. Fluorescence photons were detected (at 90°) through a monochromator using a Hamamatsu MCP R3809U photomultiplier, connected to a SPC-630 TCSPC module from Becker & Hickl. The fluorescence data were analyzed by a nonlinear least-squares method with the aid of Globals software package developed at the Laboratory of The Journal of Physical Chemistry B Fluorescence Dynamics at the University of Illinois, Urbana-Champaign.

2. 3. Electrochemistry and Spectroelectrochemical Absorption. 2.3.1. Cyclic Voltammetry. BODIPY-thioacetate 4, fullerene 2, and BODIPY-C 60 dyad were dissolved in anhydrous DCM or benzonitrile containing 0.1 M n-Bu 4 NPF 6 into a standard three-electrode cell under a nitrogen atmosphere. Cyclic voltammetry measurements were then undertaken with a potentiostat using a platinum disk electrode and a large platinum counterelectrode to obtain the potentials versus an Ag wire pseudo-reference electrode. The latter was separated from the bulk solution using a capillary with frit. Potentials were calibrated versus ferrocene/ferrocenium.

2.3.2. Spectroelectrochemical Absorption. Spectra were recorded in a Varian Cary 5000 spectrophotometer using an OTTLE cell 51 composed of a Pt minigrid working electrode, a Pt wire counterelectrode, and an Ag wire pseudo-reference electrode connected to a potentiostat (CHInstruments 600). The sample was dissolved in dichloromethane containing 0.1 M hexafluorophosphate tetraethylammonium. Background was made on the cell filled with the electrolyte solution only.

2. 4. Transient Absorption Measurement. 2.4.1. Femtosecond Transient Absorption. Femtosecond UV-vis-NIR transient absorption spectra were collected on a commercially available system (Ultrafast Systems, Helios). The ultrafast laser system consisted of a short-pulse titanium-sapphire oscillator (Mai-Tai, Spectra-Physics, 70 fs) followed by a highenergy titanium-sapphire regenerative amplifier (Spitfire Ace, Spectra-Physics, 100 fs). The 800 nm beam was split into two beams to generate (1) pump (λ exc = 527 nm) in the optical parametric amplifier (Topas Prime with a NirUVis frequency mixer) and ( 2) probe pulseswhite light continuum in UV-vis-NIR (330-1370 nm) rangeusing a CaF 2 plate (330-660 nm), sapphire (440-780 nm), and YAG crystal (830-1345 nm). The pump pulse energy was 0.4 μJ. The absorbance was close to 0.86 at the excitation wavelength in a 2 mm optical path quartz cell. The sample solution was stirred using a Teflon-coated bar; no significant degradation was observed in laser sessions. Before experimentation, the solution was saturated with argon. The entire set of pumpprobe delay positions was repeated at least twice to ensure data reproducibility. The transient absorption data were corrected for the chirp of the white light continuum. The instrument response function (IRF) was about 200 fs (FWHM) in all experiments, but due to the strong transient signal of the PhCN solvent up to 2 ps, the shortest time constant cannot be precisely determined.

2.4.2. Nanosecond Transient Absorption. Nanosecond transient absorption measurements were conducted on a homebuilt setup, which has been described previously. 52 Briefly, the Nd:YAG pumped optical parametric oscillator (OPO) laser was used for sample excitation at 527 nm with an energy of ∼5 mJ per pulse. The pump laser source operated at 10 Hz. After excitation, the sample was probed with a pulsed nanosecond white light continuum laser (LEUKOS) at a repetition rate of 20 Hz. The probe beam was split into two arms, one for probing the sample and the other for reference in order to compensate for the pulse-topulse energy fluctuation. The probing arm after passing through the sample was coupled to an optical fiber bundle before being analyzed with a spectrograph SPEX 270 M (Jobin-Yvon). The detection of the dispersed white light was performed with an intensified CCD (ICCD) detector PIMAX 

where S ref on and S ref off are the reference spectra when the pump laser is on and off, respectively, and S prob off and S prob on are the probe spectra when the pump laser is off and on, respectively.

RESULTS AND DISCUSSION

3.1. Synthesis and Characterization. 3.1.1. Synthesis. The synthesis of the BODIPY-C 60 dyad (BDP-C 60 ) from the fullerene and BODIPY building blocks 2 and 6, respectively, is outlined in Scheme 1. Briefly, the fullerene derivative 1 was prepared in five steps according to our previously published procedure. 50 The desired fullerene building block 2, functionalized with a maleimide moiety, was then prepared from 1 by performing a retro Diels-Alder reaction. For the preparation of the second building block (6), the synthesis starts with the preparation of the BODIPY derivative 3. This latter was obtained using a three-step one-pot approach. The kryptopyrrole was reacted with 4-(2-bromoethoxy)benzaldehyde in dry dichloromethane (DCM) and trifluoroacetic acid followed by p-chloranil oxidation and final treatment with boron trifluoride etherate in the presence of diisopropylethylamine. The BODIPY 3 was then reacted with potassium thioacetate in acetone to give the BODIPY 4. The desired BODIPY The Journal of Physical Chemistry B building block 6, functionalized by a thiol moiety, was thus prepared by reacting BODIPY 4 with potassium carbonate in a mixture of DCM and methanol under argon. The crude mixture was composed of the desired thiol derivative 6 along with the disulfide 5. This byproduct can be easily reduced by reacting the crude mixture with tributylphosphine in DCM under argon to give exclusively the BODIPY-thiol 6 in 82% yield. This derivative was purified by column chromatography and was used directly in the final step. Finally, the synthesis of the BODIPY-C 60 dyad was realized by performing a Michael addition from the fullerene-maleimide 2 and the BODIPYthiol 6 in DCM in the presence of triethylamine. The BODIPY-C 60 dyad was isolated after chromatographic purification on a silica gel in high yield (87%). The Journal of Physical Chemistry B F imide ring. 1 H belonging to the chiral center (H n ) appears as a doublet of doublets at 4.04 ppm, while the methylenic protons (H m ) near this chiral center are diastereotopic and display an AB pattern. Furthermore, the methylenic protons of the BODIPY moiety (H H ) close to this chiral center are also diastereotopic leading to an AB pattern.

3.2. Computational Studies. 3.2.1. Conformations of the BODIPY-C 60 Dyad. The conformational search of the BODIPY-C 60 dyad was carried out by theoretical calculations at the semi-empirical PM3 level. We first considered a set of two conformers for each enantiomer, in which the fullerene moiety and the thiol-maleimide bond are located on the same or opposite side with respect to the imide ring including asymmetric carbon. The geometries of these conformers, denoted S-(I, IV) and R-(II, III), were optimized at the PM3 level, and the most stable conformers (Figure 3) were used as initial points for further conformational study.

Then, the potential energy surfaces were scanned as a function of the OCN-CH 2 CH 2 dihedral angle starting from R-(III) and S-(I) enantiomers to find out remarkable conformers when rotating the C 60 moiety. The results of the semi-empirical calculations show that there are at least two stable conformations for the dyad in the R and S configurations. For both enantiomers, the rotational energy barrier between the two conformational minima is low. Hence, the dyad can easily adopt either a folded or a stretched linear geometry through the motion of the fullerene part like a windshield wiper (Figure 5).

In addition, we have determined the center-to-center distances between BODIPY and C 60 for the most stable conformation. These distances are the same in the folded conformation for the (R) and (S) configurations, with a BODIPY-C 60 distance of 8.8 Å, while in the stretched linear conformation, there are minor differences in the BODIPY-C 60 distances with 20.0 and 17.5 Å for the (R) and (S) configurations, respectively (Figure 5). To summarize, due to the complexity of the conformation landscape of the dyad, we will focus on donor-acceptor distance to distinguish conformer 1 (R-o rS-folded), conformer 2 (S-stretched), and conformer 3 (R-stretched) with BODIPY-C 60 distances of 8.8, 17.5, and 20.0 Å, respectively.

3.2.2. Molecular Orbital Analysis. Finally, we also ran a single-point energy calculation using the long-range corrected cam-B3LYP hybrid functional and 6-311+g(d,p) basis set on the previously optimized conformations (S-(VII, VIII) and R-(V, VI), see Figure 5) of the BODIPY-C 60 dyad to get a picture of the molecular orbitals (MO). As expected for the stretched linear geometry and whatever the configuration, MO are exclusively localized on the C 60 or BODIPY moieties without delocalization (Figures S12-S14). It is noteworthy that the LUMO is localized on the C 60 electron acceptor while the HOMO is localized on the BODIPY electron donor unit.

We have observed a similar trend for the folded geometry (Figure 6 and Figures S11-S13 First, the absorption of the BODIPY 4 shows the expected strong S 0 -S 1 transition band at 527 nm and a higher energy S 0 -S 2 transition band at 380 nm. 53 By comparison, the main absorption band of the BODIPY-C 60 dyad is characteristic of this BODIPY fragment, while the expected contribution of the methanofullerene moiety is also present with a sharp band at 330 nm and a small band at 427 nm (Figure 7 and Figure S8). 54 It indicates that the C 60 moiety does not affect the absorption spectra of the BODIPY moiety in the BODIPY-C 60 dyad (for wavelengths longer than 440 nm), suggesting negligible ground-state interaction between BODIPY and C 60 entities.

Upon excitation at 500 nm, the fluorescence spectrum of the BODIPY 4 in benzonitrile showed the well-known emission band of classical BODIPY peaking near 537 nm. 55 The normalized fluorescence spectra are almost identical for the BODIPY 4 and the BODIPY-C 60 dyad, indicating that the BODIPY moiety is responsible for the dyad emission. The comparison of the fluorescence spectra of the BODIPY 4 and BODIPY-C 60 dyad recorded under the same conditions is shown in Figure 8a, while the photophysical parameters of these compounds are summarized in Table 1. As compared to the highly fluorescent BODIPY 4 compound with quantum The Journal of Physical Chemistry B yield Φ F = 0.73, the fluorescence of the BODIPY-C 60 dyad is strongly quenched for more than 90%. We have therefore undertaken time-resolved fluorescence measurements using time-correlated single-photon counting (TCSPC) to gain some insights about this quenching (Figure 8b).

First, the fluorescence decay of BODIPY 4 can be fitted with a single exponential function with a lifetime of 4.57 ns, which is characteristic of the BODIPY singlet excited state ( 1 BDP*). 53 Reversely, the fluorescence of the BODIPY-C 60 dyad has to be fitted with not less than three exponentials. A long-lived decay time (4.57 ns) similar to BODIPY 4 results has a minor 1% amplitude contribution and is easily attributed to the presence of "free BODIPY" because of the breaking of the thiol-maleimide bond, as already described in the literature. 56 In contrast, the two short lifetimes 80 and 320 ps with major amplitude contributions (41% and 57%, respectively) can be further demonstrated to relate with excited-state quenching, affecting two stretched conformers with different donor-acceptor distances in the dyad (see paragraph below). [57][58][59] To assess such quenching, we deduce radiative and nonradiative rate constants related to the corresponding fluorescence quantum yield and decay according to k r = Φ F /τ and k nr =1/τk r (Table 1). Using the average lifetime obtained for the BODIPY-C 60 dyad, we can notice that the radiative constant is very similar between the BODIPY-C 60 dyad and the BODIPY 4, but significant enhancement of the non-radiative constant is observed for the BODIPY-C 60 dyad. All these results strongly suggest that an interaction between the 1 BDP* and C 60 moiety in the BODIPY-C 60 dyad exists through an electron transfer and/or energy transfer from 1 BDP* to C 60 .

The ability of Forster resonance energy transfer (FRET) in the BODIPY-C 60 dyad molecule can be estimated by using Forster theory. The Forster radius R 0 (distance at which the energy transfer efficiency is 50%) is expressed according to eq 2 61
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where n is the refractive index of the solvent (n benzonitrile = 1.528), Φ d is the emission quantum yield of the donor chromophore in the absence of the acceptor (Φ d = 0.73 was used), κ 2 is the orientation factor, and I D (λ) is the entire emission intensity normalized to unity. ε A (λ) is the extinction coefficient of the acceptor. Considering a random distribution of dipole-dipole interaction (κ 2 = 2/3), which is a rough approximation, the R 0 value is assessed around 30 Å.

Using this value and the center-to-center distances of the BODIPY-C 60 dyad determined from semi-empirical calculations, the rate of FRET for the different conformations could be estimated from eq 3, in which τ D 0 is the excited-state lifetime of the donor in the absence of the acceptor:
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Among the different geometries (conformers 1-3), we decided to ignore the contribution of FRET for the folded conformers due to the short center-to-center distance in the BODIPY-C 60 dyad molecule (8.8 Å). Indeed, the main relaxation pathways of the excited state are likely to be the ultrafast electron transfer (see section 3.5). Thus, we have considered the two stretched linear geometry conformers 2 and 3 with the long donor-acceptor distances (17.5 and 20.0 Å). Two approximate rate constants of excitation energy transfer k en1 = 5.5 × 10 9 s -1 and k en2 = 2.5 × 10 9 s -1 have been found, which correspond to typical lifetimes of 180 and 400 ps, respectively. These estimations corroborate nicely two short fluorescence lifetimes 80 and 320 ps, which were measured in TCSPC. Thus, we propose that the excited states of two conformers 2 and 3 are probably affected by FRET quenching.

Electrochemical and Spectroelectrochemical Studies.

With anticipation, we expected some photoinduced electron transfer (PET) for the conformer 1 with a short distance between the donor and acceptor. Electrochemical studies are suitable to ascertain such statement. The Journal of Physical Chemistry B lyte. A platinum disk electrode was used as a working electrode, while a large platinum electrode was employed as the counterelectrode, and Ag wire was used as a pseudoreference. Ferrocene (Fc) was added as an internal reference, and all the potentials were referenced relative to the Fc/Fc+ couple. The half-wave potentials for the BODIPY-C 60 dyad along with those of the C 60 2 and BODIPY 4 derivatives are reported in Table 2. The cyclic voltammograms of these compounds performed in DCM are presented in Figure 9.I n the cathodic region, the BODIPY-C 60 dyad displays two reversible reduction waves (Figure 9c). By comparison with the reduction potentials of those of the C 60 2 (Figure 9a), these two waves are undoubtedly assigned to the two first reduction waves of C 60 . In the anodic region, the BODIPY-C 60 dyad gives a reversible oxidation wave that is assigned to the oxidation of the BODIPY moiety by comparison with the oxidation potential of the pristine BODIPY 4 (Figure 9b). The cyclic voltammograms (Figure S15) were also recorded in benzonitrile to get the redox potentials, which will be used for the driving force calculations. The cyclic voltammograms are broader and less defined than those in DCM. However, the BODIPY-C 60 dyad displays two first reversible reduction waves in the cathodic region corresponding to the fullerene core, while in the anodic region, the oxidation wave is partially reversible and attributed to the BODIPY moiety.

Since the values of the half-wave potentials of the BODIPY-C 60 dyad and the parents BODIPY and C 60 are identical (Table 2), we can conclude that no significant electronic interactions are found for the BODIPY-C 60 dyad in the ground state.

Driving Force Calculation (Free-Energy Changes).

Driving forces for the electron transfer were estimated based on redox potential measurements. The free-energy changes of the charge-separated state (ΔG CS ) and charge recombination (ΔG CR ) in the BODIPY-C 60 dyad system were estimated by using the Rehm-Weller approach, 62 according to eqs 4 and 5

Ge E E G CR ox 1/2 red 1/2 s -Δ = [ - ] -Δ (4) GE G () CS 0,0 CR -Δ = --Δ (5) 
in which

Ä Ç Å Å Å Å Å Å Å Å É Ö Ñ Ñ Ñ Ñ Ñ Ñ Ñ Ñ ( ) ( ) G , e RR R s 4 1 2 1 2 11 1 2 0r e f S c c S Δ =+- - πε ε ε ε +-
where ΔG s is the solvation energy, E ox is the half-wave potential for one-electron oxidation of the electron donor unit, E red is the half-wave potential for one-electron reduction of the electron acceptor unit, and E 0,0 is the energy associated with the 0,0 optical transition (the corresponding midpoint of absorption and emission). The symbol ε 0 is the vacuum permittivity, and ε ref and ε S refer to the dielectric constants of the solvents used for electrochemical and spectroscopic measurements, respectively. The symbols R + and R -refer to the radii of the radical cation and radical anion species, respectively. R CC is the center-to-center distance.

The calculated free-energy changes for the most stable conformations are given in Table 3. The values of ΔG CS and ΔG CR are negative in both DCM and benzonitrile solvents. These results show that electron transfer is thermodynamically favorable in both solvents.

According to the Forster and the driving force calculations, both the energy and electron transfers are likely to occur within the BODIPY-C 60 dyad molecule and might be both responsible for the BODIPY donor quenching. The Journal of Physical Chemistry B
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The spectroelectrochemical absorption spectra of the oxidized and reduced states of the pristine BODIPY 4 and C 60 2 are shown in Figure 10. As the applied voltage gradually increases from 0.9 to 1.1 V, an increasing positive band at 407 nm is observed (Figure 10a). This band is characteristic of the oxidized state of the BODIPY 4. 35 Figure 10b shows the NIR characteristic absorption bands of the reduced state of the C 60 2 pristine under voltage applied (-1.2 V). The first reduced state of C 60 (C 60

•-) has a sharp absorption band at 1035 nm. 24 The characteristic wavelength and profile of the reduced C 60 absorption band are an ideal guide to support the distinction between energy transfer and electron transfer processes in femtosecond transient absorption experiments (see the next section).

Transient Absorption Studies.

To depict the actual light-induced mechanisms standing on BODIPY-C 60 in taking into account the complexity of the conformer landscape (conformers 1-3) and the previous photophysical and photochemical insights, namely, emission, FRET, and PET, transient absorption spectroscopy is the suitable technique. In consequence, transient absorption in the femtosecond and nanosecond regimes was carried out upon 527 nm selective photoexcitation of the BODIPY moiety in the BODIPY-C 60 dyad in argon-saturated benzonitrile (Figures 11 and12, respectively). For comparison, the TA spectra of the BODIPY 4 and C 60 2 fragments in argon-saturated benzonitrile are presented in Figures S16 and S17. In the case of the femtosecond regime, both UV-vis and NIR detection regions were successively registered.

3.5.1. Identifying Transient Species Spectral Signatures. Due to the complexity of the data, we will first review all the excited-state transient spectral signatures that will be chosen in order to perform global fitting analysis for the dyad considering both moieties separately. It is worth reminding that within the framework of both FRET and PET mechanisms between BODIPY and C 60 moieties (apart from classical photophysics), the transient species of interest are the 1 BDP*, 1 C 60 *, 3 C 60 *, BDP •+ , and C 60

•-species (Figure 11a). First, as seen in Figure S16 and Figure 11a, the singlet excited state of the BODIPY 4, i.e., 1 BDP*, is characterized by positive signatures at 340 and 450 nm together with a broad band in the NIR region with the maximum at 1278 nm. Additionally, the singlet excited state of the C 60 2 shows wide absorption features in the whole visible and NIR region with a characteristic dip at 427 nm related to the ground-state bleaching. The contribution in the NIR region from 1000 to 1200 nm has been barely reported in the literature (Figure 11 and Figure S16). 63 Then, the triplet excited state of the C 60 2 ( 3 C 60 *) in argon-deaerated benzonitrile was found at 700 nm in nanosecond TA with the lifetime 6.6 μs( Figure S17). Finally, the spectral signature of BDP •+ and C 60

•

-has been investigated with a spectroelectrochemical setup (see above) with absorption bands at 407 and 1035 nm, respectively. Analysis will be quite complex since both C 60

•

-and 1 C 60 * display a very similar absorption feature in the NIR. Both species present a peak at about 1030-1050 nm, and 1 C 60 * shows an additional peak around 910 nm.

3.5.2. Photophysics and Charge Transfer of the Dyad. In Figure 11, for the sake of simplicity, the TA spectra of the BODIPY-C 60 dyad are divided into four temporal windows distinguishing UV-vis [330-600 nm] and NIR regions [600-1400 nm] (eight panels in total). In parallel, we performed a fitting analysis choosing eight characteristic wavelengths with all the details given in Figures S18-S20 and Table S1.A sj u s te x p l a i n e da b o v e ,t h ec h o i c eo ft h e wavelength has been made for the following reasons: the kinetic traces at 344, 427, and 1278 nm correspond to 1 BDP*, at 700 nm correspond to the triplet excited state of C 60 ( 3 C 60 *), and at about 910 nm correspond to the main band of the singlet excited state of C 60 ( 1 C 60 *). 24,25,34 Negative absorption bands at 495 and 555 nm are assigned to the ground-state bleaching and stimulated emission, respectively. Finally, the kinetics of the charge transfer state can be followed at about 1045 nm corresponding to the first reduced state of C 60 (C 60

•-), as shown in the spectroelectrochemical measurements. The global fitting procedure converged with five characteristic times: a very short time of <1 ps, 4 ps, 50 ps, 230 ps, and 1600 ps.

As seen in the first panels (time window, -0.3 to 0.5 ps), in parallel to the rise of 1 BDP*, the clear rise of C 60

•-is observed, providing evidence for an ultrafast charge transfer process from the Franck-Condon (FC) region (Figure 11b). To highlight such an effect, the absorption band of spectroelectrochemistry related to C 60

•-has been superimposed. This ultrafast charge transfer process, with a probable rising time of several hundreds of femtoseconds, may correspond to conformer 1, with a shorter donoracceptor distance of 8.8 Å, as illustrated in Figure 13. In the second temporal window ([0.5-100 ps]), an additional rise accompanied by narrowing of the C 60

•-band is observed with a characteristic time of 4 ps (Figure 11c). This process may be interpreted as a vibrational cooling 64 of C 60

•-initially formed with excess vibrational energy. Furthermore, the decay of 1 BDP* is concomitant with a rise with 320 ps TCSPC, see above) assigned as energy transfer in conformer 3. Moreover, we notice that the small features at around 1045 nm remain constant, in contrast with the increasing 910 nm large band of 1 C 60 * (Figure 11d). This constant signal is likely to be explained by the simultaneous population of 1 C 60 * and depopulation of C 60

•-due to the charge recombination process. The time constants of the charge recombination and the first energy transfer are then approximatively estimated to be ∼50 ps.

For the final temporal window [300-2700 ps], the decay of the 1 C 60 * band is noticed concomitantly with two other expected processes: (i) a ground-state recovery (bleaching band) and (ii) a rise of 3 C 60 * transient band at 700 nm. This last observation gives evidence for the intersystem crossing (ISC) of 1 C 60 * to 3 C 60 * with a characteristic time of about 1.6 ns, which is exactly the same time as that reported by Palit et al. 65 To explore dynamics over the ns-μs time window, nanosecond transient experiments at an excitation wavelength of 527 nm were also performed on deaerated benzonitrile solution of the BODIPY-C 60 dyad. Figure 12 shows the transient spectra and decay of the BODIPY-C 60 dyad, with the absorption bands at 400 and 700 nm, which can be attributed to the absorption of 3 C 60 * formed from the intersystem crossing process (see Figure S17). 3 C 60 * decays with a time constant of 5.2 μs.

The overall transient spectroscopy data analysis together with the previous findings can be summarized with an energy diagram for the different photoinduced events of the BODIPY-C 60 dyad in benzonitrile in Figure 13, taking into account the different conformers. The energy levels of the BODIPY-C 60 dyad intermediates in benzonitrile are obtained from the excited-state energies and the redox potentials of the donor and acceptor units. The lifetime of the conformers 2 and 3 reported in the diagram was obtained from the timeresolved fluorescence measurements (Table 1). The time constants of the energy transfer process estimated from transient absorption kinetics were 50 and 230 ps for the conformers 2 and 3, respectively, which are consistent with the fluorescence lifetime of these two conformers. Note that the contribution of energy transfer is more important for the conformer 2 with shorter fluorescence lifetime, indicating that the major contributions of 1 C 60 * and consequently 3 C 60 * were obtained from this conformer. The single exponential behavior of 3 C 60 * observed in nanosecond transient absorption measurements is also in agreement with the fact that the excited state of C 60 was principally formed from the conformer 2.

CONCLUSIONS

We have presented herein the synthesis and complete characterization, including semi-empirical and DFT calculations and electrochemical and photophysical studies, of a new molecular BODIPY-C 60 dyad containing a BODIPY chromophore covalently linked to a fullerene acceptor. The geometries of at least three conformations of the BODIPY-C 60 dyad are deduced from semi-empirical calculations with short and long acceptor-donor distances. The strong fluorescence quenching and the decrease in fluorescence lifetime in the BODIPY-C 60 dyad are evidence of an interaction between 1 BDP* and C 60 moieties.

Transient absorption measurements were then conducted to decipher the overall excited-state mechanism in the dyad. Electrochemical studies allow the estimation of the energy of intermediate states, whereas spectroelectrochemistry measurements in the UV-vis-NIR region give the spectral signature of the acceptor in a reduced state, allowing assignment of the photoinduced charge-separated state. Transient absorption 
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experiments demonstrate that both energy and electron transfers occur in this system. Ultrafast charge transfer from the Franck-Condon and 1 BDP* states to the C 60 moiety was attributed to the folded conformer with the BODIPY-C 60 short distance. The energy transfer pathways come from the extended conformers. Such spectroscopic and electrochemical results have allowed a better understanding of all relaxation pathways of such a flexible BODIPY-C 60 dyad, which is a mandatory step before their immobilization on surfaces. Studies are currently in progress in order to immobilize the BODIPY-C 60 dyad associated with helical peptides to develop photoelectrochemical devices.
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NMR spectra of the BODIPY-C60 dyad -Figures S1-S7 Table S1. Compilation of the various fitting time constants of the femtosecond transient kinetic traces at specific bands of the BODIPY-C60 Dyad (5.5x10 -5 M) in argon-saturated benzonitrile, exc 527 nm. *Due to the strong signal of the PhCN solvent up to 2 ps, the shortest time constant can not be precisely determined. Abbreviations: rising time (r); decay time (d); singlet excited stated of the BODIPY ( 1 BDP * ); singlet excited stated of the C60 ( were then treated by Anam Fatima and the complete analysis will be outlined in her dissertation. In this chapter, we only represent the preliminary results and highlights of these measurements.

Introduction

Fullerene [60] is a fascinating three dimensional nanostructure, with outstanding photophysical and electrochemical properties that has promising applications in material [1] and life sciences. [2] Chemical modification of the fullerene core not only increases the solubility of the resulting fullerene derivatives, but also allows the synthesis of sophisticated molecular assemblies, such as Donor-Acceptor systems. [1] The main strategy to prepare such derivatives is to functionalize the fullerene core in the final step of a given synthesis (direct approach) [3] while the post-functionalization of fullerene building blocks (indirect approach)

has been more rarely considered. Nevertheless, a few research groups have investigated interesting coupling strategies including esterification, [4] amidation [5] and condensation [6] for post-functionalization of fullerene derivatives. More recently, the copper-catalyzed alkyneazide cycloaddition (CuAAC), simultaneously discovered by Sharpless [7] and Meldal, [8] arose as an efficient way to functionalize fullerene derivatives, [9] and to prepare a large variety of new advanced materials [10,11] and bioactive compounds. [12] The use of the CuAAC reaction in fullerene chemistry has allowed the synthesis and isolation of discrete derivatives that would be difficult to access using the direct approach. This is particularly the case when preconstructed fullerene hexa-adducts are combined with dendrimers for the construction of giant molecules, [13] or when fullerene C 60 is combined with polymers, [14] biological systems, [15] and other carbon nanoforms. [16] The main strategy that has appeared relies on the use of monoand multi-adducts of fullerene building blocks functionalized by identical reactive moieties, either azide or alkyne units. [9c-d, 13] The functionalization of fullerene building blocks bearing two different "clickable" moieties, has only been reported with hexa-adducts of C 60 , in which the fullerene core is used for its three dimensional structure. [12c, 17] To our knowledge, the functionalization of a mono-adduct of C 60 bearing two orthogonal CuAAC clickable moieties has not been described in the literature. This approach seems to be very appealing, since it could allow the preparation of fullerene derivatives with diverse appendages displaying different properties, while keeping the electrochemical and photophysical properties of fullerene C 60 . We previously described a dual clickable fullerene, bearing two different functions (alkyne and maleimide), that could undergo sequential CuAAC and thiol-maleimide Michael addition reactions. [18] This strategy allowed the preparation of a set of photo-and/or electroactive fullerodendrimers and cysteine-functionalized fullerene assemblies. [19] However, this method displays some limitations: possible retro-Michael reactions of the adducts in solution, [20] and introduction of a chiral center resulting from the thiol-maleimide addition, which can be problematic if an enantiopure form is required. [21] To circumvent these limitations, we decided to replace the maleimide moiety by a second clickable CuAAC function in a new methanofullerene platform. As azide-functionalized fullerene monoadducts are unstable in the solid state, [9b] a building block bearing two alkyne moieties, one terminal and one protected, was preferred.

In this article, we report the synthesis of a new methanofullerene platform that bears on one side an alkyne and on the other side a protected alkyne. We first investigated two alkyne protecting groups, trimethylsilyl (TMS) and tri-iso-propylsilyl (TIPS) for their stability under different CuAAC conditions, as it is known that TMS protected alkynes may undergo slow deprotection into terminal alkynes under CuAAC conditions, while the TIPS protected alkyne is stable. [22] Once the stability of these protecting groups had been assessed, the reactivity of the new platform was examined in the following reaction sequence: a 1 st CuAAC reaction of the terminal alkyne, deprotection of the protected alkyne, and finally a 2 nd CuAAC reaction.

In order to prepare C 60 derivatives with significant value from the viewpoint of synthetic and materials chemistry, we combined our new methanofullerene platform with light harvester/electron donor derivatives. Among the different families of donor chromophores that have been associated with C 60 , we selected 4,4'-difluoro-4-bora-3a,4a-diaza-s-indacenes (referred to as BODIPYs), which display outstanding optical and photophysical properties, including high absorption coefficients and emission quantum yields. Their association, that gives rise to photo-induced energy transfer and/or electron transfer has been developed for different applications including artificial photosynthetic systems, [23] triplet-triplet annihilation up-conversion, [24] photocatalysis, [25] and more recently as an antimicrobial agent. [26] In addition, BODIPYs can be easily functionalized, resulting in the modulation of their optical and electrochemical features. [27] Two different azide BODIPYs, a BODIPY (BDP) and a distyryl-BODIPY (DSBDP) that absorb in different spectral ranges, were linked to the methanofullerene platform using either stepwise or one-pot processes, resulting in a BDP-C 60 -DSBDP triad that displays panchromatic light capture (from 300 to 700 nm). In this triad, the fullerene is placed between the two light harvester/electron donor derivatives, a different design than in previously reported BODIPYs-C 60 triads. [23h, 25c, 28] From this particular arrangement, one could expect that the photophysical behavior of this assembly should be as complex as that observed with a BODIPY-azaBODIPY-C 60 triad in a V-configuration [28b] with competitive light induced energy transfer and electron transfer events.

Results and discussions

Synthesis of methanofullerene platforms and stability of the alkyne protected groups under

CuAAC conditions

The synthesis of the two new methanofullerene platforms is presented in Scheme 1. We firstly prepared two non-symmetrical malonate derivatives with two different silyl protecting groups (1a: TMS, 1b: TIPS) for the alkyne, by reacting the monoalkyl malonate with either commercially available 5-(trimethylsilyl)pent-4-yn-1-ol or 5-(tri-iso-propyl)pent-4-yn-1-ol [29] under EDCl/DMAP coupling conditions. The reaction of the malonates 1a and 1b with fullerene C 60 under Bingel reaction conditions provided the corresponding methanofullerene derivatives 2a and 2b in 65 and 58% yields respectively. The stability of compounds 2a and 2b under two sets of CuAAC reaction conditions that we had previously [18][19] used for CuAAC coupling between an alkyne moiety part of a fullerene building block and an azide was then evaluated. The first set of conditions relies on the use of copper sulfate (CuSO 4 , 1 eq.) and sodium ascorbate (Na ascorbate, 2 eq.) in a mixture of dichloromethane/water (1/1)

for 24 hours at room temperature. [18] The second experiment used a mixture of copper (I) bromide (CuBr, 1eq.) and N,N-diisopropylethylamine (DIPEA, 1 eq.) in dichloromethane at room temperature for 24 hours. [19] The stability of these compounds were assessed by TLC and proton NMR. As expected, compound 2b with a TIPS protecting group was found to be stable under these conditions. [22b] Surprisingly, compound 2a also appeared to be stable, and deprotection to a terminal alkyne was not observed under these conditions. 

Synthesis and characterization of dissymmetric BDP-C60-DSBDP triad using CuAAC reactions

Once the stability of the alkyne protected groups on the fullerene platforms had been tested in different CuAAC conditions, we then investigated the grafting of BODIPY azides to the fullerene building blocks. For this study, the methanofullerene 2a was chosen, since the TMS protecting group can be cleaved more easily than the TIPS group. [22b] The synthesis of the two BODIPY azides (BDP-N 3 4 and DSBDP-N 3 5) is presented in Scheme 2. Initially, the BODIPY 3 (BDP-OH) was synthesized using a three-step one-pot approach as described in the literature. [30] The corresponding BODIPY azide derivative was obtained by a new one-pot procedure in 80% yield, by reacting 3 with N-bromosuccinimide (NBS) and triphenylphosphine (PPh 3 ) in dichloroethane at 0°C for one hour, followed by an in situ reaction with sodium azide (NaN 3 ) for 15 hours at 80°C. The distyryl-BODIPY 5 (DSBDP-N 3 ) was then obtained in 50% yield through Knoevenagel condensation of BDP-N 3 4 with benzaldehyde. Next, the "click-deprotection-click" sequence between the methanofullerene 2a and the BODIPY azides 4 and 5 was examined. The methanofullerene 2a was reacted with 1.1 eq. of compounds 4 (Scheme 3, A) or 5 (Scheme 3, B) under our previously reported conditions, using equimolar amounts of CuBr and DIPEA at room temperature. The dyads 6

and 7 thereby obtained were isolated in high yields. The deprotection of the TMS alkyne in dyad 6 was attempted using classical conditions (TBAF in THF). [22b] Although the starting material was completely consumed within 15 minutes (monitored by TLC), no desired product was detected in the crude reaction mixture. We then attempted the deprotection with TBAF by changing the solvent from THF to dichloromethane. Under these conditions the TMS-alkyne protected methanofullerene 6 was successfully deprotected, and the resulting product isolated in 85% yield. In subsequent experiments, the deprotection step was followed immediately by the second click reaction, without isolating the deprotected intermediate. 371 nm due to the S o →S 2 transition. [31] The spectrum of the DSBDP 5 exhibits an intense and large absorption band at 637 nm, this S o →S 1 transition is red-shifted compared to that of 4 owing to the extended conjugation of the BODIPY core. [32] The additional bands in the UV region of 5 are ascribed to the  distyryl subunits (345 nm) along with a shoulder attributed to the S o →S 2 transition of the BODIPY backbone. The fullerene derivative 2a displays typical signatures of a methanofullerene with a sharp band at 327 nm and a smaller band at 426 nm. [33] The absorption of the dyads 6 and 7 are respectively the sum of the absorption of fullerene 2a and the BDP 4, and of fullerene 2a and DSBDP 5. The same trend is observed in the absorption of the triad 8, which is the superposition of the absorption of the three photoactive components (i.e. C 60 , BDP and DSBDP). These findings suggest a negligible ground state interaction between the BODIPYs (BDP and/or DSBDP) and the fullerene entities in the dyads and the triad, respectively. Finally, owing to the presence of two differently functionalized BODIPY derivatives on the same fullerene core, the triad 8 reveals good spectral coverage from 300 to 700 nm, which could be beneficial in the areas of broadband capture. [23b, 34] Steady BDP 4 and DSBDP 5 exhibited strong fluorescence at 536 nm ( exc =495 nm) and 651 nm ( exc =605 nm) with high fluorescence quantum yields (Table 1). However, in the dyads 6 and 7, the intensities of the BDP and DSBDP emission bands were found to be quenched by over 98% and 94%, respectively. The quenching of the fluorescence observed in these dyads indicates the presence of intramolecular quenching events, such as electron-transfer (ET)
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and/or energy transfer (EnT) processes. Energy transfer in the BDP-C 60 dyad cannot be excluded due to the spectral overlap between BDP emission and methanofullerene absorption.

As far as the DSBDP-C 60 dyad is concerned, a similar system combining the same chromophores was described in which electron transfer was demonstrated, [35] while energy transfer was excluded. However, energy transfer cannot be totally discounted [25a] in our system even though the spectral overlap between DSBDP emission and methanofullerene absorption is minimal.

Furthermore, when the BDP-C 60 -DSBDP triad 8 was excited at 495 nm, the emission band of the BDP moiety was also found to be quenched by over 99%, with the appearance of a new peak at around 650 nm corresponding to DSBDP emission. This suggests the occurrence of singlet-singlet energy transfer from the excited 1 BDP* to the DSBDP. The excitation spectrum of the triad was then recorded at 670 nm (emission of 1 DSBDP *). This spectrum revealed excitation peaks of both BDP and DSBDP, confirming the occurrence of an energy transfer process (Figure 3-right). In addition, the excitation spectrum does not perfectly match the absorption spectrum in the BDP region. This indicates the occurrence of additional photochemical events in the triad when the BDP was excited, most likely from To decipher the exact nature of the processes in the dyads 6 and 7 and the triad 8, transient absorption measurements will be performed, but we consider that these analyses go beyond the scope of this work. [36] 

Electrochemistry

The electrochemical properties of the parent BODIPYs 4-5, of the dyads 6-7 and the triad 8

were studied by cyclic voltammetry (CV). All experiments were performed at room temperature in dichloromethane solutions using tetra-n-butylammonium hexafluorophosphate to the formation of the BODIPY -radical anion (BDP •-). [37] In the voltammogram of 5, the presence of the two styryl groups added to the BODIPY core affects both oxidation and reduction potentials, the DSBDP derivative is more easily reduced and oxidized. [23b] Thus in the cathodic region, the reduction of the BODIPY core to DSBDP •-is reversible and anodically shifted by 340 mV in 5 relative to 4. In the anodic region, the oxidation of the BODIPY core to DSBDP +• is also reversible and cathodically shifted by 140 mV in comparison with 4.

Dyad 6 shows two reversible reduction processes at -1.05 V and - 1.43 V that are attributed to the successive reduction of the fullerene core into the radical anion (C 60 •-) and dianion (C 60 2-). [19] The reduction of the BODIPY core in this dyad was not investigated due to the instability of the methanofullerene moiety after several reductions processes, known as the retro-Bingel reaction. [38] In the anodic region, the one-electron reversible oxidation wave observed at 0.6 V was attributed with certainty to the BDP +• in agreement with the CV of 4. In the anodic region, the two reversible oxidations processes observed at 0.50 V and 0.64 (V vs Fc + /Fc) are assigned to the oxidation of the DSBDP and the BDP moieties, respectively.

Cyclic voltammogram of dyad

Finally, on the basis of the same redox potential analysis, we can also conclude that no significant electronic interactions are found for the dyads and the triad in the ground state. 

Computational studies

Computational calculations were performed to visualize the geometry and electronic structures of the dyads and the triad. The conformational search of the BDP-C 60 and DSBDP-C 60 dyads was firstly considered to find minima energy conformers. To achieve this, theoretical calculations at the semi-empirical PM3 level were initially carried out. To take into account the effects of the conformational degrees of freedom of these systems, a detailed analysis of the potential energy surface (PES) should be performed. However, a full analysis of the PES surface would be too time consuming, owing to the very large number of degrees of freedom in these dyads. Thus, a simplified strategy was preferred by selecting one relevant degree of freedom that is expected to largely affect the relative position of the fullerene and the BODIPY moieties. The selected parameter is the dihedral angle  defined by the C95, C96, C99 and C102 atoms (Figure S43). finding suggests the absence of noteworthy interactions between the fullerene and BODIPY moieties in the ground state. In addition, these computational calculations show that for the BDP-C 60 dyad 6 the HOMO is located on the BODIPY entity, while the LUMO is on the C 60 moiety (Figure S44). This computational result is perfectly consistent with the electrochemical data, in which the oxidation wave is located on the BDP site, while the 1 st reduction is localized on C 60 . The DSBDP-C 60 dyad 7 shows a largely similar behavior.

However, we can note that the HOMO is fully delocalized on the BODIPY and styryl moieties, and a similar trend is observed for the LUMO+3 which is located on the entire BODIPY-styryl part (Figure S45). Additionally, energies of the HOMO and LUMO+3

(corresponding to the BODIPY entities) revealed a difference in these two dyads: higher HOMO and lower LUMO+3 were found for the DSBDP (Figures S44-S45). Thus, the calculated HOMO-LUMO+3 energy gap is slightly smaller in the DSBDP-C 60 dyad 7. This finding corroborates those obtained by electrochemistry and by absorption measurements.

Finally, computational calculations for the DSBDP-C 60 -BDP triad 8 gives a "superposition" of the results obtained for the dyads. The HOMO-1 and the HOMO are located on the Bodipy and the entire Bodipy-styryl part, respectively, while the LUMO is located on the C 60 entity (Figure 7). These computational results are in agreement with the electrochemical data, since the 1 st oxidation, 2 nd oxidation and 1 st reduction waves can be associated to the DSBDP (HOMO), BDP (HOMO-1), and C 60 (LUMO) entities, respectively.

Conclusion

In summary, we have reported for the first time the synthesis of a new clickable methanofullerene platform that bears on one side an alkyne and on the other a protected alkyne. Two alkyne protecting groups, trimethylsilyl (TMS) and tri-iso-propylsilyl (TIPS),

were investigated in this study. The use of the TIPS group was motivated by the well-known instability of the TMS group under CuAAC reactions conditions. Firstly, two sets of CuAAC conditions currently used in fullerene chemistry were used to assess the stability of the protecting groups in this platform. The TIPS protecting group was found to be stable, but unexpectedly the TMS group also withstood these conditions. Once this stability had been demonstrated, the new methanofullerene platform bearing the TMS-alkyne unit was combined with two azido BODIPYs derivatives, used as light harvester/electron donors derivatives. We believe that the use of this dual clickable fullerene platform, easily functionalized by two successive CuAAC reactions, could have a significant impact in the field of fullerene chemistry. This approach should allow a straighforward access to fullerene derivatives that could be of interest in the fields of materials science. We are planning to combine light harvester/electron donor and helical peptides to this platform with the goal of developing photoelectrochemical devices. This work is currently underway in our laboratory.

Experimental Section

General Information. All organic reagents and solvents were purchased from commercial suppliers (Sigma-Aldrich, TCI, and others) and were used as received Computational details. Computational geometry optimizations were performed at the PM3 semi-empirical and at the B3LYP/6-31g(d) levels using Gaussian 09 software. [39] Stationary points were confirmed as local minima by a frequency calculation (absence of imaginary frequencies). A single point energy calculation at the cam-B3LYP/6-31(+)g(d,p) level was then done to generate plots of the molecular orbitals. The GaussView 5.0 software was used to generate molecular orbitals.

Pent-4-ynyl mono malonate [40] and 5-(tri-iso-propyl)pentyn-4-yn-1-ol [29] were prepared according to procedures reported in the literature. Azido-Bodipy 4 and azido-distyrylBodipy 5

were prepared using a modification of the synthetic route reported in the literature. [41] Compound 1a: In a three neck round bottomed flask, pent-4-ynyl mono malonate (1. 32 
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Synthesis of 5-(tri-iso-propyl)pent-4-yn-1-ol

In a round bottomed flask 4-pentyn-1-ol (3 g, 35. The organic phase was dried with MgSO 4 , filtered, and concentrated under reduced pressure.

After purification by column chromatography on silica gel (cyclohexane/ethyl acetate 9/1), 6.5 g of a yellow oil was obtained (yield= 76% 

Cartesian coordinates of remarkable conformers (Semi-empirical calculations PM3)

Dyad BDP-C60 In addition, the original strategy adopted for the methanofullerene II allowed the synthesis of the synthesis efficiency, structural geometry, photophysical and photodynamic properties will be discussed on the first place in the following section (section 2.4.1). Then, the preliminary photodynamic results on the triad 2.3 will be presented in the section 2.5.1.

Thiol-Maleimide Vs Triazole

Despite the structural difference between the BDP-C 60 dyads 2.1 and 2.2 due to the nature of the linker attaching the BDP derivative to the C 60 platform, both dyads revealed quite similar behaviors from the geometrical, photophysical and photodynamic point of view. However, major differences regarding the number of required synthetic steps and purifications in addition to the overall reaction efficiencies appeared during the synthesis of the target dyads 2.1 and 2.2.

For instance, the target BDP-C 60 Normalized A Delay (ps) 

Towards the design and characterization of complex BDP-C 60 architectures

We have seen in the previous chapter of this dissertation the strategies adopted in the literature to improve the electronic, photophysical, and photodynamic properties of covalently-linked D-A conjugates. Therefore, we wanted to investigate the effect of adding supplementary light harvester/electron donors or acceptors to the other side of the BDP-C 60 dyads on the photophysical and photodynamic properties (photoinduced events and radical ion pair kinetics). The synthesis of such new complex architectures can be easily achieved on our BDP-C 60 conjugates thanks to the accessible alkyne derivatives (terminal alkyne in dyad with long-lived triplet excited state lifetimes (250 μs). This value is considerably higher than those obtained for similar systems reported in the literature. [12,13] 

Contorted Dumbbell -type BDP-C 60 -C 60 -BDP tetrad

Introduction

Dumbbell-like [60]Fullerene assemblies, in which two fullerenes are covalently connected through a linker serving as a bridge, have attracted considerable attention in the last two decades due to their high potential in various applications including supramolecular chemistry, organic electronics and biomedicine. [14,15] However, despite their interesting physico-chemical properties, fullerene dimers are largely unexplored in the literature compared to pristine C 60 chemistry. This is mainly due to the poor solubility of the resulting bis-fullerene assemblies in common solvents, which render their appropriate characterization quite complicated. Nevertheless, significant progress has been achieved in the past two decades by introducing soluble appendages to the bis-fullerene assemblies resulting in the formation of soluble and stable dumbbell-type fullerenes derivatives.

Among the reported strategies, we can cite (a) the direct binding of pristine fullerene via C-C bonds such as dimerizations, (b) linking multiple fullerenes with a bisfunctional bridging addend, and (c) homocoupling of fullerene derivatives bearing a suitable linker. [16] The main These triads, in which the donor (such as piperazine, TTF, porphyrin, ferrocene, pthalocyanine, and recently BDP) [11,14,[17][18][19][20][21][22] is placed between two fullerene cages, revealed an improvement in the stabilization of the CS state lifetimes compared to the conventional D-A dyads. Although no significant electronic communication between the three redox entities in the ground state was detected in the majority of the reported C 60 -donor-C 60 assemblies, the enhancement of the photophysical and photodynamic properties was mainly attributed to the addition of the second fullerene cage in the A-D-A conjugate. The correlation of the dumbbell-type arrangement with their enhanced properties is still unclear at present. [14] Designing a D-A-A dumbbell-like array, where the fullerene cages are placed at a proximate This original topology, constructed for the first time, could probably improve the photophysical and photodynamic properties in the ground and excited states as compared to the conventional dyad BDP-C 60 2.2. Preliminary analyses by steady-state and time-resolved spectroscopies were carried out for this system and seem to confirm this point. Nanosecond and femtosecond transient absorption spectroscopies have been conducted on the dumbbell-type tetrad 2.5 in order to understand the exact mechanism of the photo-induced events taking place within this molecular assembly. The obtained data are still under investigation by our collaborators and thus will not be provided in this report. 

Results and discussion

Synthesis

Conclusion and future directions

We have seen in the sections 2. Finally, considering the photophysical and photodynamic properties of the dyads 2.1 and 2.2

that revealed PET and EET between the redox counterparts (BDP and C 60 ) upon 
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Introduction

We have evoked in the bibliographic part of this dissertation the main strategies for the formation of long-lived charge separated states in organic-based D-A systems that was mainly achieved by the addition of supplementary light harvesters or/and redox centers leading to multiple photo-induced events or/and cascade electron transfer processes. In the previous chapter, we exploited this approach on our BDP-C60 dyad with suitable functionalities at the appropriate positions (namely  and -positions) could undoubtedly provide the formation of assemblies with modified photophysical properties.

Depending on the selected position of the BDP core, one can expect the formation of assemblies that can absorb in the visible region or in the NIR region, which represents 70% of the solar spectrum. Moreover, the addition of supplementary strong electron donors with proper redox potentials at these positions could result in a push-pull or push-pull-push effect contributing in the maximization of the solar energy absorption due to additional transitions bands in the visible and NIR regions (intramolecular charge transfer ICT bands). 

Tetrathiafulvalene (TTF): discovery, structure and properties

The first synthesis of TTF was reported in 1970 simultaneously by Wudl [3] and D. L. Coffen [4] and their coworkers in two different strategies. The chemical structure of TTF, which is characterized by two 1,3-dithiolidine rings covalently connected by an alkenyl bridge, is behind its remarkable electronic, redox and geometrical features (Figure 3.2). Indeed, the electrochemical investigations on TTF has shown its ability to endure two reversible oneelectron oxidations at very low redox potentials resulting in the sequential formation of stable radical cation (TTF . + ) and dication (TTF 2+ ) under mild conditions (E1/2 1 = 0.32 V and E1/2 2 = 0.71 V vs. SCE in acetonitrile). In fact, neutral tetrathiafulvalene is a non-aromatic 14 π-electron system that is characterized by a slightly boat-like structure with C2v symmetry. The nonaromatic character is due to lack of conjugation around the dithiolidine rings. Upon first oxidation, yielding the radical cation TTF .+ , one of the dithiole rings becomes aromatic by gaining 4n+2 π-electron using the remaining double bond, the two lone pairs from the sulfur atoms, and the vacant π-orbital from the center holding the positive charge. Subsequently, the further oxidation to TTF 2+ is accompanied by an increase of aromaticity resulting from the 6 π-electron heteroaromaticity of both dithiole rings in respect to TTF .+ (Figure 3.2). Hence, both TTF radical cation and dication are characterized by planar structure identified by D2h and D2 symmetry, respectively. [5] Figure 3.2. TTF structure and the formation of radical cation and dication species upon sequential oneelectron oxidation processes.

These remarkable properties made the TTF of high interest in molecular electronics applications as semiconductors, superconductors and organic metals. In fact, only three years after its discovery, the first famous "solid organic metal" was synthesized by the association of TTF and electron acceptor tetracyanoquino-dimethane (TCNQ) (Figure 3.3). [6] The obtained crystalline stacks, prompted by the adjacent - stacking between TTF .+ and TCNQ .-, displayed a unidirectional conductivity in a charge transfer complex over a wide temperature range and down to 59 K. Following this pioneering work, a huge amount of papers have been published

dealing with the exploitation of the TTF conductivity properties and the improvement of their electron donating character. For example, we cite the discovery of organic superconducting salts such as the Bechgaard salt based on selenium-containing TTF tetramethyltetraselenafulvalene (TMTSF) [7] and the bis(ethylenedithio)-tetrathiafulvalene (BEDT). [8] Besides, TTF derivatives have emerged during the past twenty years as a crucial building block in the design of covalent D-A systems with application in the fields of NLO, photovoltaics, and molecular electronics. [9][10][11][12][13][14][15][16][17][18] Additionally, TTF-based D-A conjugates has also been extensively incorporated in the design of switchable emissive systems. Indeed, when TTF derivatives are covalently linked to an intrinsically fluorescent acceptor (A) moiety, the fluorescence of this latter could be quenched through PET upon photoexcitation of the A. Of particular interest is the ability to tune the redox nature of this system thanks to the redox properties of the TTF entity (two reversible one-electron oxidations at very low redox potentials), which could lead to the switch of fluorescence of the A species upon oxidation of TTF. [10,13,15] Ferrocene (Fc): discovery, structure and properties

The first ferrocene derivative, denoted as Fe(η 1 -C5H5)]2, was discovered simultaneously by Pauson and Kealy in 1951 [19] and by Miller, Tebboth, and Tremaine in 1952 [20] in their attempt to synthesize fulvalene and amines from saturated or unsaturated hydrocarbons and nitrogen, respectively. The real sandwich structure, denoted as [Fe(η 5 -C5H5)]2, was disclosed and published in 1952 by Wilkinson, Rosenblum, Whiting, and Woodward in Harvard [21] and by Fischer and Pfab in Munich. [22] This metallocene comprised of an iron (II) metal sandwiched between two parallel cyclopentadienyl rings is characterized by two conformations, staggered with a D5d symmetry and eclipsed D5h symmetry, with a very small rotation energy barrier (Figure 3.4). [23] This original structure became ubiquitous in all fields of chemistry, especially in organometallics, since it possesses exceptional fundamental properties. Indeed, ferrocene is photochemically and thermally stable (up to 400 °C, m.p 172.5 °C). In addition, Fc is characterized by reversible one-electron oxidation at very low potentials (E1/2 1 = 0.4 V vs. SCE), which made this derivative a universal reference in electrochemistry (Figure 3.4). [24] Finally, ferrocene are considered as a strong electron donor entity with a superaromatic electrophile reactivity.

All these fascinating feature, in addition to the high solubility in common organic solvents, made the ferrocene a valuable derivative with a thriving potential in applications going from organic electronics (OLEDs, OSC, transistors, and NLO) to molecular switches and recognition, as well as ion sensing, and biomedicine. [23,[25][26][27][28][29] As previously mentioned in the first chapter of this thesis, the association of TTF or Fc electron donors with [60]Fullerenes have been extensively studied in the literature (see chapter 1, section Surprisingly, despite the interesting features that could result from the association of: BDP, C60, and TTF (or Fc), examples of TTF-BDP-C60 conjugates have not been yet reported in the literature, whereas only three examples of Fc-BDP-C60 conjugates have been published as we far know. [1,2,30] The main purpose of such assemblies, according to the authors, was to design efficient light-harvesting systems that "could" undergo a cascade multistep electron transfer process resulting in the stabilization of the charge separated state lifetimes (Figure 3.5). For example, D'Souza and his co-workers reported the synthesis of a visible light-absorbing Fc-BDP-C60 3.1, in which cascade PET process took place upon photoexcitation of the BDP. [2] The same authors reported a similar Fc-BDP-C60 system 3.2, in which the absorption can be extended to the near infrared region by connecting the Ferrocene at the -position of the BDP (Figure 3.5). [1] The extension of the absorption to the NIR region was brought by the dual functionalization of the BDP entity at the a-positions by vinyl Fc entities. Although the assembly 3.2 was characterized by an important NIR absorption with the occurrence of the cascade PET, similar photodynamic properties were obtained in comparison with the parent DSBDP-C60 dyad and the Fc-BDP-C60. [1,2] Similarly, Nemykin and his co-workers reported the synthesis and characterization of NIR-absorbing (Fc)2-BDP-C60 conjugate 3.3 by connecting two Fc units on the -position of the BDP backbone (Figure 3.5). [30] Nevertheless, inefficient cascade electron transfer process was observed in the case of this assembly upon photoexcitation of the BDP.

This was due to the catecholpyrrolidine bridge that appeared as a barrier to charge transfer, failing to provide efficient coupling to the fullerene to outcompete the CR process between the DSBDP and the Fc units. Considering the few reported examples of the Fc-BDP-C60 assemblies in the literature, we decided to functionalize our former BDP-C60 dyad 2.2 with ferrocene(s) entities at the and positions of the BDP chromophore in order to extend the scope of this interesting family of conjugates. In addition, the presence of ICT bands in the visible or NIR region of the spectrum resulting from the push-pull and push-pull-push effect upon the addition of Fc units on these positions could increase the light-harvesting properties of the resulting assemblies. [31] By playing with some structural and electronic parameters including: 1) the number of Fc units, 2) the position of functionalization, 3) the nature of -spacer, and 4) the distance between the Fc and BDP, we could maybe provide a structural/photophysical properties relationship for the design of Fc-BDP-C60 -based light harvesting materials for organic electronics and artificial photosynthetic systems. Additionally, we decided to conduct the same study by replacing the Fc with TTF entities providing a "stronger" electron donating character of the TTF and an increase of the planarity and -aromatic conjugation upon oxidation, which might probably result in an improvement of the photophysical and photodynamic properties of the resulting TTF-BDP-C60based conjugates.

Two synthetic pathways can be considered in order to synthesize the target Fc-BDP-C60 and TTF-BDP-C60 assemblies. The first one relies on the "post-functionalization" of the parent BDP-C60 dyad 2.2 by TTF and Fc derivatives, whereas the second approach relies on the "prefunctionalization" of the parent BDP resulting in the formation of the Fc-BDP and TTF-BDP assemblies, followed by the CuAAC reaction on our clickable fullerene platform II. However, the first approach could be confronted to several limitations including the lower solubility of the dyad in comparison with a fullerene-free BDP building block and the possible side reactions that can take place within the dyad, which could result in exhaustive purifications, low efficiencies, and product loss. Besides, some of the desired assemblies require starting from a BDP building block that can be functionalized on the -position and not protected with ethyl groups as in the case of the BDP within the dyad 2.2. Therefore, it would be more convenient to choose the second strategy in order to synthesize the target assemblies. Finally, since the BDP-Fc and the BDP-TTF chemistry is relatively well-established in the literature, it would be less expensive to optimize the reaction conditions on the BDP instead of using the dyad 2.2 as a starting material.

Hence, the first part of this chapter is dedicated to the synthesis and reaction conditions optimization of the Fc-BDP and the TTF-BDP -based dyads and triads. The characterization of the resulting assemblies by NMR, X-ray diffraction, and computational studies, in addition to electrochemistry, steady-state and time-resolved spectroscopy will also be provided in this part.

Finally, owing to the ability to tune the redox nature of these systems thanks to the redox properties of the TTF and Fc entities, the investigation of the fluorochromic properties of these assemblies in the switching of fluorescence upon chemical oxidation of the Fc and the TTF moieties will be outlined. Finally, the photodynamic properties of selected assemblies, provided by transient absorption spectroscopy, will be outlined and analyzed.

Synthesis and characterization of extended-BDP containing TTF and Fc derivatives

We have previously described in the first chapter of this thesis the outstanding structural and photophysical properties of the BDP dyes. In particular, the fine-tuning of its optical and photophysical signatures by the ability of covering the entire visible spectrum and beyond made the BDP dye a valuable chromophore for the design of light harvesting materials. In addition, the good electron donating character of TTF and Fc derivatives allowed them to be incorporated in the design of D-BDP and D--BDP push-pull chromophoric systems. Although visible-light chromophores containing Fc and TTF have been described in the literature, the design of dyes based on these derivatives with a wide band capture of the solar spectrum have been less considered, especially in the case of TTF-linked BDP derivatives. Such dyes are of prime importance for the design and development of light harvesting materials for organic electronics since additional transitions can be observed resulting from the push-pull effect. As a result, a maximization of the light absorption toward the visible and NIR regions of the spectrum can be achieved. In parallel, supplementary transitions can also be added upon the modification of the oxidation state of the TTF entities within the D-A conjugate, which are not necessarily observed for the neutral form. This can be easily achieved with TTF thanks to the redox properties characterized by the facile and mild reversible oxidations at low potentials. Therefore, an efficient switch between the neutral and oxidized states could be achieved resulting in the creation or suppression of bands, such as intramolecular charge transfer ICT, and intervalence charge transfer IVCT transition bands. Note that such processes can be generally accompanied by an electrochromic effect. [32] The redox modulation feature of TTF has been also exploited for the development D-A -based redox fluorescence switches for electrofluorochromism (EFC)related application. [10,13,15] In fact, such D-A systems undergo PET processes that are mainly accompanied by the quenching of the fluorescence. This latter can be restored by inhibiting the PET process upon changing the redox state of the donor (TTF or Fc) by chemical and electrochemical oxidation.

While the combination of Fc and BDP have been frequently described in the literature, the TTF and BDP -based D-A conjugates have been much less considered. Two reviews have been recently published summarizing the synthesis, characterization and potential applications of BDP-linked Fc derivatives on the five different positions of the BDP core. [26,31] Some of the most relevant examples that present potential interests for our study are displayed in the figure 3. 6. We are particularly interested in the BDP-Fc conjugates in which one or two Fc entities are connected to the and -positions of the BDP core providing a wide absorption in the visible to NIR regions of the spectrum in addition to a good electronic communications between the redox centers resulting in efficient ICT and PET processes. For instance, the -mono-ethynylferrocene BDP 3.4 was synthesized in 78% yields by a Songashira cross coupling between a mono-bromo BDP derivative and the commercially available ethynylferrocene. [33] The absorption of the target molecule was red-shifted by 21 nm in respect to the parent BDP owing to the increased -conjugated system. Additionally, a shoulder around 600 nm was attributed to the ICT between the BDP and Fc. The emission band of this compound was also red-shifted in comparison with the BDP starting materiel with a fluorescence intensity that was quenched by over 99%, which could be attributed to PET process from the Fc to the excited BDP upon irradiation. In a parallel study, the same authors reported the synthesis of a -bis-ethynylferrocene BDP 3.5 in 60% using the similar conditions mentioned above. [34] Interestingly, the absorption band was broader and more red-shifted by 80 nm due to the addition of the second Fc moiety resulting in an extension of the conjugation and an increase in the ICT band. This compound revealed a very poor fluorescence that is assigned to the PET process, according to the authors. However, no quantum yields and emission wavelength have been provided by the authors. The electron transfer dynamic and kinetic studies have not been conducted on the -monoand -bis-ethynylferrocene BDP derivatives. Moving forward, the addition of -ferrocene donors on the -position of the BDP platform has also been considered in the literature and represent the most common and efficient strategy to design light harvesting BDP-based D-A systems with an extended absorption to the NIR region. The first two examples reported by Zhu [35] and Ziessel [36] in 2009 respectively, consists in the synthesis of -monoand -bis-vinylferrocene BDP derivatives 3.6 and 3.7 in 22% and 31% yields respectively by a knoevenagel condensation between the -methyl groups of the BDP and the commercially available formylferrocene (Figure 3.6). A significant bathochromic effect toward the NIR region was obtained upon the functionalization of the BDP with one and two Fc units.

For instance, in the case of compound 3.6 bearing one Fc unit, two overlapping absorption transitions at 540 nm and 601 nm were obtained. The former band was attributed to the conventional BDP -* transition, whereas the latter transition band was assigned to the ICT band provided by the good electronic communication between the BDP and the Fc in a closely spaced and conjugated fashion. [36] Moreover, when two Fc units were connected to the BDP (compound 3.7), the BDP -* transition band was located around 550 nm, whereas the ICT band between the Fc units and the BDP was more pronounced (broad band around 700 nm) due to the push-pull-push effect. [35,36] The fluorescence emission of both derivatives was completely quenched through PET like for previously discussed BDP-Fc assemblies. Finally, Miomandre and his coworkers reported a very similar compound bearing this time a hexafluorophenyl derivative at the meso-position (Figure 3.6, compound 3.8). [32] This latter functionality contributed in the stabilization of the LUMO resulting in a bathochromic shift of the absorption and emission properties of the resulting assembly. Interestingly, the authors evaluated the EFC properties of this triad in the switching of fluorescence upon chemical or electrochemical oxidation with a controlled reversibility of the process. A 8-fold increase of the fluorescence was obtained upon the bielectronic oxidation of both Fc entities which is accompanied by the inhibition of the ICT process generated from the electron-donating ability of the ferrocene units. Note that the three Fc-BDP conjugates 3.6-3.8

displayed electrochromic properties upon oxidation of the Fc entity.

On the other hand, the association of BDP-TTF -based D-A conjugates has been scarcely considered in the literature. Only three examples were reported in which the electron donor TTF is connected to the meso position of the BDP chromophore playing the role of electron acceptor in such ensembles (Figure 3.7). In general, these assemblies revealed variable photophysical properties depending on the nature of the linker connecting the donor to the acceptor. [13] Regarding the example published by Lorcy and coworkers in which the TTF is directly linked to the BDP (compound 3.9), no signatures of ICT or PET accompanied by the quenching of fluorescence was detected. [37] Despite the presence of the strong electron donating character of the TTF, the photophysical properties of the BDP were not affected due to the perpendicular configuration that precludes an efficient communication between the donor and acceptor.

Moreover, this was confirmed when no increase in the fluorescence was detected upon the chemical oxidation of the TTF. On the other hand, in the case of assemblies 3.10 and 3.11

reported by Fujiwara (Figure 3.7), [38] a weak and broad ICT shoulder band was detected around 550-700 nm, in addition to the BDP -* transition band, located at 505 nm. The partial fluorescence quenching of the BDP upon photoexcitation was attributed to the PET process from the TTF to the BDP. Finally, in the case of the TTF-BDP assembly 3.12 reported by Zuo, [39] no ICT transition band between the TTF and BDP was detected due to the lack of conjugation between both redox counterparts. However, upon addition of fluoride ions F -, a broad band appeared at 580 nm that was attributed to the ICT from the electron enriched phenyl-amide moiety interacting with F -to the BDP unit. Additionally, a quenching of the fluorescence was observed upon adding F -, which was attributed by the authors to the PET from TTF to the BDP, promoted by intermolecular hydrogen bonds.

Note that the restoration of the fluorescence by chemical or electrochemical oxidation was not investigated on these TTF-BDP systems. Chemical structures of reported TTF-BDP conjugates 3.9-3.12.

Design and synthesis of target molecules

Based on this mini literature review on these Fc-BDP and TTF-BDP assemblies, we have decided at the first place to synthesize similar Fc-BDP conjugates to those displayed in figure 3.6 for a subsequent grafting on our clickable fullerene platform II. In fact, the efficient and straightforward synthesis of these assemblies in addition to their remarkable photophysical properties and the good electronic communications, evidenced by the PET and ICT processes between the redox centers, could be highly beneficial for the design of Fc-BDP-C60 -based D'--D-A triads and (D'--D-A tetrads. Beside the wide visible and NIR absorption features of the resulting assemblies, multiple and/or multistep PET processes could take place, leading to enhanced photophysical and photodynamic properties. Additionally, we have decided to design a novel -bis-styrylethynylferrocene BDP triad, in which the Fc entities are connected to the BDP via a longer -conjugated spacer, providing a bathochromic effect towards the NIR region.

Moreover, we wanted to investigate in this particular conjugate the effect of the extended conjugated spacer on the PET and ICT processes by extending the distance between the Fc and BDP redox centers. In other terms, the ICT should be diminished and the back electron transfer from the BDP to the Fc should be less favored in comparison with the previous assemblies in which the Fc and the BDP are in close proximity. As a result, when this compound is subsequently linked to the fullerene platform, a stabilization of the charge separated lifetimes can be expected.

In parallel, the same conjugates will be synthesized by replacing the Fc with TTF species. In fact, the "stronger" electron donating character of the TTF (in comparison with Fc), in addition to the gain of aromaticity upon oxidation, might contribute in the improvement of the photophysical properties once linked to the [60]Fullerene platform. In addition, we have also considered in this study the lack of the spacer between the redox moieties by connecting the TTF directly to the BDP core in order to study the effects on the photophysical properties. Finally, the fact that TTF and Fc can be reversibly oxidized to TTF .+ or TTF 2+ and Fc + respectively at low potentials could be beneficial for the design of redox electrofluorochromic and electrochromic switches systems.

Considering the numerous and well-established synthetic strategies for the functionalization of the BDP core on the and position, we have selected the most common, efficient, and straightforward approaches including: 1) Knoevenagel condensation between -methylated BDP derivatives and electron-rich aromatic aldehydes resulting in the formation of alkenyl analogs at the -position, 2) Electrophilic iodation of the -positions under mild conditions, followed by cross coupling reactions such as Sonogashira and Migita-Kosugi-Stille coupling using alkyne and stannane derivatives, respectively.

-position:

In order to functionalize the positions with the desired TTF and Fc units, the starting BDP building block should be unsubstituted at the 2,6-positions and protected at the 1,3,5,7-and 8positions to avoid side reactions that could result in the decrease of the synthetic efficiency. This was achieved in a three steps one-pot approach (condensation, oxidation, and complexation) by reacting the commercially available hydroxyethoxybenzaldehyde and 2,4-dimethylpyrrole derivatives in DCM according to a procedure reported in the literature. [40] The resulting BDP starting material 3.13 was obtained in 40% at the milligram scale (~ 100 mg). Unfortunately, the yields dropped to 20% when we attempted to produce this compound at larger scale. Such derivatives are particularly known to be low-yielded due to the -unsubstituted pyrrole resulting in the formation of many side-products (confirmed by TLC) during the condensation reaction with the aldehyde derivative. The optimization of the reaction conditions by increasing the solvent volume and the reaction time afforded 35% yields at the gram scale (Scheme 3.1).

Moving forward, the iodation of the latter compound under mild conditions using 1 equiv. or an excess of N-iodosuccinimide (NIS) led to the formation of the target -mono-iodo BDP 3.14 and -bis-iodo BDP 3.15 precursors in 70% and 90% yields respectively (Scheme 3.1). For a further direct appendage with TTF derivatives at the same positions, a tributylstannylated TTF derivative was synthesized according to a published procedure [41] and directly engaged in Stille-typed cross coupling reaction with the iodo precursors. The resulting-mono-TTF BDP 3. 16 was obtained in 55% after chromatographic separation on silica gel, whereas the purification of the -bis-TTF BDP 3.17 only yielded traces (Scheme 3.2). The unsuccessful isolation of this compound by chromatographic separation was due to its low polarity and solubility, in addition to the impossible separation from side products, mainly mono-TTF BDP derivatives. In order to circumvent these limitations, we decided to replace the hydroxy functionality at the meso-position of compound 3.15 by a toluenesulfonyl (tosyl) entity that could result in a higher solubility and lower polarity for the separation. This was efficiently achieved under mild conditions yielding 85% of the desired BDP 3.18 (Scheme 3. ). [42,43] The synthetic aim of these latter is to serve as reference molecules for comparison purposes with their TTF analogs from the photophysical point of view. In order to circumvent this reactivity issue, we decided to inverse the functionality of the precursors, i. 

-position:

Concerning the derivatization with TTF and Fc entities at the -position of the BDP core, we have selected our previously reported BDP derivative 3. 30 with tetramethyl substitution at -and '-positions and diethyl substitution at the -positions. This precursor is efficiently synthesized at the gram scale (75% yields) using the conventional reaction conditions for the synthesis of BDP dyes. The -bis-vinylFc BDP 3.31 was synthesized in good yields in respect to the synthetic strategy provided by Miomandre and co-workers [32] by reacting the BDP starting material with 6 equiv. of the commercially available formylferrocene in a Dean-Stark apparatus under Knoevenagel condensation conditions (Scheme 3.6).

Scheme 3.6. Synthetic strategy for the formation of target assemblies 3.30 and 3.32.

However, when we intended to synthesize the -bis-vinylTTF BDP 3.32 analog using the same strategy, we did not observe the formation of the target assembly (or even the -monovinylTTF BDP). The monitoring of the reaction by TLC and proton NMR (on crude product and after purification) revealed that both starting materials have not been consumed, even after several days. Despite the numerous efforts to produce this derivative by playing with the reactions conditions (including the reflux temperature, the solvent, number of equivalents of starting materials, addition of acetic acid, and reaction time), no traces of the target -bis-vinylTTF BDP 3.32 conjugate have been detected (Scheme 3.6).

Moving forward, we decided to connect the TTF and Fc units at the same position but with an extended -conjugated linker. Therefore, the TTF-benzaldehyde precursor 3.33 have been synthesized in good yields using Stille -typed cross coupling reactions in a similar way to 248 published procedure. [47] (Scheme 3.7). However, the reaction of the precursor 3.33 with the BDP starting material 3.30 under Knoevenagel condensation did not afford the formation and isolation of the target -bis-styrylTTF BDP (Scheme 3.7).

Scheme 3.7. Synthetic pathways of TTF-benzaldehyde precursor 3.33 and -bis-styrylTTF BDP.

Then, we have considered another strategy that consists on adding an alkyne spacer between the -bis-styrylBDP and the supplementary electron donors (Fc or TTF). Hence, the 4-[(Ferrocene)ethynylbenzaldehyde] 3.34 derivative was synthesized according to a reported procedure in the literature (Scheme 3.8). [48] The reaction of this latter precursor with the BDP Inspired by the successful strategy that was employed for the synthesis of compounds 3. 26 deprotection of this latter with TBAF, followed by the Sonogashira cross coupling with iodo-TTF in a one-pot approach yielded the target assembly 3.37 in 30% (Scheme 3.9). The reference compound 3.38 was obtained in similar yields under the same reaction conditions using the iodobenzene as the halogenated precursor (Scheme 3.9).

weaker band at 358 nm that are assigned to the BDP centered * S0→S1 and the S0→S2 transitions, respectively (Figure 3.12 left, table 3.1). These values are in accordance with the reported data of similar -unsubstituted BDP derivatives. [49] The functionalization of the parent BDP with one or two phenyl units at the -position showed weak bathochromic effects of the BDP S0→S1 transition by 15 nm and 30 nm for the reference compounds 3.20 and 3.21

respectively, compared to the parent BDP 3.13 (Figure 3.12 left, table 3.1). This can be assigned to the extension of the -conjugated system that was found to be more significant upon a double functionalization with phenyl groups. The additional bands in the UV region of 3.20 and 3.21

around 300 nm are ascribed to the transitions of the phenyl units (Figure 3.12 left, table 3.1). Those results are perfectly consistent with nearly identical derivatives reported in the literature. [42,43] In contrast, the recorded UV-Vis spectra on the -mono-TTF BDP 3. 16 and bis-TTF BDP 3.19, in which the TTF entities are directly connected to the BDP backbone, revealed different optical properties. In particular, the absorption maxima of these former derivatives did not show a significant effect on the BDP centered S0→S1 transition in term of wavelength, even when two TTF units were appended (Figure 3.12 right, table 3.1). However, this band in the case of compounds 3.16 and 3. 19 appeared to be broader compared to the sharp absorption of unsubstituted BDP 3.13, with the emergence of a shoulder at 550 nm extending to 700 nm in the case of 3. 19. This can be assigned to the ICT transition bands between the TTF donor and the BDP acceptor that was more pronounced in the case of compound 3. 19 when two TTF units were appended. These findings suggests the better electronic communication between the donor and the acceptor when TTF units are directly connected on the -position of the BDP backbone, which is contrary with the photophysical properties of the reported meso-TTF BDP especially 3.9. [37] The functionalization of the parent BDP with one or two ethynylphenyl units at the -position revealed significant red-shifts of the BDP S0→S1 transition of 32 nm and 71 nm for the reference compounds 3.24 and 3.25 respectively, compared to the parent BDP 3.13 (Figure 3.13 top left, table 3.1). This bathochromic effect is undoubtedly assigned to the efficient extension of the conjugated system through the coplanar phenylethynl substituent(s) at the -position of the BDP backbone. This behaviour was found to be more significant upon a double functionalization with ethynylphenyl. [50] The additional bands in the UV region of 3.24 and 3.25 around 300 nm are ascribed to the transitions of the phenyl units.

Similarly, the substitution of the parent BDP 3.13 with ethynylFc unit(s) resulted in a remarkable bathochromic effect of the BDP transition by 33 nm and 79 nm respectively for compound 3.22 and 3.23 owing to the strong electronic communication between the Fc units and the BDP (Figure 3.13 top right, table 3.1). Moreover, the absorption maxima appeared to be broader in these latter D--A and D--A-D conjugates compared to the parent BDP 3. 13 and the reference molecules 3.24 and 3.25, which can be attributed to an additional ICT between the Fc donor and the BDP acceptor. This ICT band is probably overlapped with the main BDP S0→S1 transition. These findings reflect the strong electronic communication between the BDP and Fc entities that is clearly more pronounced upon the addition of two ferrocene -donor units on the BDP backbone. [33,51] Finally, the absorption bands in the higher energy region around 250, 300 are assigned to andmetal centred d-d transitions located on the Fc entities. [33,34] nm respectively, which was red-shifted in the case of the reference derivatives owing to the extended -system, with relatively high values of fluorescence quantum yields F >50% (Figure 3.14, Table 3.1). In addition, the recorded fluorescence decays by TCSPC measurements on the reference compounds were fitted mono-exponentially with lifetimes of 3.7 and 3.6 ns, for compounds 3.24 and 3.25, respectively (Table 3.1). All these data are consistent with those obtained for similar derivatives reported in the literature. [42][43][44]49] In contrast, the fluorescence intensities of the TTF-BDP and Fc-BDP assemblies were much weaker compared to the parent BDP and reference molecules, with a quenched emission by over 95% (Figure 3.14, Table 3.1). Note that no emission has been detected with our used setup in the case of the target compound 3.27. This strong quenching of fluorescence can be attributed to the electron transfer from the TTF or Fc to the excited BDP, even in the case of conjugates 3.16 and 3.19 in which the electronic communication was found to be weak due to the twisted conformation. Interestingly, the quenching of fluorescence emission was more significant (lower quantum values) between the TTF (or Fc) and the BDP upon to the addition of two units of TTF, ethynylTTF (no detected emission), or ethynyFc units in comparison with their mono-substituted analogues (Table 3 [a] N.C

3.16

505 59000 538 4 [a] N.C

3.19

510 33000 560 0.10 [a] N.C

3.20

514 80000 538 75 [b] N.C

3.21

528 51000 554 65 [b] N.C

3.22

533 24000 525 0.41 [b] 0.02

3.23

579 29000 545 0.1 [b] 0.005

3.24

533 47000 573 70 [b] 3.56

3.25

571 52000 602 65 [c] 3.68

3.26

522 37000 544 1.50 [b] 0.01

3.27

544 14000 N.d N.D 0.
003 [a] Fluoroscein used as standard ( = 0.97 in ethanol), [b] Rhodamine 6G used as standard ( = 0.95 in ethanol), [c] Rhodamine 101 used as standard ( = 0.91 in ethanol), N.D: not detected, N.C: not calculated.

-position:

The same analyses were conducted on the Fc-BDP and TTF-BDP at the -position in order to evaluate the effect of the position, structure of the donor, and the length of the -spacer on the photophysical and electronic communication behavior. In general, all the -substituted BDP derivatives exhibited a remarkable bathochromic effect in absorption and emission in comparison with the -substituted BDPs. In addition, a strong quenching of fluorescence (low  and short  values) was observed when Fc or TTF units were appended on the -position of the BDP backbone (Table 3.2).

UV-VIS:

The recorded absorption spectra of the starting material and the -substituted BDP derivatives are provided in figure 3. 15. The BDP precursor 3.30 exhibited similar absorption signatures as reported in literature that is characterized by a narrow and intense band at 525 nm and a much weaker and broader band at 371 nm corresponding to the BDP centered S0→S1 and S0→S2 transitions, respectively. [52] The functionalization of this latter compound by divinylFc subunits (compound 3.31) was accompanied by a very broad and intense absorption going from 465 to 850 nm along with an intense absorption in the higher-energy region at 340 nm (attributed to the S0→S2 transition of BDP and * divinylFc subunits). The broad shape of the former band is assigned to the additional ICT signature (around 690 nm) that is probably overlapped with the main BDP centred transition (around 550 nm). This behaviour is fully consistent with the introduction of strong ICT character in Fc-BDP -based push-pull-push systems [32,36] 3 with absorption maxima at 662 and 667 nm, respectively (Figure 3.15, Table 3.2). These latter absorption signatures are not as significant and broad as in the case of -divinylFc BDP 3.31

(presence of additional ICT band) due to the weaker electronic communication between the donor(s) and acceptor brought by a more extended -system.

Steady-state and time-resolved fluorescence studies:

The steady-state and time-resolved fluorescence spectroscopies were recorded on the substituted BDP derivatives. The corresponding emission spectra, along with that belonging to the starting BDP material 3.30, are displayed in figure 3. 16. The extracted emission data in addition to the fluorescence decay lifetimes are listed in table 3.2. As previously reported elsewhere, the BDP precursor 3.30 displays an intense emission band at 535 nm with high fluorescence quantum yield (>95%) and a mono-exponentially fitted decay with a lifetime of 5.50 ns (Figure 3.16, Table 3.2). Regarding the emission properties of -divinylFc BDP 3.31, it is noteworthy to mention that the authors of similarly published structures did not observe any emission signature by exciting at different wavelengths due to the very strong quenching of fluorescence by PET processes. [32,36] Nevertheless, despite the occurrence of the same phenomena on our molecule that was manifested by a strong quenching of fluorescence as seen in figure 3.16, a very weak emission band around 595 nm that resembles to the conventional BDP emission was detected with a very low calculated of quantum yield value of 0.2% (Table 3.2). Moving forward, the molecules 3.35, 3.37, and 3.38 with an extended -system displayed a red-shifted emission band with a maximum wavelength around 685 nm in comparison with the starting material 3. 30 and the reference DSBDP (Figure 3.16, Table 3.

2).

The fluorescence quantum yield for the reference molecule 3.38 was found around 30% with a long-lived decay lifetime of 3.7 ns, whereas the emission of 3.35 and 3.37 was quenched by over 99% and 95% respectively (in comparison with 3.30) with the corresponding short-lived decay lifetimes of 1 ps and 6 ps, respectively (Figure 3.16, Table 3.2). Despite the weak electronic communication in the case of these latter molecules in the ground state that is characterized by a weak ICT between the donor(s) and the acceptor, the strong quenching of the fluorescence can be attributed to the PET from the TTF or Fc units to the BDP upon excitation of this latter entity.

Considering the remarkable photophysical properties of the target assemblies 3.35 and 3.37, the fluorescence modulation by chemical oxidation of the donors within these molecules will be exploited in section 3.2.5. [a] 5.50

3.31

692 37000 594 0.2 [c] N.C

3.35

662 60100 680 0.1 [b] 0.001

3.37

667 59000 687 5 [b] 0.006

3.38

667 60767 683 35 [b] 3.7 [a] Rhodamine 6G used as standard ( = 0.95 in ethanol), [b] Oxazine 1 used as standard ( = 0.11 in ethanol), [c] Sulforhodamine 101 used as standard ( = 0.90 in ethanol), N.C: not calculated.

Electrochemistry:

The electrochemical investigations of this novel family of BDP derivatives containing Fc and TTF donors at and -positions were conducted by cyclic voltammetry (CV). All experiments were performed in a standard three-compartment electrochemical cell under argon atmosphere at room temperature in anhydrous dichloromethane solutions using tetra-n-butylammonium hexafluorophosphate (TBAPF6) as supporting electrolyte and ferrocene (Fc) as internal reference. Note that the electrochemical studies on the BDP-TTF derivatives were also recorded in anhydrous THF due to their low solubility in DCM. The recorded cyclic voltammograms of the -substituted and -substituted BDPs are displayed in Figure 3.17 and 3.18, respectively.

The half-wave potentials (V vs Fc + /Fc) of the reference and target compounds are collected in Table 3. 3.

-position

The electrochemical analyses on the parent BDP 3. 13 were reported elsewhere under the same conditions mentioned above. [49] The collected half-wave potentials (vs Fc + /Fc) at +0.76 V and -1.66 V corresponds respectively to the formation of the BDP -radical cation (BDP +• ) and the BDP -radical anion (BDP •-) with a reversible one-electron oxidation or reduction process (Table 3.3). Regarding the reference molecules 3.24 and 3.25, the oxidation processes of the BDP are quasi-reversible and occurs at nearly identical potentials (+0.76 and +0.72 V vs Fc + /Fc, respectively) in comparison with the BDP precursor 3.13 (Figure 3.17, Table 3.3). However, in the cathodic region, the presence of the ethynylphenyl appendage(s) resulted in the increase of the potentials by 210 mV, rendering the reference derivatives easier to be reduced.

The -mono-ethynylFc BDP 3.22 and -bis-ethynylFc BDP 3.23 exhibits each a similar behavior in the cathodic region with a reversible one-electron reduction process at -1.51 V corresponding to the formation of the BDP •-(Figure 3.17, Table 3.3). In the anodic region, both compounds reveal each a reversible one-electron oxidation and an irreversible one-electron oxidation (E 1 ox = 0.12-0.17 V and E 2 ox = 0.92-0.97 V vs Fc + /Fc) corresponding to the formation of ferrocenium Fc + and BDP +• cations respectively. Clearly, the anodically-shifted potential values of the ferrocenyl entities within the conjugates 3.22 and 3.23, in comparison with free ferrocene (E 1 ox = 0.00 V), can be assigned to the considerable electronic communication between the Fc donor(s) and BDP acceptor as previously demonstrated by the presence of ICT bands in the absorption spectra. [34] The oxidation potentials of the formed BDP +• species in compounds 3.22 and 3. 23 are remarkably shifted to positive potential by 200-250 mV in respect to the reference molecules (Figure 3.17, table 3.3). Such behavior can be explained by the strong coulumbic repulsion between the generated positive charge on the BDP backbone and the oxidized Fc + species. These electrochemical findings are in accordance with those reported in the literature corresponding to very similar structures. [34] 3.3). The strong Coulombic repulsion between the BDP +• and TTF 2+ or TTF 4+ oxidized species respectively for 3.26 and 3.27 could be behind the very strong anodic shift of 240-450 mV in comparison with the references molecules. Unfortunately, the recorded CVs did not provide well-resolved peaks with reliable electrochemical data when it comes to the TTF redox processes that appeared as stripping peaks (especially for 3.27). This can be explained by the adsorption of the oxidized TTF species on the working electrodes due to poor solubility in DCM resulting in the formation of narrow spiky peaks (deposit on the working electrode). [53] The experimental conditions were relatively optimized by changing the solvent from DCM to THF that appeared to be a better solvent for such systems. The recorded CV on -mono-ethynylTTF BDP 3.26 in THF displays two stepwise reversible oxidation processes at low potentials (0 and 0.26 V vs Fc + /Fc) corresponding to the formation of tetrathiafulvalene radical cation (TTF +• ) and dication (TTF 2+ ) respectively (Figure 3.18, Table 3.

3). The obtained values

are consistent with reported values in the literature obtained for TTF-based derivatives under the same conditions. [53] In the case of -bis-ethynylTTF BDP 3.27 in which four electrons can be extracted from the TTF units, two irreversible concerted two-electron oxidation processes appeared that corresponds respectively to the formation of [TTF +• ]2 and [TTF 2+ ]2. The splitting value between the first and the second oxidation processes (E 2 ox -E 1 ox = 450 mV vs Fc + /Fc) is very close to that corresponding to the pristine TTF under the same conditions, which indicates the insignificant intramolecular electronic communication between the two distanced TTF units (Figure 3.18, Table 3.3). Finally, in the cathodic region, the reduction signature of the BDP to BDP •-was reversible in the case of 3.26 and irreversible in the case of 3.27 with half-wave potentials of -1.55 V for the former conjugate that was anodically-shifted in case of the latter by 110 mV due to the addition of the second TTF donor making the resulting assembly easier to be reduced (Figure 3.18, Table 3.3). 

-position:

The electrochemical analyses on the parent BDP chromophore 3.30 and DSBDP were conducted for our previous study that is described in the chapter 2 of this dissertation (cf. section 2. was characterized by three redox signatures: in the oxidative scan at low potentials, the ferrocenium signatures appeared as sequential two reversible one-electron waves at 0 V and 0.08

V corresponding to the oxidation of each Fc unit (Figure 3.19, Table 3.

3). The half-way potential

split by 80 mV is due to the electronic communication between the closely-spaced two Fc entities making the oxidation of the second Fc donor harder once the first one is oxidized. The reversible oxidation of the BDP unit at 0.66 V is significantly shifted to the anodic region compared to 3. 30 and DSBDP, which was attributed to the Coulombic repulsion between the

Computational studies:

Theoretical calculations were carried out on the newly-synthesized TTF-BDP assemblies under DFT and TD-DFT frameworks (Gaussian 09 package) to gain more insights on the D-A character of the investigated systems. Although such analyses have been relatively wellestablished on Fc-BDP conjugates in the literature; we have decided to conduct the theoretical calculations on our Fc-BDP family of molecules to provide a better understanding on the properties of these systems in respect to their TTF analogs. The computational studies on the Fc-BDP assemblies are currently under investigations. Therefore, this section will be only dedicated to the computational results obtained on the TTF-BDP conjugates.

In general, we have firstly conducted ground-state geometry optimizations of all compounds As previously mentioned, the determination of MO and the electronic transitions by TD-DFT calculations were performed on the most stable conformer using two different functional:

B3LYP and M0-62X. The latter was found to be more adequate for our assemblies with a better agreement with the experimental UV-Vis spectra (see section below Starting with the first theoretical method (i.e. TD-DFT/B3LYP/6-31G+(d,p)), the calculations predict that the HOMO is mainly localized on the TTF unit with a small contribution from the conjugated bridge and the BDP, whereas the LUMO is mostly centered on the BDP backbone but also extend on the alkyne and the adjacent dithiole halve. These finding suggest the good conjugation and electronic communication between the donor and acceptor counterparts across the -spacer, as seen in the experimental UV-Vis (ICT bands). Moreover, this computational result is perfectly consistent with the electrochemical data in which the first oxidation wave is located on the TTF unit, whereas the reduction wave is localized on the BDP entity. The HOMO-LUMO energy gap was calculated to be 1.95 eV.

Moreover, information about the nature of the transitions observed by absorption spectra was further investigated by TD-DFT calculations (Figure 3. 22). The lowest energy band, predicted to be at 1.66 eV (743 nm) with an oscillation strength f = 0.0749, is clearly attributed to an intramolecular CT transition from the TTF donor (HOMO) to the BDP acceptor (LUMO) (Table 3.4). The HOMO-1→LUMO transition at 2.60 eV (476 nm) is assigned to the BDP -* transition since the MO are mainly located on the BDP backbone. However, the ICT band is strongly underestimated in term of energy when compared to the experimental absorption spectra (Figure 3. 22). Such behavior has been already observed with TTF-BDP derivatives when the TD-DFT calculations were performed at the B3LYP/6-31G+(d) level of theory. [38] The combination of TD-DFT framework with the M0-62X functional and 6-31G+(d,p) basis set appeared to be more suitable for our assemblies and showed electronic transitions that are more in agreement with the experimental ones. Regarding the localization of the atomic coefficients on the molecular orbitals, identical behavior was obtained for both functional (Figure 3.21).

Nevertheless, the HOMO and LUMO orbitals decrease and increase in energy respectively leading to a higher value of HOMO-LUMO energy gap of 3.71 eV (see figure 3.21). The lowest energy band, calculated at 2.61 eV (473 nm) with a higher value of oscillation strength f = 0.6531, appears as a superposition of two transitions assigned to the HOMO→LUMO transition (60%) that corresponds to the ICT band from the TTF to the BDP, and the HOMO-1→LUMO transition corresponding to BDP -* transition since theses molecular orbitals are mainly localized on the BDP backbone (Table 3.4). These two transitions resulted in an intense band with a broad shape around 480 nm, which is more in agreement with the experimental UV-Vis spectrum, compared with the B3LYP/6-31G+(d,p) simulations (Figure 3.22). The HOMO-LUMO energy gap was calculated to be 1.82 eV that is lower than that obtained for the -mono-ethynylTTF BDP 3. 26 These results seem to indicate that despite the longer distance between the BDP and TTF units, a communication between these latter entities is likely possible even though no ICT bands were clearly observed on the absorption spectrum of compound 3.37. The HOMO-LUMO energy gap was calculated to be 1.76 eV that is lower than the gap obtained for compounds 3. 

Redox-modulation of absorption and fluorescence properties

As previously mentioned, one of the most remarkable features of TTF-and Fc-type electron donors is their ability to be oxidized electrochemically to the corresponding radical cation (TTF .+ and Fc + ) and dication species (TTF 2+ exclusively) in a reversible manner at low potentials. This can be also achieved chemically by using appropriate oxidizing agent under specific and well-established conditions. [54][55][56][57][58] Particularly in D-A assemblies in which PET could take place leading to the quenching of fluorescence emission (as in the case of our TTF-BDP and Fc-BDP assemblies), an important added value provided by TTF and Fc entities relies on switching "ON" the fluorescence of the acceptor upon oxidation. In other terms, by decreasing the electron donating ability upon oxidation of the donor (TTF or Fc), the PET process to the acceptor (BDP) could be suppressed, resulting in the possible restoration of fluorescence (Figure 3.29). Starting with the latter reference molecule, the addition of 1 molar equivalent of Fe(ClO4)3 was accompanied by a decrease of the TTF absorption band at 300 nm, concomitant with the rise of two bands in the visible at 412 and 461 nm and a broad band between 600 and 700 nm. These bands are attributed to the formation of the TTF radical cation specie TTF .+ . [59,60] The further addition of oxidizing agent up to 2 molar equivalents resulted in no additional spectral changes (Figure 3.30). As shown in the absorption spectra of compounds 3.22 and 3.23 the addition of 2 or 3 mol equivalents of oxidizing agent resulted in the decrease of the ICT band around 600 nm, which was more dramatic in the case of compound 3.23 that is originally characterized by a more pronounced ICT band. [51] The decrease of this latter band was followed by the re-shape of the BDP S0→S1 transition that becomes narrow, intense and more resembling to a pristine BDP transition band (Figure 3.31). Concurrently, one can expect the appearance of typical bands corresponding to Fc + radical cation signatures on the absorption spectra. However, it is wellknown that the ferrocenium specie is characterized by very low molecular coefficients ( = 330 M -1 .cm -1 at 620 nm) which makes the attribution of such signals on our spectra quite complicated. [61] As far as the TTF-BDP conjugates 3.26 and 3.27 are considered, a similar trend to that observed with compounds 3.22, 3.23 was obtained regarding the ICT transition band. Indeed, the addition of 2 or 3 molar equivalents of Fe(ClO4)3 resulted in the decrease of the ICT, that was more significant in the case of compound 3.27 in comparison with 3.26, in addition to the rise of the BDP S0→S1 transition. Moreover, the addition of oxidizing agent was accompanied by the decrease of the TTF band in the UV region (300 nm), concomitant with the rise of bands around 410 nm and 700 nm, in respect to the phenyl-alkyneTTF reference molecule (see Figure 3.31).

These bands are roughly attributed to the TTF .+ radical cation specie. Moreover, a very broad Although the oxidation of the Fc units in Fc-BDP examples reported in the literature displayed fluorescence modulation properties, [31] no significant effect on the emission properties of the Fc-BDP conjugate 3.22 and 3.23 was detected under our conditions (2 or 3 molar equivalent of Fe(ClO4)3 in DCM) (Figure 3. 32). Note that in these reported examples, we realized that the fluorescence restoration was achieved only when a huge amount of oxidant was added. [51,62] Therefore, the addition of an excess of Fe(ClO4)3 should be taken into consideration in the next step.

On the other hand, a similar trend was obtained in the case of the TTF-BDP 3.26 and 3.27 with no remarkable fluorescence modulation upon chemical oxidation. In this case, the absence of fluorescence can be attributed to a quenching caused by PET from the 1 BDP* to the TTF .+ or energy transfer between the same species due to the spectral overlap of emission band of the BDP and the absorption band of the TTF . + . Such behavior have been already observed in TTF-PDI -based conjugates [13] -position:

Regarding the -substituted BDP derivatives, the recorded UV-Vis and fluorescence spectroscopies upon oxidation of 3.35 and 3. 37 with Fe(ClO4)3 are displayed in figures 3. 27.

Note that the same experiments were also carried out on compound 3.31. Identical absorption signatures, concomitant with a minor increase of the fluorescence, were obtained in respect to the similarly reported results by Miomandre and coworkers. [32] The introduction of the oxidizing agent (up to three mole equivalents) on solution of Moreover, the absorption of this family of molecules was characterized by a wide band capture in the visible region of the spectrum that was also extended to the NIR region, depending on the position of functionalization on the BDP core, the number of donor substituents, and the nature of -spacer. The -mono-substituted BDPs exhibited an absorption signature in the range of [450-600 nm], whereas the absorption of -bis-substituted BDPs was broader and extended to 700 nm due to the presence of ICT bands (push-pull-push effect). The -bis-substituted BDPs displayed an absorption signature in the range of [500-750 nm], that reached 850 nm when ICT processes took place. In addition, an important quenching of the BDP acceptor emission was revealed in these novel assemblies through PET processes. 

Straightforward synthesis and characterization of Fc-BDP-C60 and TTF-BDP-C60 -based D'--D-A triads and (D'--D-

Synthesis of azido-BDPs

We have described in the section 2.3 of this dissertation (Submitted article) an efficient and straightforward approach to convert the hydroxy function (-OH) at the meso-position of the BDP backbone into azide (-N3) functionality. This was achieved in two-steps one-pot strategy that Nevertheless, when this strategy was applied on the hydroxy-TTF-BDP assemblies, the corresponding azido-BDP-TTF target conjugates were isolated in low yields. This can mainly explained by the formation of undesired products (polar spots on TLC) probably resulting from the addition of the phosphine derivative on the TTF entities. In addition, the purification of the azido-BDP-TTF conjugates by column chromatography was relatively complicated due to the low solubility of these derivatives, especially when two TTF units were appended on the BDP [b] 0.001 (86%), 0.71 (7%), 0.17 (7%) 0.08 [a] Rhodamine 6G used as standard ( = 0.95 in ethanol), [b] Oxazine 1 used as standard ( = 0.11 in ethanol), [c] Sulforhodamine 101 used as standard ( = 0.90 in ethanol), N.C: not calculated.

Steady-state and time-resolved fluorescence studies:

The steady-state and time-resolved fluorescence analyses have been conducted on the target assemblies 3.47-3.53 under the same selected conditions for the Fc-BDP and TTF-BDP precursors for the sake of suitable comparisons. The recorded emission spectra are provided in figure 3.36 with the corresponding emission data, listed in table 3. 3.7). Based on these findings, we can correlate the higher quenching of fluorescence and the decrease of the decay lifetimes to the occurrence of additional non-radiative photochemical events taking place within the triads and tetrads between the redox and photoactive counterparts (BDP, C60, and TTF or Fc). [2] Additionally, the values of the quantum yields and the lifetime decays are significantly lower than those calculated for the parent dyad 

Electrochemistry:

The At higher potentials, a reversible one-electron oxidation wave appeared at 0.66 V (vs. Fc + /Fc) that corresponds to the formation of BDP +• radical cation specie (Figure 3.39, Table 3.8). In the cathodic region, the first one-electron reduction wave at -1.04 V (vs. Fc + /Fc) is associated to the [a]

DCM, [b] THF.

Compound

Potential (V vs. Fc + /Fc) BDP 0/+ TTF +/2+ TTF 0/+ Fc 0/+ C60 0/- C60 -/2-BDP 0/- 3.47 [a] +0. 

Conclusion and future directions

In summary, we have described in this part the synthesis and characterization of new Fc-BDP-C60 and TTF-BDP-C60 -based D'--D-A and (D'--D-A conjugates, en route for the design of light harvesting materials with potential applications in artificial photosynthesis and organic electronics.

This new family of compounds, comprised of seven examples, was obtained and isolated in a straightforward and efficient manner using our newly-developed clickable methanofullerene platform II. Although the electronic communication between the BDP and TTF (or Fc) was maintained in these systems (especially for -substituted BDPs), no significant communication between these latter redox centers and the fullerene C60 was evidenced at the fundamental sate.

These assemblies are characterized by a wide absorption in the visible range that can be extended to the NIR region of the spectrum, especially in the case of -substituted TTF-or Fc-BDP-C60 assemblies. Furthermore, the quenching of the BDP emission within these assemblies upon photoexcitation was significantly more pronounced in comparison with the quenched emission of parent BDP-C60 dyad and the corresponding Fc-BDP and TTF-BDP precursors. This was associated with the occurrence of additional photochemical events taking place through these D-A -based triads and tetrads, namely cascade PET processes.

Preliminary results by transient absorption spectroscopy of some selected assemblies evidenced the formation of Fc  -BDP-C60  final charge separated state, through a cascade PET phenomenon, with relatively long lifetimes (around 500 ps). Advanced photophysical measurements are currently under investigation by our collaborators in ISMO-Paris Saclay and Adam Mickiewicz University in Poznan-Poland. These ongoing investigations could provide more insights on the mechanism of the photoinduced events occurring within these complex D-A architectures, in addition to the elaboration of a structure/properties relationship for the design of organic light harvesting materials.

The next step of this study is to exploit the photophysical and photodynamic properties, obtained in solution for these D-A conjugates, in the generation of photocurrent within a PEC cell by grafting them on metallic surfaces through the formation of self-assembled monolayers. This could be achieved by attaching a spacer playing a dual role as a structuring agent and good electron mediator, namely a helical peptide, thanks to the available alkyne unit (on the D-A conjugate) that could be easily functionalized through CuAAC reaction.

Hence, in the following chapter (chapter 4, section 4.4), we describe the synthesis and characterization of (D'--BDP-C60-peptide assemblies, along with BDP-C60-peptide derivatives, in addition to their immobilization on gold surfaces through the formation of SAMs for the design and development of organic PEC devices.

Introduction

We have seen in the first chapter of this dissertation the key parameters for the development of organic covalently-linked D-A assemblies that undergo PET or/and EET characterized by a fast charge separation and slow charge recombination processes. This was achieved by controlling the structural (i.e. choice of the donor-acceptor pair, distance, and nature of the spacer), and thermodynamic parameters (i.e. excitation energy, redox potentials) of the D-A system. In addition, employing the strategy of multistep electron/or and energy transfer in D-A polyads showed an enhancement in the efficiency of the photoinduced events especially by producing long-lived charge-separated states. [1,2] Thus, in order to transform the resulting charge-separated state into electrical or chemical energies in significant amounts, vectorial electron relay in molecular assemblies is therefore necessary for light-energy conversion in organic electronic applications. [1,3] However, the main issue in this step remains the dependence of organic electronics on the high accuracy of molecular arrangement in a repeatable fashion down to the nanometer or molecular scale. Molecular self-assembly could be a key enabler for organic electronics since it combines the advantages of low temperature solution deposition methods, regioselective monolayer adsorption (i.e. physisorption or chemisorption) on surfaces and angstrom-scale control of the film thickness. [4] The molecular assemblies on a surface can be mainly divided into two distinct approaches depending on the type of the interactions between molecules and the surface. The first approach, known as Langmuir-Blodgett (LB) films, relies on the physisorption of molecules with an amphiphilic structure. [5] The second approach, known as Self-Assembled Monolayers (SAMs), depends on coupling to the surface via specific anchor groups. [6,7] The Langmuir-Blodgett (LB) technique has been widely used for the fabrication of molecular structures including molecular electronics since it offers good control of order and alignment of the molecules in the monolayer. However, this approach in the field of organic electronics suffers from an increase in the insulating properties of the photo-and electroactive monolayers as a result of the fragility, instability and defectiveness of the artificial LB membranes. [2] On the other hand, Self-assembled monolayers have attracted much attention as a new methodology for molecular assembly especially in the field of organic electronics. [4,8] A brief overview on the characteristics, general structure and preparation of the SAMs will be provided in the following section. In addition, some examples of reported [60]Fullerene-based SAMs for organic electronic applications will be discussed.

Self-Assembled Monolayers

Characteristics of SAMs

Self-assembled monolayers are a very well known methodology in order to functionalize surfaces based on the formation of organic assemblies by the adsorption of molecular constituents from the solution or gas phase onto the surfaces of solids in a defined orientation and organized manner. In general, the packing, orientation and physicochemical properties of the molecule on the surface are directly related with the three main parts of the SAM: a) a functional group, which will be used to tailor the desired properties of the surface; b) a molecular spacer, that will act in the molecular packing and depending on its nature could modify or not the electronic properties; and c) an anchor group with a specific affinity for the substrate which will be responsible for the linkage between the organic compound and the surface (Figure 4.1). Interestingly, these different parts of the SAMs can be modified by chemical synthesis and will determine the resulting physical properties of the surface. For example, the stabilization of the SAM structure and the formation of ordered monolayers results from the interplay of the non-covalent lateral interactions between the chains in addition to the intramolecular interactions within the monolayer which determine the fine details of the super-lattice structure (e.g. tilt-angle, surface lattice reconstruction). Finally, the affinity of the anchor group for the surface is highly important in templating the structure and orienting the monolayer especially in the case of crystalline surfaces. Indeed, a variety of anchor groups bearing different functionalities have been found to be capable to form SAMs on various substrates including chloro-and alkoxysilanes on hydroxylated substrates (silicon dioxide, aluminum oxide, quartz, glass, mica, zinc and germanium oxide) and fatty acids on metal oxides surface (aluminum oxide, silver oxide). The most extensively studied type of SAMs are alkanethiols, disulfides, and thioacetates that can be adsorbed onto various metal surfaces such as gold, silver, copper, palladium, platinum, and mercury. Depending on the nature of the substrate and the functionality of the anchor group, the chemical bonding can be purely covalent (e.g. Si-O-Si on oxidized surfaces), covalent and slightly polar (e.g. Au-S for alkanethiols on gold), or fully ionic. [9] 

Preparation and characterization of SAMs

The general protocol for preparing SAMs consists of the immersion of a freshly prepared or clean substrate into a diluted solution of the functionalized organic molecules in an organic or aqueous solvent for ca. 12-24 hours at room temperature under inert atmosphere. Note that, this procedure allows the use of different solvents, variation in temperature and exposure time to optimize the formation of SAMs. In addition, different methods of substrate preparation or cleaning using piranha solution or oxygen/air plasmas are employed to facilitate SAMs formation. The self-assembly process can be essentially described in two steps as follows: At first, the molecules are adsorbed onto the clean substrate in a disordered and fast manner followed by self-organization of the adsorbed molecules to form a well-defined structure with a lateral order (Figure 4.2). This reorganization process will require hours to maximize the density of the molecules and minimize the defects in the SAM. [6] The former category is characterized by the formation of uniform SAMs which are immobilized on the metal surface in an organized and well-structured fashion. This particular category can be achieved by two distinct approaches: the first one, known as the "direct approach", which relies on the direct immobilization of the target molecular assembly on the metal surface in one step procedure resulting in the formation of relatively dense and wellpacked monolayers (as shown in Figure 4.2). However, the main limitation of this strategy remains in the necessity to synthesize a new molecule for every single interface to be explored. [10] The "indirect approach" consists on the in-situ post-derivatization of a formerly modified SAM in a sequential or one-pot manner thanks to readily available chemical functionalities on the modified monolayers (Figure 4.3). The main advantage of this approach relies on reducing the formation of anomalies and defects in some cases resulting from the formation of multilayers and non-organized assemblies. On the other hand, the main limitation of this technique remains in its difficult implementation regarding the lack of control of the surface coverage by the post-functionalized entities. [10] On the other hand, the formation of mixed SAMs that consists in the immobilization of different bi-or multi-components assemblies on the surface offers potentially more flexibility for the design and synthesis of complementary complex supramolecular systems. These molecular assemblies can self-organize on surfaces in a controlled way since the structural growth is governed by the type of interaction and the respective amounts of the two species.

The strategy for the elaboration of mixed SAM can be achieved either by co-adsorption The characterization of the composition, structure, physical properties, and the alignment of molecules within monolayers on metal surfaces is highly important for understanding their behavior from the fundamental and practical point of view. Although the modified surfaces with SAMs containing organic assemblies are extremely fragile and thus require nondestructive analytical methods, several techniques have been developed in the literature and have been applied on molecular -based SAMs. Among them, spectroscopic methods such as ellipsometry, UV-vis absorption, XPS (X-ray photoelectron spectroscopy), PM-IRRAS (Polarization modulation-infrared reflection-adsorption spectroscopy) have been widely used to obtain information about thickness, structural disorder, chemical composition and presence of impurities in the molecular films. Additional information on the SAMs can be also obtained using contact angle measurements, quartz crystal microbalance (QCM), atomic force microscopy (AFM), and scanning tunneling microscopy (STM). [11] Finally, electrochemical characterization of the SAMs on the electrode surface provides knowledge about the conductivity of the film and the nature of the redox activity, in addition to the estimation of the surface coverage, electron transfer rates, and many other factors. [12] [60]Fullerene -based SAMs have been extensively studied in the literature and have been involved in the fabrication of OSCs as the electron selective layer, noticeably improving the efficiency of the device [13] , in OFET, [14,15] as well as in molecular rectifiers. [16] In addition, fullerene-based SAMs have been incorporated in the design of photoelectrochemical cells (PEC) for the generation of photocurrent. The first example, reported by Imahori and coworkers, [17,18] deals with the construction of an efficient PEC cell -based on SAMs formed by fullerene alkanethiols on gold surfaces (Figure 4. 5). The authors demonstrated the generation of a stable anodic photocurrent (quantum yield of ca. 10%), that was due to the vectorial electron flow from the electron sacrificer (AsA: ascorbic acid) to the gold electrode through the excited photoactive C60. [17,18] Similarly, Diederich, Pretsch, Echegoyen and their coworkers reported an efficient and reversible anodic and cathodic photocurrent generation in PEC cells based on C60-derived SAMs (Figure 4.6). [19] These photoelectrochemical cells exhibited very high quantum yields (between 25 and 31%). surfaces. [19] On the other hand, the occurrence of photo-induced energy and/or electron transfer in SAM based on donor linked-fullerene assemblies, including porphyrins, Fc, oligothiophene, dithienylpyrrole and BODIPY, have also been used to generate photocurrent for the manufacturing of photoelectrochemical cells (PEC). [3,[20][21][22][23] We will focus only on two examples in which the BDP chromophore is incorporated. [22] It is noteworthy to mention that the use of the BDP molecule as a secondary unit (light harvesting antenna) in such systems is due to their remarkable photophysical properties. [24,25] The accessible synthesis of the BDP platform in addition to the convenient tuning of its photophysical and electrochemical properties via facile synthetic modifications of the BDP core made this latter a valuable chromophore with a thriving potential in multidisciplinary research, especially in optoelectronics and material sciences. [26][27][28] These intriguing features of the BDP prompted us to investigate its properties as a primary entity (light harvester and electron donor) in the generation of photocurrent when associated to a [60]Fullerene-based SAM.

(

[60]Fullerene-based SAMs

As pointed out in the first chapter of thesis, BDP derivatives have been incorporated in fullerene-based D-A conjugates as primary redox and photoactive units. [29][30][31][32][33][34][35][36][37][38][39][40][41] Several examples of their association that give rise to photo-induced energy transfer and/or electron transfer in solution have been developed. However, the incorporation of BDP-C60 -based D-A systems in which the BDP acts as a primary redox and photoactive entity in the design of PEC-based SAM for the generation of photocurrent have not been reported in the literature.

We believe that the association of the BDP chromophore with [60]Fullerene-based SAM could be interesting for the photocurrent generation in PEC cells.

Nevertheless, some fundamental and practical challenges can be encountered in such systems regarding the organization of the fullerene -based SAM on the surface and the optimization of the vectorial charge transport from the redox entities into the surface upon photoexcitation. In fact, [60]Fullerene-based SAM have been represented in the literature as ideal, homogeneous and well-structured monolayers without defects. However, Tour and his co-workers were the first to mention the coexistence of defects within the desired assemblies such as multilayers and head-to-tail anomalies. These latter could result from the high affinity of the fullerene to the gold surface (from ∼30 to 50-60 kcal/mol which is comparable to ∼50 kcal/mol for the Au-S bond), in addition to the strong C60-C60 interactions between fullerenes themselves (Figure 4.9) [42] . Schematic representation of the ideal, head-to-tail, and multilayers assemblies on gold surfaces formed by C60 derivatives. [42] Another challenge can be confronted in such systems, particularly in chromophoric donorlinked fullerene -based SAMs, regarding the possible quenching of the excited chromophore by the metal surface (gold surfaces) through energy transfer processes, which has appeared as a limiting factor for photocurrent generation. [43,44] These mentioned-above limitations could seriously affect the device performance, thereby restricting the development of [60]Fullerenebased SAM for organic electronic devices.

Recently, it appeared that the use of helical peptides as a spacer between the photoactive redox components and the metallic surface could be presented as an appropriate solution in order to circumvent these limitations. Indeed, it was demonstrated that peptide adopting a rigid helicoidal conformation could keep the chromophore away from the surface, and thus limits the quenching of the excited chromophore by the metallic surface. In addition, helical peptides display good electron mediator ability, compared to alkyl chains. In this context, the structural properties of the helical peptides could be beneficial for the device performance by improving the structural organization and the electronic properties of the resulting monolayers. Before addressing the fundamental properties and advantages of helical peptidesbased SAMs on metallic surface, a brief overview on the basic properties of helical peptides will be provided in the following section.

Peptide-based SAMs

Peptides are polymers (or oligomers) comprised of amino acids which are connected by an amide bond (Figure 4.10). Depending on the bulkiness and the geometry of the side chains, in ordered secondary structures, such as 310-and -helical segments. [46] For instance, the 310helix conformation is known to be favored when incorporating six to eight homo-Aib (2amino-isobutyric acid) amino acids. Upon increasing the peptide sequence chain to longer than nine residues, the -helix becomes preferred. [47] Furthermore, it has been shown that peptides adopting a helical conformation in solution and on thin films (particularly on gold surfaces) could play the role of a structuring agent by forming well-structured, vertically-oriented and densely-packed SAMs. [48] This was explained by the rigid helicoidal conformation driven by the strong intramolecular N-H … O=C hydrogen bonds among the helices, in addition to interchain intermolecular interactions such as Van der Waals, dipole, hydrophobic, and hydrogen interactions that stabilize the SAMs structures. [49- 54] Finally, the study of the electron transfer through helical peptides in solution and on thin films revealed interesting electron transport features. Indeed, it was proved that helical peptides are good electron mediators compared to hydrocarbon alkyl chains and can promote long-range electron transfer rates with high efficiencies. [49,52,55,56] Note that, the ET in helical peptides is more favored from the C-terminus to the N-terminus than the opposite direction. This is attributed to the generated electrostatic field by the electric macrodipole of the helical peptide (positive polarity at N-terminus and negative polarity at C-terminus). [47,52] Up to now, two main mechanisms have been suggested for the electron transfer through helical peptides: 1) electron tunneling or superexchange mechanism, mediated by the peptide bond amide orbitals, which takes place in short-chained helical peptides (distance less than 20 Å); and 2) electron hopping mechanism that occurs along the backbone of peptides with distance higher than 20 Å. [47] The integration of peptide-based SAMs in light-harvesting devices (such as PEC cells) for the generation of photocurrent is a relatively new field. Two research groups, namely Kimura [55- 61] and recently Venanzi, [50,[62][63][64][65] have been significantly contributing in the development of this scientific area. For instance, one of the most relevant example reported by the former group exploited the use of chromophores with different absorption signatures and the effect of the helix dipole moment on the photocurrent to prepare "molecular diodes". [55] They synthesized two helical peptides with different direction of dipole moments and bearing each a chromophore (N-ethylcarbazolyl and tris(2,2'-bipyridine)ruthenium(II) complex) that absorb at different wavelength (Figure 4.11, left). A mixed SAM of the peptides was prepared on gold surface and upon excitation of the chromophore; generation of dipole-controlled photocurrent was demonstrated.

Regarding the second research group, Venanzi and coworkers reported for example the synthesis of a 310-helical hexapeptide bearing a pyrene chromophore and its immobilization via SAMs on a gold surface. The authors demonstrated the capability of the latter system of generating stable anodic and cathodic photocurrent by simply changing the redox-active electrolyte in the PEC cell. [63] In a subsequent work, this PEC device was integrated for the first time in a DSSC, exhibiting stable photocurrent after several measurements (Figure 4.11, right). [65] the photoinduced photocurrent generation by the Mixed SAMs formed on the surface of gold electrodes. [55] Right) Illustration of a prototype DSSC of helical peptide-based SAM. [63,65] In contrast, the association of D-A systems with peptide-based SAMs for organic electronics have been scarcely explored in the literature. Only one example have been recently reported by Kimura and coworkers, investigating the photocurrent generation in a mixed SAM of porphyrin-and fullerene-terminated helical peptides. [66] In this example, where the redox centers are associated in a non-covalent manner through bicomponent SAM, the authors demonstrated the generation of cathodic photocurrent that was triggered by the presence of oxygen atmosphere (Figure 4.12). This result was in contrast with the generated anodic photocurrent in the single component porphyrin-terminated peptide SAM. Note that the formation and characterization of homogeneous SAMs based exclusively on fullerene terminated peptides were not reported in this paper. Illustration of the photocurrent generation in a mixed SAM of porphyrin-and fullereneterminated helical peptides. [66] In this context, we have decided in the first place to investigate the effect of [60]Fullerene and helical peptides in the formation and organization of SAMs on gold surfaces. In fact, since the diameter of the peptide helix and the C60 core are of the same order of magnitude, we expect a cooperative effect in the organization of the monolayers, governed by C60-C60 and peptidepeptide interactions. Therefore, in the following section of this chapter (section 4.2, publication #3), we describe the synthesis and characterization of a novel C60-peptide assembly that was subsequently grafted on a gold surface through the formation of SAMs via the direct approach. The electrochemical studies in addition to the surface analyses on the C60-peptide -based SAM were carried out in comparison with a reference C60-alkyl -based SAM in order to compare the self-assembly properties of fullerene derivatives containing peptides or alkyl chains. The photoelectrochemical characterization of the fullereneterminated helical peptide and alkyl chains are also provided in section 4.

Then, the design of more complex D-A architectures based on BDP-C60-peptide and Fc-BDP-C60-peptide assemblies will be provided in the sections 4.3 and 4.4 of this chapter, respectively. The main objective of this study is to exploit the PET and EET processes observed in solution for these assemblies in the generation of photocurrent when grafted on gold surfaces through the formation of SAMs. These assemblies were synthesized by linking the corresponding BDP-C60 and Fc-BDP-C60 precursors (described in chapter 2 and 3, respectively) to the same helical hexapeptide derivative using our newly-developed fullerenebased approach described in chapter 2.

In the section 4.3, we investigate the effect of the BDP chromophore in the formation of D-A -terminated peptide SAM, by the direct approach, from the organizational and electronic point of view, in addition to its properties in the generation of photocurrent in SAM -based PEC device.

The section 4.4 is dedicated to the synthesis; characterization and surface modification by direct approach of the Fc-BDP-C60-peptide assemblies in order to investigate the organizational and electronic effect of adding supplementary donors (Fc) on these systems in the formation of the SAMs.

Finally, preliminary results on the conformational directive by dipole-dipole interactions between two helical peptides with inversed dipole moments bearing each a redox center (BDP or C60) in a bi-component monolayer using the mixed approach are provided in the section 4.5 of this chapter.

A fullerene helical peptide: synthesis, characterization and formation of self-assembled monolayers on gold surfaces

Authors contribution

This work is described in the format of a research article, published in the New Journal of Chemistry in 2018 (NJC, RSC publications). [67] In this publication, we report the synthesis, characterization, and surface modification via selfassembled monolayers of a novel C60 -terminated helical peptide. In addition, a C60-alkyl assembly was also synthesized and immobilized on gold surface via the formation of SAMs in order to compare the self-assembly properties of fullerene derivatives containing peptides or alkyl chains.

Our previously reported clickable fullerene building block bearing a terminal alkyne on one side and a protected maleimide function on the other side was selected as the [60]Fullerene platform. [68,69] We decided in this project to shorten the alkyl chain length linking the fullerene to the clickable alkyne functionality in order to reduce the distance between the C60 and the gold surface in the final assembly.

As far as the peptide is concerned, the choice of the length and composition of this latter are highly important in promoting the formation of the helix, and thus controlling the structural and the electronic properties of the SAMs. Hence, we decided to synthesize an Aib-and Alarich hexapeptide promoting the formation of a helical conformation. In fact, the preferred length of the peptide (6 amino acid residues) was adapted in order to fulfill some requirements. Indeed, the peptide should be sufficiently long in order to adopt a helical conformation, and thus offering good self-assembly properties brought by the rigidity of the helix. This condition is also required in order to annihilate or reduce the quenching of the chromophore through energy transfer by the surface. On the other hand, the peptide should be also sufficiently short in order to promote a fast and efficient electron transport to the metallic surface upon charge separation.

In addition, the designed helical hexapeptide carries an azide moiety at the C-terminus permitting a copper catalyzed alkyne-azide 1,3-dipolar cycloaddition (CuAAC) reaction with the fullerene building block, and a lipoyl moiety at the N-terminus which will allow the grafting of the resulting C60-peptide on gold surfaces via self-assembled monolayers.

All the new assemblies (peptide, C60-peptide, and C60-alkyl) were successfully immobilized on gold surfaces via the formation of SAMs, which was confirmed by XPS and PM-IRRAS analyses. The electrochemical studies in addition to the calculation of the surface coverage and tilt angle by QCM, and PM-IRRAS, respectively, confirmed that the combination of the C60 and a helical peptide appeared to be an efficient strategy to form well-organized and dense monolayers compared to their analogs C60-alkyl chains SAMs. These findings were mainly attributed to the C60-C60 and helix-helix intermolecular interactions forcing a vertical tendency of the monolayers on the gold surface.

In this work, the synthesis of the target assemblies was done by Dr 

Introduction

Since their discovery, fullerene C 60 and its derivatives have attracted the interest of many researchers due to their outstanding physical and chemical properties, and have promising applications in the fields of life and materials sciences. In particular, the surface modification with C 60 -based thin films or monolayers allows the transfer of their unique properties to solid surfaces, which may lead to practical applications especially in organic electronics. The main methods to prepare monolayers or thin films of fullerenes are based on the Langmuir and Langmuir-Blodgett deposition techniques, as well as the formation of self-assembled monolayers (SAMs) on solid surfaces. 1,2 The latter approach has attracted much attention, since self-assembled monolayers are spontaneously formed by chemisorption, giving rise to robust and well-defined structures on solid surfaces. 2 Fullerene C 60 -based self-assembled monolayers have been involved in the fabrication of solar cells as the electron selective layer, noticeably improving the efficiency of the device, 3 in field-effect transistors 4 and in molecular rectifiers. 5 The immobilization of donor-fullerene systems on surfaces for the construction of photoelectrochemical devices has also been considered. 6 The occurrence of photo-induced energy and/or electron transfer in these donor-fullerene systems was used to generate photocurrent. More recently, it has been proposed that the charge separated state formed after illumination of donor-fullerene SAMs could also function as a hole-blocking layer and an electron transporting layer for photovoltaic cell applications. 7 The design of [60]fullerene-based self-assembled monolayers on a variety of substrates, in particular gold conductive surfaces, has been extensively studied. 8 Among the approaches that have been proposed to form SAMs containing fullerene C 60 on gold surfaces, the direct strategy yields the most stable as well as the most homogeneous monolayers. 2 This method relies on the use of C 60 derivatives fitted with anchoring units such as thiols or disulfides, which are well-known to bind strongly to gold surfaces. 9 Usually, fullerene C 60 and its sulfur anchoring unit are connected by a spacer, including alkyl chains and p-conjugated systems. Very often in the literature, SAMs of molecular assemblies including fullerene derivatives a ILV, UMR-CNRS 8180, Universite ´de Versailles-Saint-Quentin-en-Yvelines, are depicted as idealized representations without defects. However, Tour and co-workers have shown that the immobilization of fullerene C 60 on gold surfaces leads to binding anomalies where the desired monolayers can coexist with multi-layers and/or head-to-tail assemblies. 10 These anomalies could modify the properties of the devices, thereby limiting the use of C 60 -SAMs in a number of applications.

In this context, we propose to use peptides as surface structuring agents, as it has been shown that peptides adopting a helical conformation in solution and in the solid state may form well-organized and compact monolayers. Moreover, the diameters of the fullerene C 60 2 and of a peptide helix, whatever its nature (3 10 or a-helix), 11 are of the same order of magnitude (close to 1.0 nm). In this case, organization within the monolayer should be governed by two types of interactions, C 60 -C 60 and peptide-peptide interactions, which could lead to a reduction in head-to-tail anomalies. In addition, a helical peptide appears to be a good electron mediator compared to an alkyl chain. Electron transfer through a peptide bridge is also strongly asymmetric, as transfer along the dipole moment in a helical peptide is much faster than against the dipole moment. These properties could be very important for organic electronic applications, especially for the design of electron selective interfaces, in electrochemical photocurrent generation as well as in molecular rectifiers.

The combination of peptides and C 60 has been largely explored, mainly for biological applications and in the field of materials science. 12,13 However, immobilization of C 60 -peptides on surfaces in which the peptide adopts a helical conformation has been scarcely studied. To our knowledge, only one example has been reported by Kimura. In this study, porphyrin-and fullereneterminated 16-mer helical peptides were used to form homogeneous binary SAMs. The formation and characterization of homogeneous SAMs based exclusively on fullerene terminated peptides were not reported in this paper. 14 Herein, we describe the synthesis of a C 60 -peptide using ''clickable'' fullerene and peptide derivatives. The fullerene building block bears an alkyne moiety and a protected maleimide. This derivative can be easily functionalized with azido and thiol derivatives after deprotection of the maleimide, 15 which represents a significant advantage over previously used derivatives that allow grafting of only one unit. 14 Moreover, we used a simple hexapeptide containing the repeating sequence a-aminoisobutyric acid (Aib) and two L-alanine (Ala) residues. The choice of the peptide length, its composition and the position of the Aib residues in the sequence were determined by the conformational properties of C a -tetrasubstituted amino acids, known to promote the formation of 3 10 -helical structures in very short peptides. 16 This hexapeptide carries a lipoyl moiety (at the N-terminus) which acts as a bidentate ligand on the gold surface, and an azide moiety (at the C-terminus) allowing a coppercatalyzed alkyne-azide 1,3-dipolar cycloaddition (CuAAC) reaction with the fullerene building block. The CuAAC reaction is a very powerful synthetic tool in fullerene chemistry, which has allowed the efficient synthesis of a variety of fullerene derivatives, some of which cannot be obtained by classical methods. 17 This approach allows the grafting of our fullerene building block to the peptide in one step, unlike previous strategies in which multiple steps were necessary to complete the required fullerene-peptide conjugates. 14 In addition, a reference compound (C 60 -alkyl), in which an alkyl chain replaced the peptide, was also prepared in order to compare the self-assembly properties of the corresponding fullerene derivatives. The SAMs of the starting peptide, C 60 -alkyl and C 60 -peptide were then immobilized on a gold surface and their properties were studied using surface characterization and electrochemical techniques.

Results and discussion

Synthesis

Fullerene building block 5 was prepared in a similar way to our previously reported fullerene platform, developed for sequential orthogonal transformations (Scheme S1, ESI †). 15 The alkyl spacer between the alkyne moiety and the C 60 u n i ti ss h o r t e rt h a ni nt h e previously described platform, in order to reduce the C 60 -surface distance in the final assembly. In the present C 60 derivative, a maleimide moiety was introduced but remained protected. Lipoyl azide 7 waspreparedinthreestepsfrom 4-aminobutanol. Reaction with hydrogen bromide followed by substitution with sodium azide afforded an azido amine 18 which was then coupled with (R)-lipoic acid in the presence of HATU (Scheme S2, ESI †). Hexapeptide 15 was synthesised step-by-step in solution (Scheme S3, ESI †), using O-(7-azabenzo-1,2,3-triazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) as the coupling reagent and an N a -Boc protecting group strategy. The C-terminal alkyl azide chain was introduced by reaction of the N-Boc-alanine succinimide ester with 4-aminobutanol, followed by mesylation and substitution with sodium azide, to give the desired protected azido-amide 9.

Peptide chain elongation was performed by sequential deprotection of the N-terminal Boc group with trifluoroacetic acid and coupling of the following amino acid residue in the presence of HATU. The hexapeptide was finally substituted with (R)-lipoic acid at its N-terminal.

The reaction conditions for the copper-catalyzed alkyneazide cycloaddition (CuAAC) reaction between the fullerene alkyne and the peptide azide or alkyl azide were investigated. Since the presence of sulfur atoms in substrates may lead to partial deactivation of the CuAAC catalytic system, 15a, 19 we performed preliminary experiments using copper(I) salts and various ligands in dichloromethane to determine the optimum conditions. From these experiments, it appeared that the best yields were obtained with bulky ligands such as (hexabenzyl)tren 20 and tris-(benzyltriazolylmethyl)amine (TBTA). 21 The preferred conditions for the CuAAC reaction between the alkyne C 60 derivative 5 and the azide-peptide 15 or lipoyl azide 7 involved the use of the preformed complex [Cu(I)ligand(hexabenzyl)tren]Br, prepared from CuBr and the hexabenzyltren ligand, in dichloromethane at room temperature under an inert atmosphere (Scheme 1). The fullerene-alkyl and fullerene-peptide adducts were isolated in 40% and 60% yields respectively, consistent with previous results obtained for this type of derivatization. This approach allowed This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018 New J. Chem., 2018, 42,1 9 4 2 3 --1 9 4 3 2 | 19425 the preparation of a significant amount of both the fullerene building block, the fullerene-alkyl adduct and the fullerenepeptide, and exhibits a higher yield than a previously reported method. 14 Complete characterization of these derivatives using NMR and mass spectrometry was carried out. 22,23 

Solution conformational analysis

The solution conformation of the reference hexapeptide 15 and of the C 60 -peptide was studied by using a combination of infrared absorption, NMR and circular dichroism measurements.

IR absorption spectroscopy. The FT-IR spectra of the hexapeptide 15 and of the C 60 -peptide were recorded in CDCl 3 at a concentration of 1 mM. The absorption bands of the two derivatives are located at the same position in the amide A and amide I region, indicating as previously reported that the conformation of the peptide is not modified by the presence of the C 60 unit. 24 In the N-H stretching region (Fig. S1, ESI †), the FT-IR spectra show a strong absorption band at 3315 cm À1 (N-H groups in intramolecular CQOÁÁÁH-N hydrogen bonds) and a weaker band at 3430 cm À1 (free N-H groups). The amide I region (Fig. S2, ESI †) of the derivatives shows a strong absorption band with its maximum at 1655-1660 cm À1 , in accordance with the carbonyl stretching of a peptide adopting a helical conformation. However, it is difficult to determine the nature of the helix using this technique since the absorption maximum of a 3 10 -helix and a-helix is close to the 1666-1663 cm À1 and 1663-1658 cm À1 region, respectively. 25 While the carbonyl stretching band is located in the a-helix region, the 3 10 -helix conformation may also contribute to our short peptide structures.

1 H NMR spectroscopy. The NMR analysis of the starting hexapeptide 15 was carried out in CDCl 3 at a concentration of 50 mM (see below) using a combination of COSY and ROESY experiments (Fig. S3 and S5-S7, ESI †). The use of these complementary 2D experiments allowed the complete assignment of all proton resonances. The cross peaks observed in the ROESY spectrum between NH-NH (ii + 1) protons permitted the identification of all the amide protons of the peptide. of 15 in CDCl 3 was examined (Fig. 2 and Fig. S9, ESI †). Such experiments have already been used to study the aggregation of helical peptides in non-polar aprotic media. 27 As previously reported, the concentration-dependence study followed the trend observed during the DMSO dilution studies, with the N(I)H and N(II)H protons being more involved in intermolecular interactions undergoing significant shifts as the concentration was raised from 1to100mM(Dd = 1.51 and 1.17 ppm, respectively), while the other NH protons, involved in the H-bonding network, showed smaller shifts (Dd =0 . 0 3t o0 . 2 3p p m ,r e s p e c t i v e l y ) .

For the C 60 -peptide, NMR analyses were performed in CDCl 3 at a concentration of 30 mM (Fig. S3, ESI †). These experiments allowed the complete assignment of all proton resonances except those belonging to the amide protons, as some were too close to allow clear identification using the ROESY experiment. In order to assign the amide protons and to confirm the helical conformation of the C 60 -peptide, NMR experiments were further conducted in C 5 D 5 N for this compound, along with the reference hexapeptide 15 (Fig. S14-S21, ESI †). For both compounds, the amide protons are well-dispersed and well-defined (Fig. 3 and4). The use of complementary 2D experiments (COSY, NOESY and ROESY) allowed the complete assignments of all proton resonances for 15 and C 60 -peptide. In particular, the NOESY spectrum of 15 showed two aH-NH (ii + 2) cross peaks, suggesting specifically a 3 10 -helical structure. In addition, the cross peaks observed in the ROESY spectrum of the C 60 -peptide between the NH-NH (ii +1 ) protons demonstrated that the peptide adopts a similar prevailing, likely helical, conformation to the reference hexapeptide 15. Circular dichroism. A far-UV CD spectrum of the hexapeptide 15 was acquired in MeOH solution (Fig. S22, ESI †). A strong negative Cotton effect at 203 nm was observed. It is widely recognised that negative Cotton effects below 200 nm (peptide p-p* transition) indicate an unordered peptide conformation, while this band is shifted in peptides folded into helical conformations to 203-208 nm. 28 These results suggest an at least partially helical conformation for 15, consistent with previous studies of short Aib-containing peptides. 29 shown in Fig. 7. The N1s peak of the peptide azide terminated SAM presents four contributions at 400.0, 400.3, 401.3 and 404.4 AE 0.1 eV. The major contribution at 400.0 AE 0.1 eV is attributed to the N-H amide groups of the peptide (B78%). 32 The presence of the azide function is unambiguously revealed by the three other components at 400.3, 401.3 and 404.4 AE 0.1 eV. 33 One can note here that the relative intensity ratio characteristic of the molecule N-amide/N-azide is equal to 3.5, above the expected value (2.3). This can be explained by partial decomposition upon X-ray radiation of the azide moiety, leading to a contribution at a lower bonding energy probably included in the amide contribution at 400 eV. 33 In the case of the C 60 -peptide or C 60 -alkyl SAMs, the N1s peaks are best fitted with three contributions. The main contribution at 399.9 AE 0.1 eV is assigned to the N-H of the amide, to the OQC-N-of the maleimide or to the N-N-C of the 34 In the two SAMs, a third S2p signal at 163.6 AE 0.1 eV (orange) is present, attributed to disulfide sulfur atoms, suggesting that a fraction of the disulfide groups are not bonded to the surface despite the intensive rinsing of the samples. 34,35 Also, a broad S2p peak showing a significant presence of unbound sulfur was systematically observed in XPS for the helical peptide adsorbed on gold. 36 Finally, a small doublet at a higher binding energy, 168.1 AE 0.1 eV (red), is characteristic of oxidized sulfur. The presence of unbound disulfide can originate from different species in the SAMs. In the case of fullerene derivative SAMs, the strong attraction between fullerene C 60 units and the gold surface can produce head-to-tail arrangements and disorganised multi-layers. 10 However, the unbound disulfide proportion in the S2p signal is of the same order of magnitude in the hexapeptide 15 and C 60 -peptide SAMs as shown in Table 1. This finding indicates that the head to tail arrangements of the C 60 -peptide are not likely to be the major contribution of unbound thiols. The presence of unbound thiols in the peptide and C 60 -peptide SAMs could originate from lateral interactions between peptide chains or fullerene-fullerene contacts that hamper the binding of the thiol to the gold surface.

Polarization modulation reflection adsorption infrared spectroscopy (PM-RAIRS). Information on the orientation and order of molecules in the three SAMs (hexapeptide 15, C 60 -peptide and the C 60 -alkyl SAMs) were then probed by PM-RAIRS. First, the general spectroscopic profiles for the two molecules either as bulk, recorded by IR-ATR, or after assembly on gold, probed by PM-RAIRS, are shown in Fig. S23-S25 (ESI †). The ATR and PM-RAIRS profiles are comparable, which suggests successful adsorption on the gold surface. In the three cases, there is a quite good agreement between both spectra, and the differences observed can be explained by the specificity of both IR techniques. While ATR provides information from the bulk, the RAIRS experiments, which follow metal surface selection rules (MSSRs), 37 imply that absorption bands with a transition moment perpendicular to the surface are enhanced, whereas parallel modes experience the opposite effect. The PM-RAIRS spectrum of the hexapeptide 15 adsorbed on gold is shown in Fig. 8. The band at 2093 cm À1 , characteristic of the azide moiety, confirmed the formation of the hexapeptide 15 SAM. 38,39 The spectrum is dominated by the amide I and II bands at 1658 and 1542 cm À1 respectively characteristic of a helical peptide. 26a The upshift of the amide I band on the SAM compared to the bulk (Fig. S24 and S25, ESI †) can be attributed to vibrational coupling between the amide groups of the nearby helices. 40 This suggests the formation of a relatively dense monolayer of molecules on the surface. The C 60 -peptide SAM PM-RAIRS spectra highlight the amide I and II vibration bands at very similar wave-numbers to that in the case of the hexapeptide 15 SAM, suggesting the formation of a similar dense layer on the surface and confirming the dense layer observed by cyclic voltammetry.

Additional bands characteristic of the C 60 -peptide molecule are also present. Three bands characteristic of the C 60 malonate at 1740, 1267 and 1181 cm À1 are clearly seen in the spectrum. 41 The bands at 1740 and 1267 cm À1 correspond to the malonate CQO and C-O stretching, respectively, while the band at 1181 cm À1 can be assigned to the o 3 C 60 cage vibration. 7 Other bands characteristic of the maleimide and triazole groups of the C 60 -peptide molecule are visible in the spectra and summarized in Table S1 (ESI †). The PM-RAIRS spectrum of the C 60 -alkyl SAM highlights all the same bands characteristic of the molecule as in the C 60 -peptide SAM, with some differences in intensity. The amide I and II bands at 1644 and 1542 cm À1 are not as intense as in the spectrum of the C 60 -peptide SAM, due to the presence of only one amide group in the C 60 -alkyl molecule. A careful analysis of the amide I and II band absorbance ratio in the SAMs involving the peptide, using a distribution function model, shows that the tilt angles of the helix axis from the surface normal are calculated to be 48.5 and 37.4 AE 21 for the hexapeptide 15 and C 60 -peptide SAMs, respectively. The tilt angle of the peptide SAM is very close to the tilt angle reported in the literature for a short chain peptide (491 for a peptide containing the [Ala-Aib] 4 sequence). 14,26a,42 Surprisingly, the tilt angle of the C 60 -peptide SAM is closer to the tilt angle of a longer peptide (361 for a peptide containing the [Ala-Aib] 16 sequence). This result suggests that the interactions between the fullerene units are added to the interactions between the short peptides, leading to intermolecular interactions that can be assimilated to the stronger intermolecular interactions of longer peptides, which finally result in a greater vertical orientation (Fig. 9). 42 Interestingly, the presence of the C 60 moiety increases the density of the monolayer compared to the hexapeptide 15 since the C 60 -peptide SAMs are more densely packed than the peptide SAMs. 43 

Conclusion

In summary, we have prepared a fullerene-terminated helical peptide and a fullerene-alkyl derivative through the use of copper-catalyzed alkyne-azide cycloaddition reactions. The peptide azide and alkyl azide were grafted on a fullerene platform that bears on one side an alkyne unit, and a protected maleimide moiety on the other, allowing further functional modification. 15 A copper(I) source based on the preformed complex [Cu(I)ligand-(hexabenzyl)tren]Br, prepared from CuBr and the hexabenzyltren ligand, was used for this reaction, which led to 40% and 60% yields for the C 60 -alkyl and C 60 -peptide, respectively. This approach allowed the preparation of a signi f i c a n ta m o u n to ft h e s ed e r i v atives, in particular the C 60 -peptide, at a higher yield than the previously reported strategy. 14 The solution conformation analysis by IR absorption, NMR and circular dichroism measurements, of the starting hexapeptide and C 60 -peptide, confirmed their helical conformation, likely a 3 10 -helical structure from NMR experiments. In addition, the starting hexapeptide, C 60 -alkyl and C 60 -peptide were designed with a lipoyl moiety at the end of the alkyl chain or the peptide N-terminus, which allowed their grafting on a gold surface. The XPS and PM-RAIRS data showed that the monolayers of these derivatives could be successfully prepared, and their selfassembly properties were studied and compared using surface characterization and electrochemical measurements. The beneficial effect of the peptide on SAM formation was also confirmed. The helical C 60 -peptide allowed the formation of well-packed fullerene SAMs compared to the C 60 -alkyl, as determined from the coverage rate obtained by QCM and the difference in the intensity of the CV responses of the Fe(CN) 6 3À/4À redox probe. In addition to demonstrating the contribution of the peptide towards the formation of a denser fullerene layer, the comparison of angles obtained from the PM-RAIRS measurements indicated that the C 60 -peptide tended to be more vertical than the parent hexapeptide. This finding confirms the starting assumption that the organization within the monolayers is governed both by fullerene interactions and peptide interactions.

We currently envision using the electron mediator properties of the helical peptides along with their organising properties in fullerene-terminated peptide SAMs for organic electronic applications. In particular, we are planning to graft a donor-fullerene dyad on a helical peptide in order to develop photoelectrochemical devices. In such systems, the use of a short peptide, as used in this study, able to assume a helical conformation should be beneficial since the rate of electron transfer exponentially decreases with increasing distance of the photo-and electro-active units from the metal surface. The length of the short peptide should also be sufficient not only to diminish the quenching of the photo-excited chromophores by energy transfer from the gold surface, but also to reduce charge recombination processes. In addition, the strongly directional characteristic of electron transfer through the peptide chain could also be exploited withf u l l e r e n e -b a s e dS A M sf o rt h e design of molecular rectifiers.

Experimental section

The synthesis of compounds 1-15, C 60 -alkyl and C 60 peptide and the experimental details for SAM formation and characterization are described in the ESI. † The NMR spectra of the hexapeptide 15 and C 60 -peptide are depicted in Fig. S3-S21 (ESI †). The IR spectra of hexapeptide 15 and C 60 -peptide in CDCl 3 solution, in ATR and on gold surfaces are depicted in Fig. S1, S2 and S23-S25 (ESI †). The CD spectrum of hexapeptide 15 is also provided in Fig. S22 (ESI †).

Materials and methods

General methods. All reagents were used directly without further purification. Fullerene C 60 (purity99 The ligand N,N',N''-tris(2-dibenzylaminoethyl)amine (hexabenzyltren) was synthesized in two steps from tris(2-aminoethyl)amine as described. Maleic anhydride (15 g, 150 mmol) and furan (10.2 mL, 140 mmol) were added to diethyl ether (60 mL). The reaction mixture was stirred at room temperature for 48 hours and a white precipitate was observed. The resulting reaction mixture was filtered. The recovered solid was washed with diethyl ether and dried under vacuum to give 14. 

Fullerene C 60 (600 mg, 0.83 mmol) was dissolved in dry toluene (450 mL). After 3 hours of stirring, malonate 4 (260 mg,0.69 mmol) in dry toluene (5 mL) was added, and argon was then bubbled through the solution for 20 minutes. To the oxygen-free solution were added successively I 2 ( In a round bottomed flask, 4-amino-1-butanol (960 μL, 10.4 mmol) was introduced with 10 mL of HBr 48 %(aq). After 3 hours of stirring at 100 °C, the mixture was concentrated under reduced pressure. The residue was diluted with H 2 O (7 mL) and sodium azide (2.8 g, 43 mmol) was added. The reaction mixture was stirred at 80 °C overnight and finally concentrated. A 20 % aq. solution of NaOH was added to the crude product, which was extracted into DCM. The combined extracts were washed with water and dried over MgSO 4 to obtain 620 mg of 6 as yellow oil in 52 % yield. 1 H NMR (200 MHz, CDCl3) Catalyst preparation: an equimolar mixture of CuBr (14mg, 0.096mmol) and hexabenzyltren(66mg, 0.096mmol) were introduced into a dry round bottomed flask under argon with 16 mL of dry and degassed DCM. The reaction mixture was stirred for 6 hours at room temperature. The alkyne 5 (50 mg, 0.045 mmol) and azide 7 (13 mg, 0.04 mol) were introduced into a dry round bottomed flask under argon. Then 3.5 mL of the prepared catalyst solution (0.5 eq) was added and the reaction mixture was stirred at room temperature for 2 days with exclusion of light. The mixture was concentrated under reduced pressure. The purification of the brown residue was performed by column chromatography (SiO 2 , DCM/Et2O : 95/5 then DCM/MeOH : 96/4) and afforded 50 mg of C 60 -alkyl as a black solid in 40 % yield. 1 H NMR (300 MHz, CDCl 3 ) δ=1. 42 A solution of 4-aminobutanol (600 mg, 6.74 mmol) in DCM (60 mL) was cooled on an ice bath. Boc-L-alanine hydroxysuccinimide ester (2070 mg, 7. 25 mmol) and triethylamine (1.0 mL, 7.25 mmol) were added. The mixture was stirred at room temperature for 18 hours. The mixture was diluted with DCM and washed successively with 0.5 N aqueous hydrochloric acid solution, brine and saturated aqueous sodium hydrogen carbonate solution. The organic phase was dried over anhydrous magnesium sulfate, filtered and evaporated. The product 8 was obtained as a colourless oil (yield 1. 37 Compound 10 (1.29 g, 3.6 mmol) was dissolved inDCM (18 mL) and a solution of HCl in diethyl ether (appx 2N, 24 mL) was added. The mixture was stirred at room temperature for 18 hours. The solvent was removed under reduced pressure and toluene was distilled from the residue twice. The residue was dissolved in THF (35 mL) and cooled to 0 °C. Boc-Aib-OH (955 mg, 4.7 mmol), HATU (1.78 g, 4.7 mmol) and diisopropylethylamine (1.9 mL, 10.9 mmol) were added. The mixture was stirred at room temperature for 2 days. The solvent was removed under reduced pressure. The residue was taken up in DCM and washed with aqueous HCl 5%, brine, and aqueous NaHCO 3 (sat). The organic phase was dried over MgSO 4 , filtered, and concentrated under reduced pressure. The residue was purified by column chromatography using DCM/MeOH (95:5) Compound 12 (1.23 g, 2. 40 mmol) was dissolved in DCM (5 mL) and a solution of HCl in diethyl ether (appx 2N, 20 mL) was added. The mixture was stirred at room temperature for 7 hours. The solvent was removed under reduced pressure and toluene was distilled from the residue twice. The residue was dissolved in THF (15 mL) and cooled to 0 °C. Boc-L-Ala-OH (590 mg, 3.1 mmol), HATU (1.19 g, 3.1 mmol) and diisopropylethylamine (1.2 mL, 6.9 mmol) were added. The mixture was stirred at room temperature for 24 hours. The solvent was removed under reduced pressure. The residue was taken up in DCM and washed with aqueous HCl 5%, brine, and aqueous NaHCO 3 (sat). The organic phase was dried over MgSO 4 , filtered, and concentrated under reduced pressure. The residue was purified by column chromatography using DCM/MeOH (95:5) as eluent to give the title compound 13 (1. 16 Compound 14 (270 mg, 0.4 mmol) was dissolved inDCM (1 mL) and a solution of HCl in diethyl ether (appx 2N, 9 mL) was added. The mixture was stirred at room temperature for 24 hours. The solvent was removed under reduced pressure and toluene was distilled from the residue twice. The residue was dissolved in THF (5 mL) and cooled to 0 °C. (R)-Lipoic acid (107 mg, 0.52 mmol), HATU (198 g, 0.52 mmol) and diisopropylethylamine (0.5 mL, 2.8 mmol) were added. The mixture was stirred at room temperature for 3 days. The solvent was removed under reduced pressure. The residue was taken up in DCM and washed with aqueous HCl 5%, brine, and aqueous NaHCO 3 (sat). The organic phase was dried over MgSO 4 , filtered, and concentrated under reduced pressure. The residue was purified by column chromatography using DCM/MeOH (92.5:7.5) Catalyst preparation: a mixture of CuBr (14mg, 0.096mmol) and hexabenzyltren (66mg, 0.096mmol) in dry, degassed DCM (16mL) was stirred for 6 hours at room temperature. The alkyne 5 (66mg, 0.06 mmol) and lipopeptide azide 15 (50 mg, 0.066 mol) were placed in a dry flask under argon. The prepared catalyst solution (2 mL, 0.2 eq) was added and the reaction mixture was stirred at room temperature for 2 days with exclusion of light. The mixture was concentrated under reduced pressure. The residue was purified by column chromatography using DCM/MeOH (92.5:7.5) as the eluent to give the title compound C 60 -peptide (66 mg, 59 %) as a brown solid. 1 H NMR (300 MHz, CDCl 3 , [C] = 30 mM) δ=1. 46 

Synthesis of compounds

Synthesis of compounds 8-C 60 -peptide

Preparation of Fullerene derivatives on Gold Substrates

For the IRRAS, XPS and electrochemistry experiments, we used 11 mm × 11 mm Arrandee TM (Werther, Germany) gold plates, which consist of a borosilicate glass substrate (0.7 +/-0.1 mm), a thin chromium interlayer (2.5 +/-1.5 nm) and a gold layer (250 +/-50 nm). The gold coated substrates were cleaned by annealing in a butane flame to ensure good crystallinity of the topmost layers and rinsed in a bath of absolute ethanol for 15 min before adsorption.

The gold plates were placed in a 25 mL 2-necked vessel and the system was flushed through with argon. A freshly prepared oxygen-free solution of fullerene or peptide derivative in dichloromethane (10 -4 M) was then introduced under argon to the vessel containing the gold substrates. After standing for 18 h in the dark under inert atmosphere, the gold plates were then rinsed once. After 18 h in the dark under an inert atmosphere, the gold plates were rinsed once with a CH 2 Cl 2 spray, then immersed 10 minutes in CH 2 Cl 2 , washed once with a water-spray, then immersed 5 minutes in water (MilliQ) and once again in CH 2 Cl 2 (5 min), and finally dried under a nitrogen flow.

Electrochemical methods

Cyclic Voltammetry measurements were performed with an Autolab (PGSTAT302N, Metrohm) at room temperature, using a saturated calomel reference electrode, a Pt counter-electrode and a gold substrate modified by a chemisorbed fullerene or peptide derivative layer, placed in a home-made polymer cell, as the working electrode. KCl 1M in water (20 ml) was used as a supporting electrolyte. K 3 [Fe(CN) 6 ] 1 mM was used as redox probe. The applied over-potential was changed from negative (0.7 V) to positive (-0.4 V) values with steps of 100 mV.

Infra-red

The amide I/II absorbance ratios were determined to be 1.74 and 1.54 for the hexapeptide 15 and C60-peptide respectively from the ATR analysis of the solid phase spectra. These ratios were used in the calculations of the helix tilt angles obtained from the infrared reflection-absorption spectra of the SAMs, described later.

PM-RAIRS analyses were performed in air with the crystal placed in the external beam of a Fourier transform infrared Nicolet 5700 spectrometer. The experimental setup was described in a previous paper. 6 All reported spectra were recorded at 8 cm -1 resolution by co-addition of 128 scans; using a modulation of polarization enabled us to perform rapid analyses of the samples after immersion without purging the atmosphere or requiring a reference spectrum.

The molecular orientation of the helical peptide was determined from the Amide I/Amide II ratio in the RAIRS spectrum under the assumption of uniform orientation of the helix axis around the surface normal 7 according to the following formula 8 :

𝐼 1 𝐼 2 = 𝐾 (3𝑐𝑜𝑠 2 𝛾 -1) ( 3𝑐𝑜𝑠 2 𝜃 1 -1 ) + 2 (3𝑐𝑜𝑠 2 𝛾 -1) ( 3𝑐𝑜𝑠 2 𝜃 2 -1 ) + 2
Where Ii, γ, and θi (i = 1 or 2 corresponding to amide I or amide II) represent the observed absorbance, the tilt angle of the helical axis from the surface normal, and the angle between the transition moment and the helix axis, respectively. The value of θ 1 was set to be 39° while θ 2 was taken between 75° for an α-helix and 83° for a 3 10helix, according to the literature. We have reported in the previous section of this chapter the synthesis and characterization of a fullerene-terminated helical hexapeptide SAMs. In this study, we confirmed that the combination of the C60 and a helical peptide appeared to be an efficient strategy to form wellorganized and dense monolayers compared to their analogs C60-alkyl chains SAMs. The following step of this project consists on the study of the electronic properties of such assemblies in the photon-to-electron conversion properties by adding a donor (BDP derivative) that can promote photoinduced processes with C60 upon photoexcitation.

The clickable BDP-C60 dyads that were described in the chapter 2 or this dissertation (dyads 2.1 and 2.2) were considered for this study. The only structural difference between these dyads is the linker connecting the [60]Fullerene and the BDP moiety (thiol-maleimide and triazole for dyad 2.1 and 2.2 respectively). The time-resolved and transient absorption spectroscopies showed that both dyads exhibited nearly the same photophysical properties, namely charge transfer and PET processes from the 1 BDP * to the C60 moiety.

Experimentally, we have investigated at first the organizational, electronic, and photocurrent generation behavior of the dyad 2.1 (one of the first molecules I have synthesized during my PhD) when grafted on gold surfaces via SAMs' formation after being appended to helical peptide spacer. Nevertheless, this dyad presents some disadvantage regarding the presence of an asymmetric carbon and the breaking of the thiol-maleimide linkage (as described in chapter 2) that could affect the organizational and electronic behavior of the resulting BDP-C60-peptide assembly. Therefore, thanks to design of the novel dual CuAAC clickable fullerene platform II that allowed the construction of the dyad 2.2 bearing a robust triazole linker, we decided to investigate the behavior of this dyad when appended to the helical peptide and immobilized on gold surfaces. Thus, both BDP-C60 2.1 and 2.2 dyads will be linked to the helical hexapeptide resulting in the construction of the corresponding BDP-C60peptide assemblies, which will be eventually immobilized on gold surface via SAMs' formation to evaluate their organization and electronic behaviors in the development of SAM -based PEC cells.

azido-hexapeptide 4.1 under the same conditions mentioned above.

At this state, it is very important to point out that we successfully designed and isolated these described-above sophisticated fullerene-based assemblies using our developed synthetic methodology (described in chapter 2) that incorporates dual clickable methanofullerene building blocks. Undoubtedly, such complex architectures would not be efficiently and successfully obtained using different fullerene chemistry approaches, namely the direct approach. Furthermore, the kinetic traces of T1 have been compared to those calculated for the parent dyad 2.1 in order to confirm the above-mentioned trend. The superimposed kinetic traces of both compounds at 2 ps at specific wavelengths ( 1 BDP* at 344 nm, 1 BDP* and 1 C60* at 427 nm, ground state bleaching at 495 and 551 nm, 3 C60* at 710 nm, 1 C60* and C60  at 916 nm, C60  at 1050 nm and 1 BDP* at 1280 nm) are provided in figure 4. 17. As expected, it can be clearly noticed that the parent BDP-C60 dyad 2.1 and the target assembly T1 seem to follow rather matching kinetics. Moreover, the kinetic traces of T1 were satisfactorily fitted with acceptable errors with four-exponentials to yield the time constants that came out to be very similar as that of the dyad 2.1. Therefore, these findings confirm the negligible contribution of the helical hexapeptide on the photodynamics of the overall assembly in solution. Peptide conformational studies. We have investigated in the section 4.2 of this chapter (see published article) the conformational properties of our helical hexapeptide in solution (using FT-IR, CD, and 1 H NMR analyses) and on the SAMs (using PM-IRRAS). The extracted data from the NMR experiments in solution confirmed that our hexapeptide is more-likely to adopt a 310 helical conformation, whereas the position of amide I and II bands obtained from PM-IRRAS experiment on the SAMs formed by the hexapeptide implied a -helix conformation preference. This 310-/-helix conformational equilibrium and interconversion have already been noticed in some cases of Aib-and Ala-rich short peptides. [70][71][72] On the other hand, it is well-known that the formation of -helix conformation requires a minimal main-chain length of seven residues, which could rule out the possibility of a favored -helix conformation by our hexapeptide. [73] However, our peptide can be considered as an RCO-hexapeptide-amide which implies the participation of the C-terminal NH group in intramolecular H-bonding. In other terms, our hexapeptide is more-likely to behave as an heptapeptide that could probably explain the possible 310-/-helix conformational equilibrium. Fortunately, single crystals of the helical hexapeptide suitable for X-ray diffraction were obtained by slow evaporation from a CH2Cl2/Et2O solution. The X-ray structure is composed of one peptide molecule and two co-crystallized CHCl3 molecules (Figure 4. 18). The structure unambiguously confirms the adoption of a helical conformation. A closer inspection on the intramolecular hydrogen In particular, the SAM formed by T1 showed a decrease in the probe signal with an irreversible behavior when compared to their alkyl R1 SAM's analogs (Figure 4.21, left).

This was attributed to the formation of a more densely packed SAM with BDP-C60-peptide T1 when compared to the BDP-C60-alkyl R1. The same tendency was obtained for fullerenepeptide R2 and fullerene-alkyl R3 under the same conditions (section 4.2, publication #3).

However, Figure 4.21 on the right shows that the probe response of the T1-SAM is higher than the one corresponding to the C60-peptide R2 SAM. This could be assigned to the disruption of the organization within the monolayer when the BDP chromophore was added to the assembly, resulting in a slightly less dense monolayer. These findings are consistent with those obtained from the estimation of tilt angles by PM-IRRAS. Finally, the SAM formed by the BDP-peptide R4 derivative displayed an important increase of the electroactive probe signal compared to R2-and T1-SAMs (Figure 4.21, right). This is undoubtedly associated with the lack of the bulky fullerenes and their corresponding C60-C60 interactions resulting in the formation of a loosely packed monolayer.

In order to confirm that our hybrid molecules are strongly adsorbed on gold and to show that their redox properties are conserved, we decided to perform the CV on the SAMs containing our reference and target molecules. This powerful technique was also used to get insights on the organization and stability of the monolayer, to estimate the surface coverage and to study the electron transfer kinetics of the adsorbed systems. These measurements were conducted in collaboration with Pr. Emmanuel Maisonhaute at "Laboratoire Interfaces et Systèmes

Electrochimiques"-Sorbonne Université -Paris.

The first attempt to record the CV waves on the 1 cm 2 gold surface-confined electroactive species at low scan rates did not provide useful data. Hence, we decided to pursue the electrochemical studies on gold ball microelectrodes since higher scan rates can be achieved. [74][75][76] Note that the first experiments on our systems were performed in a standard threecompartment electrochemical cell under argon atmosphere using two platinum coils as The CVs of the SAMs formed by the target molecules T1 and T2 are presented in figure 4. 24.

Both CVs exhibited stable and well-defined reversible redox waves with a bell-shape behavior that can be roughly explained by the sum of R2 and R4 corresponding to the oxidation of the BDP core and the reduction of the C60, which implies the weak electronic coupling between both redox entities in the ground state. In particular, the obtained half-wave redox potentials of the assembled monolayers formed by T1 and T2 on gold microelectrodes are very similar (see Table 4. 3) suggesting that the nature of the linker connecting the two electro-active moieties (thiol-maleimide in T1 and triazole in T2) has no significant effect on the electronic properties of the SAMs. However, the capacitive current (2ich) of T2-SAM is slightly higher than the one corresponding to T1-SAM suggesting that the SAM formed by the former assembly might be less tightly packed than the SAM obtained by the latter assembly. [12] This suggestion will be supported by the calculation of the surface coverage in the section below. The CV of T1 was also recorded in solution displaying accessible and stable signals ( 4.3). Although the half-wave redox potentials of T1 in solution have shifted slightly to negative potentials compared to those of the hybrid molecule on SAMs (Figure 4.24, Table 4. 3), these results resemble those of previously reported C60 SAMs. [77] - Finally, the CVs of the BDP-C60-alkyl reference R1 were also recorded in solution and on the SAMs under the same conditions described above in order to gain insights on the electrochemical behavior and the organization of this assembly within the monolayer compared to their BDP-C60-peptide analogs T1 and T2. The resulting voltammograms are provided in figure 4. 25 and their half-wave potentials vs. ferrocene are summarized in table 4. 3. Similar values of half-wave potentials were obtained for R1 in solution and on gold surfaces compared to their peptide analog T1 indicating that the nature of the spacer (either alkyl or peptide) connecting the redox centers to the metallic surface is electronically innocent and does not affect the electrochemical behavior of the redox centers of the assemblies.

However, a closer inspection on the anodic region of the CV of R2 adsorbed on gold microelectrode revealed that the reversible oxidation of the BDP entity is significantly uplifted in their peak intensities, although they should be equal in magnitude with the other entire one-electron peak. The estimated charge (Q) of the BDP and C60 redox centers, calculated by integration of the area under the oxidation and reduction signal of BDP and C60 respectively, gave a two times higher value for the BDP compared to the fullerene. We attributed this to the immobilization of "Free-BDP-thiols", generated from the breaking of the thiol-maleimide linker by a retro-Michael reaction in solution, on the gold surfaces between the uncompressed monolayers formed by the alkyl chains compared to the denser ones containing peptides. This suggestion will be supported by the calculation of the surface coverage in the section below. Beginning with the reference assemblies C60-peptide R2 and BDP-peptide R4, the estimated surface coverage was found to be around 6.5×10 -11 and 1.95×10 -11 mol cm -2 , respectively.

coverage value was found to be two times higher than the one corresponding to the C60 of the same assembly. This is mainly attributed to the immobilization of the BDP-thiols (generated by the breaking of the thiol-maleimide linker) between the uncompressed alkyl chains -based SAMs.

The stability of the SAMs formed by our target and reference assemblies on gold microelectrodes was also evaluated by electrochemistry. It is important to mention that a sequence of 1000 cyclic voltammograms was recorded on every single SAM grown by our assemblies. However, the data analysis of such experiments is exhaustive and extremely time consuming. Hence, we decided to evaluate the variation of each assembly in term of peak current and potential after 15 scans with a fixed sweep rate. As expected, the stability of the SAMs containing peptide chains in general appeared to be higher than the ones formed by alkyl chains. This is undeniably assigned to the easier and faster desorption/degradation of the uncompressed SAMs formed by the alkyl chains compared to their peptide-based SAMs (Figure 4. 27). For this study, it is crucial to calculate the electron transfer rate constant (kS) through the peptide-based SAMs and compare it to the electron transfer taking place in their alkyl-based SAMs analogs in order to confirm the contribution of the helical peptide in promoting electron transport to the metallic surface upon charge separation. Therefore, by investigating separately each subunit (BDP or/and C60) of the target and reference assemblies, we determined the heterogeneous rate constant between the redox centers and the electrode by increasing the scan rate. The kS values were then extracted through fitting the peak to peak potential variation (Ep) with the scan rate upon the Laviron theory using reference curves produced by numerical simulations. [74,78] Experimental and simulated Ep at different scan rates for the reference and target assemblies are presented in Figure 4. 28. The extracted electron transfer rates are listed in table 4.5.

Note that the most common techniques used for the determination of ET through peptides are the conventional CV at low scan rates, chronoamperometry, impedance spectroscopy, and alternating current spectroscopy. [52] However, the main limitation of these techniques resides in the presence of the ohmic drop, especially at high scan rates, resulting in the distortion of the signal; thus preventing the accurate quantitative analysis of the reaction kinetics.

As pointed out earlier, we have decided to work with microelectrodes since high scan rates can be achieved without polluting the measurements with the ohmic drop, and thus providing accurate quantitative data on the electron transfer kinetics across the SAMs. Therefore, we report for the first time the use of ultra-fast electrochemistry for the determination of ET . [79] Hence, the data analysis did not require the incorporation of electron hopping or diffusive motion of the redox centers during the treatment. This is in agreement with a global linear variation of the current with the scan rate. However, the observation of a slight attenuation at high scan rates in some cases is assigned to the transition between a fully Nernstian towards a fully irreversible behavior. [78] The calculated values of the electron transfer rate constants of our reference and target assemblies containing the helical hexapeptide on SAMs were found to be 10 3 -10 4 times higher than the ones corresponding to similar assemblies bearing short helical peptides in the literature. [80] On the other hand, similar fast kS values for fullerene-based SAMs on gold surfaces are reported in the literature and were mainly attributed to the close contact between the fullerene electroactive specie and the electrode. According to the authors, this was assigned to the folding of the molecules towards the electrode that was promoted by the high flexibility of the spacer. [75,81] This suggestion could be ruled out in our case for two reasons:

1) The surface analyses and the electrochemical experiments confirmed the formation of relatively densely packed SAMs with a vertical orientation by our assemblies, especially in the case of C60-peptide assembly R2; 2) Considering this theory, the electron transfer rate in the case of the reference assembly R1 bearing flexible alkyl chains, allowing the folding of the redox entity toward the gold surface, should be faster than its peptide chain analog T1.

The calculated kS of R1-SAM was fortunately slower than the T1-SAM ks which also confirms that a helical peptide spacer connecting the electroactive specie and the gold electrode is a better electron mediator than an alkyl chain (see table 4.5). that the electronic output is a result of the photo-input. In other terms, the larger is the input of photons, the higher is the output of electrons. Note that the photocurrent intensity of R2-SAM was much higher than those obtained when the electron sacrificer AsA was excluded, which indicates that Asa is required for the generation of the anodic photocurrent. Based on these findings and on previously reported fullerene-based SAMs, [17,19] we propose a mechanism of the anodic photocurrent, generated by (R2)-SAM ( [18] , 3 C60* [18] , and AsA [18] ; right) Schematic mechanism of the anodic photocurrent generated by R2-SAM.

The photocurrent intensity of R2-SAM was then compared to the one generated by a bare electrode and to its alkyl chain analog R3-SAM (Figure 4.31). As expected, the bare gold did not display any light-gated response while the generated photocurrent response by the reference assembly R3 was found to be lower in 2-3 orders of magnitude than that provoked by the assembly R2. These findings proved the important role of the helical peptide in the generation of a higher photocurrent in the PEC cell compared to the alkyl chain -based SAMs. The higher photocurrent response in the Fullerene-peptide-based SAM could be explained by the interplay of three factors:

1) The higher surface density of R2-SAM in comparison with R3-SAM (as demonstrated in section 4.2, publication #3), which implies more photoactive C60 species for the generation of anodic photocurrent;

2) The better electron mediating properties and faster electron transfer kinetics (from the C60  to the gold surface) through helical peptides in comparison with alkyl chains (see ultrafast electrochemistry);

3) The higher quenching of the fullerene excited states by energy transfer to the gold electrode in the case of flexible and loosely packed monolayers formed by the alkyl chains.

Interestingly, as shown in figure 4.32, when the SAMs formed by the target assembly T1

were irradiated at the same wavelength (=367 nm: selective absorption of C60), a higher photocurrent intensity in 2-3 times order of magnitude was observed in comparison with that corresponding to the SAMs constituted of assembly R2 despite the 2 times higher surface coverage of the SAMs formed by the latter assembly (see previous section). The enhancement of the photocurrent intensity could be attributed to the additional intramolecular photoinduced events taking place from the BDP to the excited C60 in addition to the intermolecular transfer from the electron carrier (AsA) to the excited C60. Moving forward, we decided to switch the excitation wavelength to 550 nm where the BDP entity selectively absorbs in order to increase the visible-photons harvesting in the PEC cell based on the SAMs formed by the reference and target assemblies. As expected, the SAMmodified electrode by the reference assemblies R2 and R3 displayed a very weak photocurrent response due to the negligible absorption of the fullerene at this wavelength.

Furthermore, a similar observation was obtained in the "fullerene free" SAM-modified electrode by the reference molecule R4. This was undoubtedly associated to the radiative and non-radiative desexcitation processes of 1BDP* upon photo-irradiation of the BDP to the ground state, in the absence of an acceptor entity.

Regarding the target assemblies T1 and T2, when the SAMs formed by the former assembly were irradiated at 550 nm, a photocurrent response was obtained that increases by increasing The internal quantum yields were estimated based on the number of absorbed photons by the target and reference assemblies T1, T2, and R1 using the input power Pi (W.cm -2 ) at 550 nm, the corresponding generated photocurrent, the surface coverage of each assembly Γ (10 -11 mol cm -2 ), and the absorbance of the assemblies determined from the absorption spectra in solution (see experimental part, chapter 6). The calculated quantum yields values for T1-SAM at 550 nm were estimated to be around 7%, which was higher in two orders of magnitude than the quantum yields obtained for the BDP-C60-alkyl analog R2-SAM (~ 3.5%). These findings confirm the important contribution of the helical peptide, as a better electron mediator than alkyl chains, in the generation of photocurrent. Interestingly, the assembly T2-SAM achieved the highest quantum yields efficiency in this family of molecules with a calculated value of 14%.

Although the obtained values are lower than those reported for the fullerene-based PEC in the literature, [19,20,22] it is important to point out that an accurate comparison between our assemblies and those described in the literature cannot be established since different photoelectrochemical setups are adopted.

The mechanism of the photocurrent generation in the BDP-C60-peptide -based SAMs T1 and T2 (also R1) can be explained through two possible photoinduced pathways (Figure 4. occurrence of these simultaneous photoinduced processes, initiated by the photoexcitation of the BDP entity, could be behind the higher photocurrent response of the assemblies T1 and T2 in comparison with the "BDP-free" R2 assembly that has not display any photocurrent response at this wavelength.

3) It appeared that less dense monolayers were obtained in the case of the target assemblies T1 and T2 when compared to the C60-peptide R2. This was assigned to the presence of the BDP entity that probably disrupts the organization within the monolayers.

Regarding the ET kinetics, the estimated values of the electron transfer constants by electrochemistry were found to be faster in the case of the peptide-based monolayers than their alkyl-based assemblies' analogs, which confirm the ability of the helical peptide as a better electron mediator in comparison with alkyl chains.

Finally, the photoelectrochemical investigations on the PEC cells containing our target assemblies revealed an enhancement in the photocurrent response in comparison with that generated by the PEC cell formed by the reference molecules (containing alkyl chains or lacking one of the primary redox centers). Several conclusions can be drawn from these experiments:

1) The presence of the C60 acceptor entity within the SAM-based PEC cell is vital for the generation of photocurrent, which again confirms that the C60 is an excellent electron mediator in PET processes, owing to its small reorganization energy.

2) The contribution of the helical peptide, as surface structuring agent and good electron mediator, is highly beneficial for the generation of higher photocurrent response in comparison with the alkyl-based SAMs' analogs.

3) The presence of the BDP chromophore as a primary redox entity is indispensable for the visible light harvesting and enhancing the photocurrent intensity through multiple photoinduced events.

Based on these findings, we confirmed the valuable contribution and combination of short helical peptides, BDP as light-harvester/electron donor, and [60]Fullerene electron acceptor for the development of organic -based PEC devices.

We have decided to extend our study in the following step by adding supplementary electron donors on the BDP entity of our target assemblies. For this, the Fc-BDP-C60 -based (D'-)2-D-A that are described in chapter 3 (section 3.3) were chosen as the parent polyads that will be linked to the helical peptide and eventually immobilized on gold surface using the direct approach. The synthesis, surface modification and characterization by surface analyses, and electrochemistry of the SAMs formed by these target assemblies are described in the following section of this chapter.

Fc-BDP-C60-peptide assemblies: Synthesis, characterization and formation of self-assembled monolayers on gold surfaces

This section is dedicated to the synthesis, characterization and surface modification of a new family of molecules comprised of BDP and C60 as primary redox centers, ferrocene as supplementary electron donor entities and the helical hexapeptide as structuring agent and electron mediator linker between the gold surface and the redox centers. The aim of this study is to exploit the photophysical and electronic properties of the Fc-BDP-C60 observed in solution (namely the wide light capture in the visible and NIR regions, and the multistep electron transfer processes) in the generation of photocurrent when grafted on gold surfaces.

Such combinations could result in the generation of an efficient photocurrent output for the development of organic PEC cells.

Therefore, we decided to link the (Fc)2-BDP-C60 -based (D')2-D-A tetrads, described in chapter 3, to the helical hexapeptide in order to produce assemblies that will be eventually grafted on gold surfaces through the formation of SAMs via direct approach. We selected the ferrocene-based polyads instead of their TTF analogs since the former conjugates were produced more efficiently in large scale in comparison with the latter derivatives.

The synthesis of three novel Fc-BDP-C60-peptide assemblies, in which two Fc entities were connected via a -system linker on different positions of the BDP core, are described in the following section. After the surface modification by direct approach of these target molecules on gold surfaces, the resulting SAMs have been characterized by surface analysis and ultrafast electrochemical studies in order to evaluate the effect of the additional Fc electron donors on different positions of the BDP on the SAMs features. It is important to mention that the photoelectrochemical measurements on these assemblies to evaluate their potential in the generation of photocurrent could not be carried out due to the COVID-19 pandemic.

Synthesis and characterization of target and reference molecules

Synthesis. The synthesis and chemical structures of the target assemblies T3, T4 and T5 are depicted in Figure 4. 35. All these assemblies were obtained in a subsequent two steps one-pot approach, developed in chapter 2 of this dissertation. This strategy consists in the deprotection of the TMS alkyne at first, followed by a click chemistry reaction in situ under our previously reported CuAAC conditions. [67] Therefore, the target assemblies T3, T4 and T5 were obtained in 53%, 72%, and 70% yields respectively by subjecting the corresponding parent tetrads The estimation of the tilt angles of the SAMs was determined on the basis of the absorbance intensity ratio of amide I and amide II bands using the same procedure described in chapter 6.

The calculated values are listed in table 4. Ultrafast cyclic voltammetry. The SAMs grown by the target assemblies T3, T4, and T5 on gold surfaces were evaluated by CV in order to confirm that our molecules are surfaceadsorbed on gold at the first place. Moreover, additional ultrafast electrochemical analyses were conducted, in respect to the described in the section 4.3, in order to estimate the surface coverage and the electron transfer rates constants. The electrochemical analysis were performed under the same experimental conditions described in the previous sections using A general inspection of the electron transfer rate constants of the target assemblies T3-T5

showed that the obtained ks values are much faster than those extracted for T1 and T2 assemblies (see previous section). In addition, when considering each individual assembly, dissimilarity between the redox centers ks values was distinguished. Nevertheless, the three target assemblies seem to follow nearly the same trend, characterized by a faster electron transfer from the BDP and C60 counterparts to the metallic surface than that corresponding to the electron transfer from the Fc to the surface. The reasons behind this behavior for T3-T5 assemblies are still unexplained at this stage.

However, a closer examination of the Fc entity ks values in the three assemblies showed that the electron transfer rate in the case of T5 is 3-4 times slower than those obtained for T3 and T4. This finding could be attributed to the fact the Fc units in T5 are further from the surface, owing to a more extended -spacer connecting the Fc units to the BDP.

Summary and future direction

In summary, we have succeeded at the first place to efficiently synthesize and isolate Fc-BDP-C60-peptide -based assemblies T3, T4, and T5 in good yields using our novel synthetic strategy, described in chapter 2. Again, this original approach that consists on the dual functionalization of methanofullerene building blocks proved its outstanding profit in the design of complex and sophisticated assemblies that could be hardly isolated using the conventional fullerene chemistry reported in the literature.

These target assemblies were successively grafted on gold surfaces through the formation of SAMs via the direct approach, and then characterized by a set of electrochemical and surface [18] , 3 C60* [18] , BDP, Fc [3] and AsA [18] ; Right) Predicted mechanisms of anodic photocurrent generated by Fc-BDP-C60-peptide SAMs (e.g. T5). 

Towards dipole-controlled segregated bi-components self-assembled monolayers on gold surfaces

Supramolecular donor-linked fullerene conjugates have been extensively reported in the literature with potential applications in organic electronics and artificial photosynthesis. [82][83][84][85] In particular, D'Souza has nicely investigated the occurrence of photoinduced events in supramolecular BDP-C60 -based D-A systems in solution. [86][87][88][89][90] These conjugates exhibited efficient PET or/and EET process from the photoexcited chromophore to the fullerene acceptor. However, such systems have been scarcely explored on surfaces through the formation of SAMs. [66] The challenge remains in the formation of segregated arrangement of the D and A on surfaces due to the high affinity of the fullerene to the gold surfaces and to itself (C60-C60 and C60-Au interactions), leading to the formation of undesired assemblies.

On the other hand, it has been reported in the literature that the co-immobilization of two helical peptide derivatives with opposite dipoles on gold surfaces is generally accompanied by the formation of tightly packed SAMs with smaller tilt angles compared to the SAMs of single component. This was explained by the segregated antiparallel arrangement of helix dipole moments resulting from the favorable electrostatic interaction between the neighboring dipoles in the SAM. [55,91] Therefore, we have decided to combine these two mentioned above features in order to promote a dipole-controlled intermolecular photoinduced electron transfer (Figure 4. 43).

This part of this chapter describes the preliminary investigation of the conformational directive by dipole-dipole interactions between two similar helical peptides, with inversed dipole moments, in a single monolayer using the mixed approach (i.e. bi-component approach). Although the BDP redox signature in the CV recorded on T6 was not as defined as the ones corresponding to R4, T1, and T2, we were able to estimate the surface coverage value Γ by integrating the area under the anodic peak. The calculated surface density Γ value was equal to 0.10 × 10 -11 mol cm -2 , which is significantly lower than that calculated to the BDP-peptide R4 bearing a dithiolane anchoring group at the N-terminal (Γ = 1.95 × 10 -11 mol cm -2 ). The low value of the surface coverage for assembly T6 can be attributed to the nature of the anchoring group (thioacetate SAc) and the position of this latter at the C-terminal of the peptide backbone. Indeed, it has been recently demonstrated in the literature that thioacetatebased SAMs tend to form less dense and packed monolayers than their disulfide-based SAM analogs. [94] This is attributed to the Au-S bond stability that was found to be higher in the case of a bipodal sulfur-based anchoring group (disulfide) with higher affinity constant to the gold surface in comparison with a monopodal group (SAc). Moreover, it has been reported in the literature that thioacetate-based SAMs adsorb more slowly than other sulfur-based SAMs due to the presence of the acetate protecting group which markedly slows the SAMs' formation rates. [93] Finally, as far as the helical peptide is concerned, it has been shown in the literature that loosely-packed monolayers were obtained when the anchoring group is attached at the Cterminal (negative dipole) of the peptide backbone in comparison with SAMs containing the anchoring group at the N-terminus (positive dipole). [55,95] This is due to the unfavorable repulsive interaction between the negative dipole terminal (C-terminus) and the anionic character of the Au-S bond.

Therefore, due to these limitation related to the weak adsorption of T6 on gold surface and the slower adsorption kinetics, which resulted in a 65 times lower surface coverage for T6 in comparison with R2, we expect that the R2/T6 mixed SAM growth will be mostly governed by the disulfide-based R2 assembly. to the thioacetate anchoring group and its position at the C-terminus as pointed our earlier, the contribution of the T6 assembly within the mixed SAM organization was surprisingly significant. This can be attributed to the conformational directive by dipole-dipole interactions between the helical peptides, which relatively favor the co-adsorption of T6 with R2 within the mixed SAMs despite the poor adsorption properties of the former assembly on gold surfaces. [48] PM-IRRAS. The molecular composition and orientation of the mixed SAMs on gold surfaces were assessed by PM-IRRAS. to gain information on the composition, organization, orientation, and electronic features of the formed monolayers. Finally, the characterized SAMs were incorporated in PEC devices to study their properties in the generation of photocurrent by photoelectrochemical analyses.

Specifically, we have designed and investigated in the groundwork of this thesis different organic D-A assemblies, mainly comprised of BDP and [60]Fullerene entities as primary redox centers. These conjugates exhibited interesting photophysical, and photodynamic properties in solution, in which PET and/or EET processes have been demonstrated.

Additionally, these properties seem to be preserved when we exploited the grafting of these assemblies on metallic surface through the formation of SAMs. As a result, these BDP-C 60based conjugates could be considered as interesting materials with potential applications in the field of organic electronics including artificial photosynthesis, photovoltaics (SMOSCs), and especially PEC devices.

Starting with chapter 2 of this dissertation, we have firstly considered the elaboration of a novel synthetic strategy, based on the dual functionalization of fullerene building blocks through click chemistry. This strategy allowed the construction of complex and sophisticated assemblies that could be hardly obtained in an efficient and straightforward manner using the conventional direct approach of fullerene chemistry. This newly-described strategy allowed In the second part of this chapter, we described the appendage of the Fc-BDP and TTF-BDP conjugates on the methanofullerene building block II using our novel synthetic strategy described in chapter 2 (Figure 5. alkyne derivative) under CuAAC click chemistry conditions. [2] The synthesis of such sophisticated organic/inorganic hybrids can be probably achieved only using our newly-developed strategy, described in chapter 2. The final [Fc-BDP-C 60 ] 2 -V 6 assembly, which could undergo a cascade PET process with stabilized CS state lifetimes, could be of high interest for artificial photosynthesis and photocatalysis applications. In the chapter 4 of this dissertation, we described the immobilization of assemblies, selected from chapters 2 and 3, on gold surfaces through the formation of SAMs. Indeed, we exploited the ET and EnT transfer properties (obtained in solution) of these derivatives on metallic surfaces in the generation of photocurrent once incorporated in PEC devices. For this study, we appended on these selected assemblies a helical hexapeptide that is known to act as a better structuring agent and electron mediator than alkyl chains when grafted on surfaces.

Note that the synthesis of these target assemblies, along with the reference assemblies, was efficiently achieved using our newly-described synthetic strategy in chapter 2. We believe that these complex architectures could be hardly obtained using the conventional fullerene chemistry (namely the direct approach).

We have investigated in the first part of this chapter the association of the fullerene with a helical hexapeptide, and most importantly the use of the resulting assembly C 60 -peptide in the elaboration of SAMs on gold (Figure 5.7). Using a set of electrochemical and surface analysis, we confirmed the adequate combination of C 60 and peptide assemblies in the particularly the (Fc) 2 -BDP moiety, displayed wide absorption in the visible region that can be extended to the NIR depending on the functionalization of the BDP core (see chapter 3). In addition these latter assemblies showed a stabilization of the charge-separated state lifetimes in comparison with the BDP-C 60 assemblies. A complete investigation of the properties of these assemblies within the monolayers was conducted using surface and electrochemical analyses. However, the photoelectrochemical measurements (photocurrent generation) were not conducted due to the COVID-19 pandemic.

We believe that these assemblies, exhibiting improved photophysical properties (better spectral coverage, long-lived charge separated states) in solution, and consequently in the SAMs after their immobilization on gold surface, could display enhanced photocurrent response, in comparison with T1, T2, and R2, when incorporated in a PEC device (Figure 5.9). Finally, in the last part of this chapter, preliminary investigation of the peptide dipoledipole interaction in the formation of segregated anti-parallel arrangement was considered to promote an intermolecular electron transfer in mixed SAMs (Figure 5.10). For this study, we employed two helical peptides, with opposite dipole moments, bearing each a redox center (BDP or C 60 ). Although the BDP-peptide T6 exhibited poor adsorption features on gold surface due to the nature of the anchoring group (SAc), the co-adsorption of both assemblies R2 and T6 within the mixed SAMs was probably promoted by anti-parallel arrangement induced by the dipole-dipole interactions between the peptides. We are considering currently different synthetic strategies to replace the thioacetate with disulfide anchoring group that could improve the adsorption properties of T6 assembly. The emissions of photoelectrons from the sample were analyzed at a take-off angle of 90° under UHV conditions. After collection, the binding energies (BE) were calibrated against the Au4f7/2 BE at 84.0 eV. The accuracy of the reported binding energies can be estimated to be ± 0.1 eV. The XPS peak areas were determined after subtraction of a background. Element 

PM-IRRAS.

The analyses were performed in air with the crystal placed in the external beam of a Fourier transform infrared Nicolet 5700 spectrometer. All reported spectra were recorded at 8 cm -1 resolution by co-addition of 128 scans; using a modulation of polarization enabled us to perform rapid analyses of the samples after immersion without purging the atmosphere or requiring a reference spectrum. [1] The molecular orientation of the helical peptide was determined from the Amide I/Amide II ratio in the RAIRS spectrum under the assumption of uniform orientation of the helix axis around the surface normal [2] according to the following formula: [3] Where Ii, γ, and θi (i = 1 or 2 corresponding to amide I or amide II) represent the observed absorbance, the tilt angle of the helical axis from the surface normal, and the angle between the transition moment and the helix axis, respectively. The value of θ 1 was set to be 39° while θ 2 was taken between 75° for an α-helix and 83° for a 3 10 -helix, according to the literature. [4] K is the scaling factor related to the intrinsic "oscillator strength" of the amide I and amide II vibrational mode, which account for the amide I/II absorbance ratios experimentally determined for the respective helical peptides in the solid phase.

Faraday constant, and A (cm 2 ) is the electrode area. The active electrode area is calculated using the Randles-Sevcik equation i p = 268600n 3/2 AD 1/2 Cν 1/2

Where i p is the peak current, n is the number of electrons exchanged (n = 1), A (cm 2 ) is the area, D (cm 2 s -1 ) and C (mol cm -3 ) are the diffusion coefficient and concentration of the redox couple used as a probe, and v (V s -1 ) is the scan rate. Ferrocene (1 mM) in DCM + 0.1 M TBAPF 6 was used as the redox probe. Its relative diffusion coefficient in this medium is known to be D = 2.2 ×10 -5 cm 2 s -1 .

 Estimation of the SAMs' electron transfer rate constants (k s )

The heterogeneous rate constant between the redox centers and the electrode was determined through the investigation of signatures of the redox counterparts by increasing the scan rate. The k S values were then extracted through fitting the peak to peak potential variation (Ep) with the scan rate upon the Laviron theory using reference curves produced by numerical simulations. [5,6] Photoelectrochemistry. The photoelectrochemical measurements of the SAMs formed by the target assemblies were carried out in an argon saturated Na The internal quantum yields () were estimated based on the number of absorbed photons by the target and reference assemblies using the input power Pi (W.cm -2 ) at 550 nm, the corresponding generated photocurrent (I ph ), the surface coverage of each assembly Γ (10 -11 mol cm -2 ), and the absorbance of the assemblies determined from the absorption spectra in solution according to the following equation:

(I ph /e)/[I(1-10-1.4A )], I = (P i /(hc)

Where I ph is the photocurrent intensity, e is the elementary charge, I is number of photons per unit area and unit time, is the wavelength of light irradiation, A= Γ. is the absorbance of the assemblies at P i is the input power, c is the light velocity, and h is Planck's constant. 

Iodo-tetrathiafulvalene (TTF-I)

According to this procedure: Tetrahedron Letters 45, 2004, 4109-4112. [7] To a 25 mL flask under argon containing 1mL of anhydrous THF was added DIPA (0. 

TrimethylsilylethynylTTF

According to this procedure: Org. Biomol. Chem., 2015, 13, 1040-1047. [8] To a 50 mL flask under argon was added CuI (11 mg, 0.06 mmol 

EthynylTTF

According to this procedure: Org. Biomol. Chem., 2015, 13, 1040-1047. [8] To a 25 mL flask under argon was added trimethylsilylethynylTTF (45 mg, 0. +. ], found: 835.9905.

Compound 3.30

According to this procedure: Macromolecules, 2013, 46, 13, 5167 -5176. [9] To a 250 mL tricol flask was added hydroxyethoxybenzaldehyde (0.650g, 3.91 mmol) in anhydrous DCM (50 mL). Argon was bubbled through the solution for 20 min, then kryptopyrrole (1.2 ml, 9 mmol) and TFA (1 mL) were added. The mixture was stirred for 2 hours. Chloranil (0.96 g, 3.91 mmol) was added and the reaction was stirred for 5 minutes.

After the addition of DIPEA (3.5 mL, 20 mmol), the solution was kept stirring for 15 minutes, then boron trifluoride etherate (5 mL, 27 mmol) was introduced to the flask. The mixture was then stirred for 2 hours at room temperature. The DCM was evaporated. After purification by column chromatography on silica gel (DCM), a red solid was obtained (R= 74% According to this procedure: Org. Biomol. Chem., 2011, 9, 4182-4187. [12] To a 100 mL flask was added α-(Boc-amino)isobutyric acid BocAibOH 4. 4 (1.2 g, 5.9 
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 11 Figure 1.1. Molecular structure of the most common organic light-harvester/electron donors and electron acceptor.
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 12 Figure 1.2. Diagram wells of ground and singlet excited states where the vibrational levels are represented as wave functions and absorption electronic transitions are represented by vertical arrows following the Franck-Condon principle.
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 13 Figure 1.3. Jablonski-Perrin diagram illustrating the various photophysical processes.
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 15 Figure 1.5. Schematic representation of oxidative and reductive quenching mechanisms.
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 16 Figure 1.6. Marcus plot of the log (K ET ) as a function of free energy changes for electron transferreactions.[13] 
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 17 Figure 1.7. Left) Schematic diagram of PET transfer of a D-A dyad. Right) Scheme of competitive radiative (straight line) and non-radiative processes (dotted line) in the D-A dyads (EETenergy transfer, ET-electron transfer, Fluofluorescence, TDthermal deactivation, Abs-absorption, ICinternal conversion, ISC-intersystem crossing.
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 18 Figure 1.8. Multi-step PET in a D-A-A -type triad.

1. 4 . [ 60 ]Fullerenes 1 . 4 . 1 .

 460141 Discovery, production, and structure Fullerenes are caged molecules constituted exclusively by carbon atoms. The story of this family of molecules began in 1966 when D. E. H. Jones proposed for the first time the idea of large, hollow carbon-based cages. Inspired by the discovery of corannulene, Osawa presumed

  and C 70 were the most abundant fullerenes forms (Figure 1.10). The authors were able to predominantly produce clusters constituted by 60 C atoms by maximizing these cluster thermalization and cluster-cluster reactions (Figure 1.10). They rationalized these results to a better stability of the C 60 cluster and proposed a truncated icosahedral structure to explain this extra-stability. This pioneering discovery was recognized by the Nobel Prize in Chemistry in 1996 and given jointly to Professor Robert F. Curl, Harold W. Kroto and Richard E. Smalley.
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 110 Figure 1.10. Time of flight mass spectra of carbon clusters prepared by laser vaporization of graphite and cooled in a supersonic beam. Left) The spectrum was obtained when roughly 760 torr helium was present over the graphite target at the time of laser vaporization. Right) Obtained spectrum after optimizing the conditions.
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 111 Figure 1.11. Left) Fullerenes production system used by Krätschmer et al. Right) Fullerene production technique using combustion of sooting flames.
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 113 Figure 1.13. Top, left) IR spectrum of C 60 on silicium surface. Top, right) Absorption spectrum of C 60 in n-hexane. Bottom) Jablonski diagram of [60]Fullerene.
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 114 Figure 1.14. Fullerene C 60 cyclic voltammetry (V vs. Fc/Fc + ; acetonitrile/toluene 1:5, 0.1M of n-Bu 4 NPF 6 , working electrode: glassy carbon, scanning rate: 100 mV.s -1 ).
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 13 Scheme 1.3. [1+2] and [2+2] cycloaddition reactions on fullerene C 60 .
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 15 Scheme 1.5. Bingel-Hirsch reaction on C 60 in the presence of CBR 4 /DBU or I 2 /DBU.
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 116 Figure 1.16. Fullerene -terminated-azide derivatives for CuAAC reactions.
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 120 Figure 1.20. Molecular structures of aniline-C 60 and Fc-C 60 conjugates. Tetrathiafulvalene (TTF), one of the most efficient electron donating specie, has emerged as an interesting class of compounds for the design of fullerene based D-A systems. In the TTF-C 60 -based conjugates, the stabilization of the charge-separated state (nanosecond scale) is due to the gain in aromaticity of the 1,3-dithiolium cation(s) upon oxidation(s) of the TTF molecule, which is not aromatic in its ground state configuration. Hence, many sophisticated D-A assembly-based TTF-C 60 dyads, TTF-C 60 -TTF or C 60 -TTF-C 60 triads have been synthesized in order to reach a long-lived charge-separated radical pair (Figure 1.21).[START_REF] Hudhomme | World Sci. Ser. Carbon Nanosci[END_REF][START_REF] Bendikov | [END_REF] 

Figure 1 . 21 .

 121 Figure 1.21. Molecular structures of TTF-C 60 assemblies. The concept of increasing the charge separated state lifetimes in TTF-C 60 assemblies was completed by Martin et al. by involving the planarity and geometry effects of the donor moiety. For this the authors replaced the TTF by the -extended-TTF (ex-TTF) containing a p-quinonoid structure that potentially has a strong impact on the stabilization of the chargeseparated state. In fact, the photoexcitation of the exTTF-C 60 conjugates lead to stabilized CS states of around 200 ns, that are rationalized by the gain in aromaticity and planarity of the exTTF •+ radical cation species. Therefore, Martin et al. reported a wide family of D-A dyads and triads containing exTTF covalently linked to fullerene C 60 (Figure 1.22).[6] As expected,

Figure 1 . 22 .

 122 Figure 1.22. Molecular structures of exTTF-C 60 dyad and exTTF 1 -exTTF 2 -C 60 triad.However, the majority of the D-A examples listed above suffer from poor absorption in the visible range. Thus, in order to ensure efficient light-harvesting across the visible range of the spectrum, by far the largest number of donor-linked fullerene conjugates are built on chromophores that play a dual role as light-harvesting antennae and electron donors. Such organic chromophores not only contribute to a better understanding of the photoinduced events, but also have a great potential for molecular electronics and photonics involving photovoltaic cells, and artificial photosynthetic systems.
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 123 Figure 1.23. Molecular structure of PCBM. SMOSC (single material organic solar cells) based on covalently-linked D-A conjugates containing fullerene C 60 have also been used in the development of OPV applications.
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 124 Figure 1.24. Molecular structures of D-linked C 60 SMOSC.
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 125 Figure 1.25. Molecular structure of phtalocyanine-C 60 dyad.
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 126 Figure 1.26. Molecular structure of the first porphyrin-C 60 dyad.[110] 
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 127128 Figure 1.27. Molecular structure of porphyrin-C 60 dyad.Despite the exceptional ultra-long-lived CS obtained in the latter dyad, the radical ion pair state lifetimes in D-A dyads in general are limited to the nanosecond scale, due to the small spatial separation of the resulting charges.

Figure 1 .

 1 Figure 1.29. Normalized absorption and emission spectra of the commercially available BDP"PM567" recorded in DCM.[122] 
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 22315 Discovery, structure, and related analogs Treibs and Kreuzer discovered the first BDP derivative in 1968. Their attempt to synthesize the acylated product of 2,4-dimethypyrrole 1.1 using acetic anhydride (Ac 2 O) and boron trifluoride diethyl etherate (BF 3 .OEt 2 ) resulted in the formation of two fluorescent sideproducts instead of the desired compound 1.In fact, the acid-catalyzed condensation between the pyrroles 1.1 and 1.2 yielded the corresponding dipyrromethene intermediate 1.followed by chelation with BF 3 and further acylation to afford the bright fluorophores 1in 7% and 9% yields respectively (Scheme1.11

Figure 1 . 30 .

 130 Figure 1.30. Top) Structure and IUPAC numbering of dipyrromethene, BDP, s-indacene, and AzaBDP. Bottom) Four of the seven possible delocalized structures of BDP.

Figure 1 . 33 .

 133 Figure 1.33. Summary of different reaction methodologies for the post-functionalization on each position of the BDP skeleton.

23 .

 23 Scheme 1.23. Palladium-catalyzed C-H 3,5-arylation of unsubstituted BDPs.

Figure 1 . 34 .

 134 Figure 1.34. Optical properties of -substituted BDPs 1.39-1.43.

Figure 1 . 35 .

 135 Figure 1.35. Optical properties of -substituted BDPs 1.44-1.46.

Figure 1 . 36 .

 136 Figure 1.36. Optical properties of -substituted BDPs 1.48-1.51.

Scheme 1 . 24 .

 124 Scheme 1.24. Examples of S E Ar halogenations on the -position of the BDP. Note that the use of liquid bromine and iodic acid for the halogenations of unsubstituted BDP resulted in the over-halogenation of this platform core. Thus, milder conditions like the use Nhalosuccinimide (NXS, X = Br, I, and Cl) are required to provide better regioselectivity and to overcome the occurrence of over-halogenated by-products. For example, Ortiz et al. reported the stepwise chlorination of the unsubstituted BDP 1.55 using N-chlorosuccinimide (Scheme 1.25). The addition of 1 and 2 equivalents of NCS on BDP 1.55 resulted in the formation of 2-monochloroBDP 1.56 and 2,6-dichloroBDP 1.57 respectively in excellent yields (Scheme 1.25). By increasing the number of equivalents of NCS under similar conditions, 2,3,5-

Figure 1 . 39 .

 139 Figure 1.39. Optical properties of -substituted BDPs.

Figure 1 . 41 .

 141 Figure 1.41. Structures of BDP derivatives as laser dyes.

Figure 1 . 42 .

 142 Figure 1.42. Structures of BDP derivatives as fluorescence probes.

Figure 1 . 44 .

 144 Figure 1.44. Structures of potential BDP derivatives for optoelectronics.

Figure 1 . 45 .

 145 Figure 1.45. Molecular structure of BDP-Zn-C 60 triad and the possible photoinduced event upon photoexcitation.

Figure 1 . 46 .

 146 Figure 1.46. Molecular strucuture of the first BDP-C 60 dyad reported by Ziessel et al.

1. 68 ,

 68 Figure 1.47). In the same study, they also designed D-A-A -type triads composed of a closely spaced ferrocene-BDP-C 60 1.69, and triphenylamine-BDP-C 60 1.70 conjugates (Figure 1.47). In the former triad, the photoexcitation of the BDP resulted in an electron transfer from the ferrocene (Fc) to the BDP producing the Fc •+ -BDP •--C 60 state. This latter is followed by a fast electron shift from BDP •-to the stronger electron acceptor C 60 affording the final chargeseparated state Fc •+ -BDP-C 60 •-. Interestingly, the multistep electron transfer process that occurred only in the case of the Fc-BDP-C 60 triad (and not in the triphenylamine-BDP-C 60 triad) was accompanied by a stabilization of the charge-separated state (k CR = 2.4 x 10 9 s -1 and  CS = 416 ps), compared to the values obtained in the Fc-BDP (k CR = 5.8 x 10 10 s -1 and  CS = 17 ps) and BDP-C 60 (k CR = 3.2 x 10

1. 75 ,

 75 Figure 1.48). The photodynamic studies of the DSBDP-C 60 dyad 1.75 showed that upon excitation of the DSBDP entity, a PET occurs from the excited DSBDP to the fullerene moiety producing a relatively long-lived charge separated state DSBDP •+ -C 60•-with lifetimes

(Compound 1 . 76 ,

 176 example of NIR BDP-C 60 dyad was reported in 2014 by D'Souza et al. in which the synthesis and characterization of a novel family of thieno-pyrrole-fused BDP covalently-linked to fullerene C 60 via a catechol linker was achieved using the same approach described above Figure 1.48). The excitation of the NIR BDP sensitizers in the dyads 1.76a, 1.76b, and 1.76c exhibited an ultrafast PET from the excited BDP derivatives to the C 60 (k CS = 1.10 x 10 11 , 1.12 x 10 11 , 7.40 x 10 10 s -1 for dyad 1.76a, 1.76b, and 1.76c respectively).

1 . 48 .

 148 Figure 1.48. Molecular structures of NIR DSBDP-C 60 dyad 1.75, and fused BDP-C 60 dyads 1.76a-c.

Figure 1 . 49 .

 149 Figure 1.49. Molecular structure and photodynamic values of mono-and bis(donor)-BDP-C 60 .

Figure 1 . 50 .

 150 Figure 1.50. Molecular structures of BDP-C 60 dyads 1.80 and 1.81.

Figure 1 . 51 .

 151 Figure 1.51. Molecular structures of BDP-C 60 -based conjugates as triplet photosensitizers for applications in the generation of singlet oxygen, photodynamic inactivation PDI of microbes, and TTA.

C

  photoexcitation of the BDP unit. The synthesis of both BDP-C 60 conjugates and their characterization by electrochemistry, steady-state and time-resolved spectroscopy, transient absorption spectroscopy, and theoretical calculations are provided in this chapter. Additionally, this versatile synthetic approach allowed the construction of novel and more complex D-A architectures, namely D-A-D' (BDP-C 60 -DSBDP) and D-A-A-D dumbbell-type (BDP-C 60 -C 60 -BDP), in which additional and multistep photoinduced events could take place between the closely-spaced redox counterparts upon photoexcitation. The synthesis and characterization of the former conjugates are also provided in chapter 2 of this dissertation. Chapter 3 features our work in extending the BDP entity within the BDP-C 60 dyad by adding

Figure 2 . 1 .

 21 Figure 2.1. General schematic representation of the functionalization of C 60 by the indirect approach.

Figure 2 . 2 .

 22 Figure 2.2. Chemical structures of clickable fullerene mono-adduct reported in the literature.

  2 of this chapter (Publication #1), we report the synthesis and characterization of a novel flexible BDP-C 60 -based D-A dyad 2.1 starting from the dual clickable fullerene platform I under thiol-maleimide Michael addition conditions (Figure 2.3). The investigations of photo-induced events and the photodynamic properties of this dyad are also included in this article thanks to the combination of computational studies, spectroelectrochemical experiments, steady-state and time-resolved spectroscopy techniques.

Figure 2 . 3 .

 23 Figure 2.3. General synthetic procedure of BDP-C 60 dyad 2.1 starting from C 60 platform I.

Figure 2 . 5 .

 25 Figure 2.5. Chemical structures of BDP-C 60 -DSBDP triad 2.3, and DSBDP-C 60 dyad 2.4 with a triazole linker.

Figure 2 . 6 .

 26 Figure 2.6. Chemical structure of BDP-C 60 -C 60 -BDP Dumbbell -type tetrad 2.5.

[conformer 1 (

 1 photoinduced events between the 1 BDP * and C 60 moieties. Hence, to decipher the exact nature of these photodynamic processes taking place in the dyad when the BDP is photoexcited, a set of experiments was carried out using a combination of electrochemical and spectroelectrochemical studies, in addition to nanosecond and femtosecond transient absorption spectroscopies. Based on the data obtained from these measurements, an energy diagram for the possible photoinduced events within the dyad was proposed by taking into consideration the three different conformers.

Figure 1 .

 1 Figure 1. Scheme of "clickable" fullerene with two different reactive centers: an alkyne moiety (in blue) and a maleimide unit (in red). Steps 1 and 2 indicate the sequential orthogonal transformations based on copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) and thiol-maleimide "click" reactions.

Scheme 1 .D 4 (

 14 Scheme 1. Synthetic Pathway for the Preparation of the BODIPY-C 60 Dyad The Journal of Physical Chemistry B

Figure 2 .

 2 Figure 2. 1 H NMR spectrum recorded (300 MHz, CDCl 3 ,2 5°C) for the BODIPY-C 60 dyad.

Figure 3 .

 3 Figure 3. Conformers of the BODIPY-C 60 optimized by semi-empirical calculations (PM3) used as initial points for further geometrical optimization. The alkynyl propyl group was substituted by an ethyl group for the computational study.

3 . 1 . 2 .

 312 NMR Analysis. All the new compounds were fully characterized by NMR spectroscopy and by electrospray mass spectrometry; the recorded data were in accordance with the depicted structures (Figures S1-S7

  ). Examination of the 1 H NMR spectrum of the BODIPY-C 60 dyad shows the signals corresponding to 1 H of the fullerene ( 1 H in blue) and BODIPY ( 1 H in red) building blocks (Figure 2). Importantly, the formation of the thiol-maleimide adduct is confirmed by the disappearance of the maleimide protons at 6.75 ppm and the presence of a set of new signals in the 2.55-4.1 ppm region. These signals are attributed to the protons of the

Figure 4 .

 4 Figure 4. (a, b) Calculated energy profiles obtained by a relaxed scan around the OCN-CH 2 CH 2 dihedral angle for the (R) configuration. Energies are given relative to the minimum energy conformation. (c) Theoretical structures of the different conformers, starting from the R-(III) conformer, including the two global minima R-(V) and R-(VI).

Figure 5 .

 5 Figure 5. Rotational energy barrier between the folded and stretched linear geometry for both enantiomers along with the distances for each minimum-energy conformer.

Figure 4 and

 4 Figures S9 and S10 show the energy profiles of the dyad for both enantiomers. The R-(III) dyad gave two global minima, namely, R-(V) and R-(VI), which are close in energy and more stable in comparison to the starting conformer R-(III). These conformers R-(V) and R-(VI) are characterized by a folded and a stretched linear geometry, respectively, and separated with a rotational energy barrier close to 3.7 kcal• mol -1 . The S-(I) dyad gave the same trend with new minima, namely, S-(VII) and S-(VIII), which are also characterized by a folded and a stretched linear geometry and a rotational energy barrier of 3.6 kcal•mol -1 (Figures S9 and S10

  ).

  ).

3. 3 .

 3 Absorption and Fluorescence of the BODIPY-C 60 Dyad. First of all, the absorption, emission, and coupling b e t w e e nt h ec h r o m o p h o r e so ft h ed y a dh a v et ob e ascertained. To do so, the normalized absorption and fluorescence of the BODIPY-C 60 dyad and BODIPY 4 in benzonitrile are compared in Figure 7.

Figure 6 .

 6 Figure 6. HOMO (left) and LUMO (right) for the folded R-(V) conformer.

Figure 7 .

 7 Figure 7. Normalized absorption (solid line) and fluorescence (dashed line) spectra in benzonitrile of the BODIPY (BDP 4) (1.3 × 10 -6 M) and BODIPY-C 60 dyad (BDP-C 60 ) (1.3 × 10 -6 M) at λ exc = 500 nm. The normalized fluorescence spectra are almost identical for the two compounds.

3 . 4 . 1 .Figure 8 .

 3418 Figure 8. (a) Emission spectra and (b) fluorescence decay observed at 540 nm of the BODIPY-C 60 dyad (BDP-C 60 ) and BODIPY (BDP 4) excited at 500 nm in benzonitrile (1.3 × 10 -6 M). Blue line: instrument response function.

ad

  Absorption λ abs (nm) and emission λ em (nm) maxima, molar absorption coefficient ε (M -1 cm -1 ), fluorescence quantum yield Φ F , fluorescence lifetimes τ (ns) with their amplitude contributions, radiative rate k r (s -1 ) and non-radiative rate k nr (s -1 ) constants. b Ref 60. c Excitation at 510 nm. At 527 nm.

3 . 4 . 3 .

 343 UV-Vis-NIR Spectroelectrochemistry of the BODIPY 4 and C 60 2. In order to assign the absorption spectra of the charge-separated state in the dyad, spectroelectrochemistry experiments were carried out. The BODIPY-C 60 dyad, pristine BODIPY 4, and C 60 2 in DCM display entirely reversible oxidation and reduction processes. Thus, spectroelectrochemical absorptions were conducted in this solvent to locate the bands corresponding to the oxidized state of the BODIPY 4 and reduced state of the C 602. 

Figure 9 .

 9 Figure 9. Cyclic voltammograms of (a) C 60 2, (b) BODIPY 4, and (c) BODIPY-C 60 dyad in DCM. Oxidation and reduction waves of ferrocene, used as an internal standard, are denoted with an asterisk.

Figure 10 .

 10 Figure 10. Differential absorption spectra relative to the neutral state of (a) the oxidized state of the BODIPY (BDP 4) fragment (0.2 mM) and (b) the reduced state of the C 60 2 fragment (0.3 mM) in dichloromethane under different potentials.

Figure 11 .

 11 Figure 11. (a) Stationary spectra of BODIPY (BDP 4), BDP 4 •+ ,C 60 , and C 60 •-and transient spectra of BODIPY (BDP 4) and C 60 in benzonitrile. (b-e) Femtosecond TA spectra at the indicated delay times of the BODIPY-C 60 dyad (5.5 × 10 -5 M) in argon-saturated benzonitrile (λ exc = 527 nm). A difference spectrum after reduction of C 60 by spectroelectrochemistry is also presented (red curve in b) for comparison. Abbreviations: singlet excited state of BODIPY ( 1 BDP*); singlet excited stated of C 60 ( 1 C 60 *); triplet excited state of C 60 ( 3 C 60 *); charge transfer state of C 60 (C 60

Figure 12 .

 12 Figure 12. (a) Nanosecond TA spectra of the BODIPY-C 60 dyad (5 × 10 -6 M) in argon-saturated benzonitrile at the indicated delay times. (b) Kinetic traces probed at 400 and 700 nm (λ exc = 527 nm).

Figure 13 .

 13 Figure 13. Energy level diagram presenting the photoinduced processes obtained following laser excitation (λ exc = 527 nm) of the three conformers of the BODIPY-C 60 dyad in benzonitrile. Abbreviations: FC, Frank-Condon; τ, lifetime; EnT, energy transfer; CT, charge transfer; CR, charge recombination; ISC, intersystem crossing. Dashed line: fluorescence and internal conversion; energies: 1 BDP* = 2.33 eV, 1 C 60 * = 1.79 eV, 24 3 C 60 * = 1.50 eV. 24 Conformer 1: folded conformation (distance of 8.8 Å); conformers 2 and 3: stretched linear conformations (distances of 17.5 and 20.0 Å).
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 113 C, and 2D NMR spectra of the BODIPY-C 60 dyad; energy profiles of the BODIPY-C 60 dyad for the (S) configuration; main molecular orbitals (MO) of folded and extended conformers for the BODIPY-C 60 dyad; normalized absorption spectrum of the fullerene 2 in benzonitrile; cyclic voltammograms of the fullerene 2, BODIPY 4, and BODIPY-C 60 dyad in benzonitrile; femtosecond transient absorption spectra of the BODIPY 4 and fullerene 2 pristine in benzonitrile at the indicated delay times; nanosecond transient absorption spectra and kinetic traces of the fullerene 2 in air and in Ar-saturated benzonitrile; and femtosecond transient absorption kinetic traces, time constants, and decay associated spectra of the BODIPY-C 60 dyad (PDF) ■ AUTHOR INFORMATION
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  Figure S1. 1 H NMR (CDCl3) of the BODIPY-C60 dyad.

Figure S2 .

 S2 Figure S2. COSY NMR (CDCl3) of the BODIPY-C60 dyad.

Figure S3. 13 C

 13 Figure S3.13 C NMR (CDCl3) of the BODIPY-C60 dyad.

Figure S4 .

 S4 Figure S4. HSQC NMR (CDCl3) of the BODIPY-C60 dyad.

Figure S5 .

 S5 Figure S5. HMBC NMR (CDCl3) of the BODIPY-C60 dyad.

Figure S6. 19 F

 19 Figure S6.19 F NMR (CDCl3) of the BODIPY-C60 dyad.

Figure S7. 11 B

 11 Figure S7.11 B NMR (CDCl3) of the BODIPY-C60 dyad.

Figure S8 .

 S8 Figure S8. The normalized absorption spectrum of the C60 2 in benzonitrile

Figure S10 .

 S10 Figure S10. Top: Calculated energy profile obtained by a relaxed scan around the OCN-CH2CH2 dihedral angle for the (S) configuration. Energies are given relative to the minimum energy conformation. Bottom: Theoretical structures of the two conformers corresponding to the two minima (S-(VII) and S-(VIII)) for the (S) configuration.

Figure S15 .

 S15 Figure S15. Cyclic voltammograms of a) C60 2, b) BODIPY 4 and c) BODIPY-C60 dyad in PhCN. The '*' correspond to the oxidation and reduction waves of the ferrocene used as an internal standard.

Figure S16 .

 S16 Figure S16. Femtosecond transient absorption spectra of the BODIPY (BDP 4) (λexc = 527 nm) (left) and C60 2 pristine (λexc = 320 nm) (right) in benzonitrile at the indicated delay times.
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 224 This work is described in the format of a research article, submitted to the New Journal of Chemistry (NJC, RSC publications).In this publication, we report the design and synthesis of a novel dual clickable fullerene mono-adduct platform bearing a terminal alkyne on one side and a protected alkyne on the other side (TMS: trimethylsilyl or TIPS: tri-iso-propylsilyl). The main objective of this work relies on the development of an efficient and straightforward synthesis of a fullerene building block that can be easily functionalized on both sides by different appendages with distinct properties in a 1 st CuAAC/alkyne deprotection /2 nd CuAAC sequence through a stepwise or one-pot process. This strategy allowed the synthesis of two new BDP-C60 and DSBDP-C 60based D-A dyads and a panchromatic BDP-C 60 -DSBDP -based D-A-D' triad in an efficient manner. The semi-empirical calculations revealed the adoption of folded geometries in the case of the BDP-C 60 and DSBDP-C 60 dyads, and a folded conformation with a W configuration in the case of the BDP-C 60 -DSBDP triad in which the BDP, DSBDP, and the C 60 are in close proximity to each other. The molecular orbitals of these conformers were deduced by density functional theory (DFT) calculations and the obtained results were in accordance with the electrochemical data. The steady-state and time-resolved spectroscopy unveiled an efficient fluorescence quenching and a decrease of the fluorescence lifetime, that was more pronounced in the case of the triad, when the BDP entity is photoexcited. This strong fluorescence quenching observed for the two BDP and DSBDP within the triad is probably due to photo-induced energy and/or electron transfer events between the three adjacent entities of the triad. In this work, the synthesis and characterization of the new compounds were done by Jad Rabah at ILV-Paris Saclay with the contribution of Lyne Yonkeu (Master 1 student). The steady-state, time-resolved spectroscopy, and electrochemistry were performed by Jad Rabah at ISMO-Paris Saclay, PPSM-ENS Paris Saclay, and ILV-Paris Saclay respectively. The computational studies were carried out by Dr. Emmanuel Allard. This work was strongly supervised by Dr. Emmanuel Allard, Dr. Hélène Fensterbank, Dr. Karen Wright, Dr. Anne Vallée, Dr. Gilles Clavier, and Pr. Rachel Méallet-Renault. This article was written by Jad Rabah, Dr. Hélène Fensterbank and Dr. Emmanuel Allard with the help and corrections of all authors. The nanosecond (ns) and femtosecond (fs) transient absorption (TA) spectroscopies were conducted as part of the PICS project (International Scientific Cooperation Project) between our laboratory (Dr. Emmanuel Allard), the ISMO-Paris Saclay (Dr. Minh-Huong Ha-Thi) and Adam Mickiewicz University in Poznań, Poland (Pr.  Gotard Burdzinski). This project, funded by the CNRS, allowed me to go on a mission to Poland with Anam Fatima (PhD student, ISMO, Paris Saclay) and assist to the transient absorption spectroscopy experiments, conducted on this family of molecule (dyads 2.and triad 2.3). The extracted data

Scheme 1 .

 1 Scheme 1. Synthesis of the dual clickable methanofullerenes 2a and 2b. Set 1: CuSO 4 (1 eq.), Na ascorbate (2 eq.), DCM/water (1/1), 24 h, r.t., Set 2: CuBr (1eq.), DIPEA (1 eq.), DCM, 24h, r.t.

Scheme 2 .

 2 Scheme 2. Synthesis of BDP-N 3 4 and DSBDP-N 3 5.

Hence, compound 6 Scheme 3 .

 63 Scheme 3. Synthesis of BDP-C 60 6 (Route A), DSBDP-C 60 7 (Route B), BDP-C 60 -DSBDP 8 from 6 (Route C), and through a one-pot process from 2a (Route D). All the new compounds were fully characterized by NMR spectroscopy and by electrospray mass spectrometry. Examination of the 1 H NMR of the BDP-C 60 dyad 6 clearly indicates the disappearance of the alkyne moiety at 2.04 ppm while the peak of the TMS group remains intact (Figure S24, top). Furthermore, the typical singlet of the triazole unit appears at 7.68 ppm as well as the signals that correspond to the protons of the BDP derivative (Figure S24, middle). The same features were observed for the DSBDP-C 60 dyad 7 along with additional peaks from 7.00 to 7.80 ppm related to the distyryl moieties of the DSBDP (Figure S24, bottom). Finally, inspection of the 1 H NMR of the triad 8 shows the simultaneous disappearance of the TMS and terminal alkyne protons at 0.16 and 2.04 ppm, respectively.The signals related to the BDP and DSBDP moieties are clearly observed in the 7.00 to 8.00 ppm region, the singlet peaks corresponding to the two triazole are masked by the aromatic protons of DistyrylBODIPY (Figure1). All these data confirm the occurrence of the "clickdeprotection-click" sequence.

Figure 1 . 1 H

 11 Figure 1. 1 H NMR spectrum recorded (300 MHz, CDCl 3 , 25°C) for: BDP-C60-DSBDP 8.

Figure 2

 2 Figure 2 shows the absorption spectra of molecular dyads (BDP-C 60 6, and DSBDP-C 60 7) and molecular triad (BDP-C 60 -DSBDP 8) in DCM. The spectra of parent chromophores BDP 4 and DSBDP 5, in addition to the methanofullerene platform 2a are also provided in this figure. The spectrum of the starting BDP 4 shows a narrow and intense absorption band at 525 nm attributed to the S o →S 1 transition and a much weaker and broader absorption band at

  -State Fluorescence Spectra and Time-Resolved Fluorescence Studies. The fluorescence spectra of the parent BODIPYs 4 and 5, the two dyads 6 and 7, and the triad 8 were also recorded in DCM (Figure 3-left and Figure S42. The compounds were excited either at 495 nm or at 605 nm. At 495 nm, the absorption is mostly attributed to the BDP part (-BDP 4 = 21500 L.mol -1 .cm -1 ), as C 60 and DSBDP display very minor absorption (-C 60 2 = 1000 L.mol -1 .cm -1 and -DSBDP 5 = 1400 L.mol -1 .cm -1 ) at this wavelength (ratio of light absorbed BDP-4/C 60 -2 = 21.5 and BDP-4/DSBDP-5 = 15). At 605 nm, the absorption is mostly attributed to the DSBDP moiety (-DSBDP 5 = 33500 L.mol - 1 .cm -1 ), as C 60 and BDP display very minor absorption (-C 60 2 = 220 L.mol -1 .cm -1 and -BDP 4 = 350 L.mol -1 .cm -1 ) at this wavelength (ratio of light absorbed DSBDP-5/C 60 -2 = 150 and DSBDP-5/BDP-4 = 95).

1

  BDP* to the C 60 as observed in the BDP-C 60 dyad. Finally, when the triad was also excited at 605 nm, the emission band of DSBDP was found to be quenched by over 95%, suggesting a likely photo-induced electron transfer process from the1 DSBDP* to the C 60 as proposed for the dyad DSBDP-C 60 . Time-resolved fluorescence measurements were also performed by the time-correlated single-photon counting (TCSPC) technique using 350 or 495 nm excitation wavelength. The fluorescence lifetimes are summarized in Table 1. The fluorescence of the parent chromophores 4 and 5 decayed mono-exponentially with a lifetime of 5.50 ns and 5.51 ns, respectively. Excitation of the BDP-C 60 dyad at 495 nm and detection at 535 nm gave biexponential decay with lifetimes of 0.15 and 0.03 ns. Excitation of the DSBDP-C 60 dyad at 350 nm and detection at 650 nm yielded a similar trend, with lifetimes of 0.48 and 0.09 ns. Therefore, the emitting species BDP and DSBDP in the dyads 6 and 7 have lifetimes that are shortened by a factor of 55 and 15 compared to the parent chromophores 4 and 5, respectively (mean lifetimes were considered). These findings are consistent with the strong quenching of fluorescence of BDP and DSBDP in the dyads 6 and 7, observed by steady-state experiments. Finally, excitation of the triad at the BDP absorption wavelength (495 nm) and detection of the BDP fluorescence signal (535 nm) gave bi-exponential decays with lifetimes of 0.02 and 0.08 ns. Monitoring the DSBDP residue emission when the BDP was excited (biexponential decays with lifetimes of 0.50 and 0.15 ns were also detected), confirmed the occurrence of singlet-singlet energy transfer from the excited 1 BDP* to the DSBDP as observed by steady-state experiments. The fluorescing BDP in the triad has a lifetime that is shortened by a factor of 140 compared to the parent chromophore 4. This finding shows that the quenching of the BDP in the triad is even more pronounced than in the BDP-C 60 dyad. As mentioned earlier this could be attributed to several photo-induced events from the 1 BDP* to the C 60 and from the 1 BDP* to DSBDP. The fluorescent DSBDP in the triad has a lifetime that is shortened by a factor of 11 compared to the parent chromophore 5, this drop is the same order of magnitude as that of the DSBDP-C 60 dyad. This indicates that the 1 DSBDP* is likely to be quenched by C 60 in the same manner in the DSBDP-C 60 dyad and BDP-C 60 -DSBDP triad.

Figure 2 .

 2 Figure 2. Left) Normalized absorption spectra of BDP-N 3 4 (green, [C] = 15.5 M), DSBDP-N 3 5 (blue, [C] = 9.7 M), and C 60 platform 2a (black, [C] = 32.1 M) in dichloromethane. Right) Normalized absorption spectra of BDP-C 60 6 (red, [C] = 13.9 M), DSBDP-C 60 7 (navy blue, [C] = 10.1 M), and DSBDP-C 60 -BDP 8 (violet, [C] = 14.1 M) in dichloromethane.

Figure 3 .

 3 Figure 3. Left) Emission spectra in dichloromethane of BDP-N 3 4 (green,  exc = 495 nm), DSBDP-N 3 5 (blue,  exc = 605 nm), BDP-C 60 6 (red,  exc = 495 nm, see Figure S42), DSBDP-C 60 7 (navy blue,  exc = 605 nm, see Figure S42), and DSBDP-C 60 -BDP 8 (violet,  exc = 495 nm ; pink,  exc = 605 nm, see Figure S42). Right) Comparison of the UV-vis absorption (solid line) and fluorescence excitation spectra (dotted line,  em = 670 nm) of DSBDP-C 60 -BDP triad in dichloromethane.

a

  Rhodamine 6G used as standard ( exc = 495 nm,  = 0.95 in ethanol).b Oxazine 1 used as standard ( exc = 605 nm,  = 0.11 in ethanol).c  exc = 495 nm,  obs = 535 nm.d  exc = 350 nm,  obs = 650 nm.e Numbers in parentheses are relative amplitude. f  exc = 495 nm,  obs = 650 nm.

  (n-Bu 4 NPF 6 ) as supporting electrolyte and ferrocene(Fc) as internal reference. The half-wave potentials (V vs Fc + /Fc) of all derivatives (4-8) are collected in Table2. The cyclic voltammograms of these compounds are also presented in Figure 4. The parent chromophore 4 displays the typical behavior of a BODIPY derivative, with a one-electron reversible oxidation wave at 0.58 (V vs Fc + /Fc) corresponding to the formation of the BODIPY -radical cation (BDP +• ) and a one-electron quasi-reversible reduction wave at -1.78 (V vs Fc + /Fc) due

  7 shows two reversible reduction waves in the cathodic region. The first one-electron process at -1.00 (V vs Fc + /Fc) was assigned to the formation of C 60 •-. The following one-electron reduction process at -1.39 (V vs Fc + /Fc) is due to two overlapping reductions, one corresponding to the second reduction of C 60 and the other to the first reduction of DSBDP. Furthermore, the one-electron reversible oxidation process observed at 0.47 (V vs Fc + /Fc) is attributed to the DSBDP +• in agreement with the CV of 5. Triad 8 shows in the cathodic region similar reduction processes than dyad 7, with two reversible reductions waves at -0.96 V and -1.34 (V vs Fc + /Fc) based on the C 60 core (1 st red) and two overlapping reductions based on the C 60 core (2 nd red) and the DSBDP unit (1 st red).

Figure 4 .

 4 Figure 4. Cyclic voltammograms of the parent chromophores BDP 4 (orange) and DSBDP 5 (blue), of the dyads BDP-C 60 6 (red) and DSBDP-C 60 7 (navy blue) and of the triad DSBDP-C 60 -BDP 8 (violet) in anhydrous and oxygen-free dichloromethane, 0.1M of n-Bu 4 NPF 6 , pseudo-reference electrode: Ag wire, working electrode: Pt, auxiliary electrode: Pt, scanning rate: 100mV.s -1 .

  The BDP-C 60 and DSBDP-C 60 dyads were optimized by performing relaxed scans around this dihedral angle, the potential energy diagrams for each scan are presented in Figure S43. The same trend was observed for the two dyads, which gave two stable conformers, namely 6-(I, III) and 7-(I, III). The energy difference between them is marginal (less than 0.4 kcal/mol) and both are characterized by a folded geometry in which the BDP (or DSBDP) and C 60 are located in close proximity to each other.The conformational search for the DSBDP-C60-BDP triad was then conducted. We used the same approach as for the dyads by performing relaxed scans successively around the dihedral angles defined by the C 169 -C 170 -C 173 -C 176 atoms (Figure5b) and C 74 -C 75 -C 78 -C 81 atoms (Figure6b). Three stable conformers, which are close in energy, were obtained for each scan. All of them adopt a folded geometry in which the three partners are located in close proximity to each other; we have denoted this type of geometry as a W-conformation.

Figure 5 .

 5 Figure 5. a) Calculated energy profiles obtained by a relaxed scan around the C 169 -C 170 -C 173 -C 176 dihedral angle (b) for the DSBDP-C 60 -BDP (8) triad. Energies are given relative to the minimum energy conformation. c) Theoretical structures of the most stable conformers determined for the DSBDP-C 60 -BDP (8) triad (I, II, III) by semi-empirical calculations (PM3).

Figure 6 .

 6 Figure 6. a) Calculated energy profiles obtained by a relaxed scan around the C 74 -C 75 -C 78 -C 81 dihedral angle (b) for the DSBDP-C 60 -BDP (8) triad. Energies are given relative to the minimum energy conformation. c) Theoretical structures of the most stable conformers determined for the DSBDP-C 60 -BDP (8) triad (IV, V, VI) by semi-empirical calculations (PM3) starting from 8-(I) conformer.

Figure 7 .

 7 Figure 7. Selected frontier molecular orbitals (MO) of DSBDP-C 60 -BDP triad (8) calculated by DFT (cam-B3LYP/6-31+g(d,p)). The energy levels of the MO are given in eV.

  These derivatives were associated separately to the fullerene platform in an efficient way allowing the synthesis of two dyads, BDP-C 60 and DSBDP-C60 . Then, both BODIPYs were grafted onto the fullerene building block using the sequence 1 st CuAAC/ alkyne deprotection /2 nd CuAAC through either stepwise or one-pot processes. Both approaches allowed the synthesis of a BDP-C 60 -DSBDP triad in good yields.In this triad, the two BODIPYs and the fullerene C 60 were connected in a different way than in the previously reported BODIPYs-C 60 triad, the fullerene being placed between the two BODIPYs in our study. From computational calculations at the semi-empirical PM3 level, we have shown that the triad, although flexible, preferentially adopts a folded geometry (denoted as a W-conformation) in which the BDP, C 60 and DSBDP are in close proximity to each other. Moreover, the DFT computational calculations (cam-B3LYP/6-31+g(d,p)) also allowed a depiction of the molecular orbitals. Importantly, the HOMO-1 and the HOMO are located on the BODIPY and the entire BODIPY-styryl part, respectively, while the LUMO is located on the C 60 entity. These findings agree well with the electrochemical data, in which the two reversible oxidations waves were successively attributed to the DSBDP and BDP moieties, while the first reversible reduction wave was assigned to the C 60 .Finally, owing to the presence of the two BODIPYs units including the distyryl-BODIPY with its extended conjugation, the triad displayed absorbance well into the near-infrared region, covering a 300-700 nm spectral range. The strong fluorescence quenching and the decrease in fluorescence lifetimes observed in the two dyads BDP-C 60 and DSBDP-C 60 are evidence of intramolecular events such as energy transfer (EnT) and/or electron-transfer (ET) between the 1 BDP* and C 60 , and 1 DSBDP* and C 60 , respectively. The photochemical behavior in the triad should be more complex owing to its geometry. The same intramolecular events observed in the dyads are likely to be responsible for the deactivation of the 1 BDP* and 1 DSBDP* by C 60 in the triad. In addition, from steady-state and time-resolved fluorescence, a singlet-singlet energy transfer from the 1 BDP* to the DSBDP was also demonstrated in the triad.

A

  BDP-C60-DSBDP triad was obtained by grafting two distinct BODIPYs azido derivatives to a new clickable methanofullerene platform using the sequence 1st click/deprotection/2 nd click. The triad displays strong absorption from 300 to 700 nm and strong fluorescence quenching of the two BODIPYs attributed to multiple photoinduced events.
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  7 mmol) was solubilized in 65 mL of THF under argon. Then 37 mL of 2 M solution of ethylmagnesium chloride in THF (6.65 g, 74.9 mmol) were added dropwise during 30 minutes at 0°C. The reaction mixture was stirred under reflux for 12 hours. After cooling down to room temperature, triisopropylsilyl chloride (7.63 mL; 35.7 mmol) in 35 mL of THF was added during 15 minutes. The reaction mixture was then refluxed for 6 hours. After cooling down to room temperature, an aqueous solution of (H 2 SO 4 10%) was added to the flask and the mixture was extracted with 30 mL (x3) of Et 2 O.

Figure S1 . 6 Figure S16. 19F NMR of compound 6 Figure 6 Figure S18 .

 S1666S18 Figure S1. Structure and numbering of compound 1a used for 1H and 13C NMR signal assignments

Figure S19. 1H NMR of compound 7 Figure S22. 11B NMR of compound 7 Figure

 77 Figure S19. 1H NMR of compound 7

Figure S24.

  Figure S24. 1 H NMR spectrum (300 MHz, CDCl 3 , 25°C) recorded for: Top) Methanofullerene building block 2a. Center) BDP-C 60 dyad 6. Bottom) DSBDP-C 60 dyad 7. The peaks labeled with hash and asterisk are due to residual CH 2 Cl 2 and H grease.

Figure S29 .

 S29 Figure S29. 1H NMR of compound 7-bis, the singlet peak at 8.09 ppm is assigned to an impurity

Figure S34 .

 S34 Figure S34. Structure and numbering of compound 8 used for 1H and 13C NMR signal assignments

Figure S38. 11B NMR of compound 8 Figure

 8 Figure S38. 11B NMR of compound 8

Figure S42 .

 S42 Figure S42. Emission spectra in dichloromethane of BDP-N 3 4 (green,  exc = 495 nm), DSBDP-N 3 5 (blue,  exc = 605 nm), BDP-C 60 6 (red,  exc = 495 nm), DSBDP-C 60 7 (navy blue,  exc = 605 nm), and DSBDP-C 60 -BDP 8 (violet,  exc = 495 nm ; pink,  exc = 605 nm).

Figure

  Figure S43. a) and b) Calculated energy profiles obtained by a relaxed scan around the C 95 -C 96 -C 99 -C 102 dihedral angle for the BDP-C 60 (6) and DSBDP-C 60 (7) dyads. Energies are given relative to the minimum energy conformation. c) and d) Theoretical structures of the most stable conformers determined for the BDP-C 60 (I, III) and DSBDP-C 60 dyads (I, III) by semi-empirical calculations (PM3).

Figure S44 .

 S44 Figure S44. Selected frontier molecular orbitals (MO) of BDP-C 60 dyad (6) calculated by DFT (CAM B3LYP/6-31+g(d,p)). The energy levels of the MO are presented in eV.

Figure S45 .

 S45 Figure S45. Selected frontier molecular orbitals (MO) of DSBDP-C 60 dyad (7) calculated by DFT (CAM B3LYP/6-31+g(d,p)). The energy levels of the MO are presented in eV.
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 222 of the linkage between the BDP and C 60 in the dyads 2.1 and 2.2 has remarkable effects on the stability of these former conjugates, as well as on the spatial arrangements of the partners (BDP and C 60 ) within the dyads. For example, the semiempirical calculations performed on the BDP-C 60 dyad 2.1 containing a chiral center arising from the thiol-maleimide addition showed the existence of at least two stable conformations for the R and S configurations. In addition, since the rotational energy barrier between the two conformational minima was found to be low for both enantiomers, the dyad 2.1 can then be characterized by a flexible arrangement adopting easily either a folded or a stretched linear geometry, with different distances between the donor and the acceptor (8.8Å for the folded conformers (R and S), 17.5 Å for the S-stretched conformer and 20.0 Å for the R-stretched conformer). Photophysical characterization by steady-state emission spectroscopy revealed a strong quenching of the fluorescence of the dyad 2.1 with a calculated  F = 4% that was attributed to electron transfer and/or energy transfer from the 1 BDP * to C60. In addition to the short-lived decays (80 ps and 320 ps) deduced from TCSPC experiments that were assigned to the two stretched conformers, there was also a long-lived decay of 4.5 ns attributed to "free BDP" generated by the breaking of the thiol-maleimide bond. Finally, the nanosecond and femtosecond transient absorption in addition to the spectroelectrochemical investigation on the dyad showed that upon photoexcitation of the dyad 2.1, PET occurs in the folded conformer while EET is observed in extended conformer.The semi-empirical calculations (PM3 level) performed on the BDP-C 60 dyad 2.2 showed the existence of two stable folded and less flexible conformations in which the BDP and C 60 are located in close proximity to each other (See New J Chem submitted, figure S-43), the distances between the donor and the acceptor being around 9.5 Å and 13.2 Å for both conformers, respectively. Moreover, the TCSPC experiments on this dyad was fitted with two exponentials corresponding to only short-lived lifetimes of 30 ps and 150 ps, which could be attributed to each identified conformation of the BDP-C 60 dyad 2.In addition, the triazole linker can thus be considered more stable than the thiol-maleimide function since the longlived decay, corresponding to bond breaking producing free BDPs, was not observed in this dyad.The nanosecond and femtosecond transient absorption spectroscopies showed that the dyad exhibited nearly the same photodynamic behavior of that corresponding to the dyad 2.1 with co-existence of PET and EET processes, the only difference being the speedy recovery of the BDP ground state bleaching band (Anam Fatima thesis).

Figure 2 . 7

 27 displays the fullerene radical anion C 60  decay of both dyads (2.1 and 2.2) showing that these latter conjugates seem to follow rather matching kinetics, shown by spectral overlap at 1050 nm, which indicates that the generated free-BDP in dyad 2.1 does not really affect the progression of the photoinduced processes.

2. 1 60 dyad 2 . 2 2 . 5 . 1 . 3 .

 160222513 and protected alkyne in dyad 2.2). These latter functions can be readily functionalized by light-harvester and/or redox entities in an efficient manner using popular reaction conditions (e.g. CuAAC, or Glaser-Hay coupling reactions). For this, the BDP-C 60 dyad 2.2 was preferred to attain this objective because of the advantages of this dyad regarding its stability and synthetic efficiency. Therefore, two novel assemblies were synthesized: a) BDP-C 60 -DSBDP -based D-A-D' triad 2.3 obtained either by the deprotection of the TMS alkyne of the dyad 2.2 followed by a CuAAC reaction with an azido-DSBDP, or by a 1 st CuAAC/alkyne deprotection/2 nd CuAAC sequence in a one-pot process starting from the methanofullerene II (as described in the section 2.3 of this chapter, publication #2), b) BDP-C 60 -C 60 -BDP dumbbell-like D-A-A-D tetrad 2.5 produced via an oxidative homo-coupling of the BDP-C via a Glaser-Hay coupling reaction. Preliminary analysis of photophysical properties of BDP-C 60 -DSBDP triad The synthesis of the former molecule BDP-C 60 -DSBDP triad 2.3 and its characterization (NMR, mass spectrometry, computational studies, electrochemistry, steady-state and timeresolved spectroscopy) are provided in the published article (publication #2) attached to the section 2.3 of this chapter. Nanosecond and femtosecond transient absorption spectroscopies were conducted in order to gain insights into the exact nature of the photo-induced events occurring in the BDP-C 60 -DSBDP triad 2.In addition, the same experiments have been also carried out on the DSBDP-C 60 dyad 2.4. However, only preliminary results and highlights of the triad 2.3 will be discussed in this section.

Figure 2 . 8 .

 28 Figure 2.8. Femtosecond transient absorption spectra of DSBDP-C 60 -BDP 2.3 at specified delay times: a) 0 to 0.5 ps; b) 0.5 to 30 ps and d) 30 to 2458 ps in solvent benzonitrile. exc = 525nm. The femtosecond TA spectrum of the DSBDP-C 60 -BDP 2.3 at the BDP excitation wavelength of 525 nm is shown in figure 2.8. During very short delays, until 0.5 ps, an ultrafast electron transfer from Franck Condon zone of BDP-C 60 leads to the formation of C 60  at 1050 nm.This process was followed by a rapid photoexcitation energy transfer event from 1 BDP* to DSBDP as evident from the ground state recovery of BDP with a concomitant increase in the ground state bleach of1 DSBDP* (see time window [0.5ps to 31ps]). Interestingly, the energy transfer EET process from the 1 BDP* to the C 60 , as observed in the case of dyads 2.1 and 2.2, seems to be suppressed due to the faster EET from 1 BDP* to the DSBDP moiety. Moreover, C 60  continues to rise due to electron transfer from 1 DSBDP* to the attached C 60 unit. Finally, the charge separated state (DSBDP + -C 60  -BDP) recombines in a ns span to populate 3 DSBDP*, which decays during 250 μs, as shown by nanosecond TA spectroscopy. It is important to mention that the formation of the 3 DSBDP* state is populated by the charge recombination of the BDP-DSBDP  -C 60  state, and not by direct excitation. This was also confirmed by the nanosecond TA spectra on the DSBDP precursor that showed no absorption signatures corresponding to the triplet excited state of 3 DSBDP*. Therefore, in the case of the triad 2.3, the C 60 plays the role of a spin convertor by promoting the formation of 3 DSBDP*

DFigure 2 . 9 .

 29 Figure 2.9. Chemical structures of reported linear and contorted fullerene-based A-D-A dumbbelltype assemblies.

  photophysical and photodynamic behaviors. In addition, it would be interesting to compare the photophysical and photodynamic features of such assemblies in respect to the D-A parent dyad and to the A-D-A dumbbell-like assemblies reported in the literature.

Figure 2 . 10 .

 210 Figure 2.10. Chemical structure of contorted fullerene-based D-A-A-D dumbbell-type assembly.

.Figure 2 . 11 . 1 H 5 .

 21115 Figure 2.11. 1 H NMR spectrum recorded (300 MHz, CDCl 3 , 25°C) for: Top) BDP-C 60 2.2. Middle) BDP-C 60 intermediate 2.2'. Bottom) BDP-C 60 -C 60 -BDP Dumbbell 2.5. The peaks labeled with asterisk are due to residual H grease. Steady-state and time-resolved spectroscopy. The recorded steady-state absorption and fluorescence spectra of the molecular tetrad BDP-C 60 -C 60 -BDP 2.5 in dichloromethane are provided in Figure 2.12. The spectra of the parent BDP-C 60 dyad 2.2, recorded under the same conditions, are also displayed in this figure. Starting with the absorption spectra, molecular tetrad 2.5 exhibited a narrow and intense absorption band at 525 nm, in addition to a sharp band at 327 nm and a smaller band at 426 nm. The former band is characteristic of the S o →S 1 transition of the BDP entity, respectively. The latter two bands are typical signatures of a methanofullerene moiety. The same trend was observed in terms of wavelength when the absorption spectrum of the parent BDP-C 60 dyad 2.2 was recorded at the same concentration. Nevertheless, the intensity of the bands corresponding to the BDP-C 60 dyad 2.2 are two times weaker than the ones belonging to the BDP-C 60 -C 60 -BDP dumbbell-like tetrad 2.5, as expected. Based on these findings and from the NMR experiments, we can confirm the formation of the tetrad 2.5 assembled by two entities of BDP and fullerene in a symmetrical fashion, in which a negligible ground state interaction between the redox entities (BDP/C 60 and C 60 /C 60 ) was observed.

Figure 2 . 12 .

 212 Figure 2.12. Left) Absorption spectra of BDP-C 60 dyad 2.2 (red, [C] = 3 M),and BDP-C 60 -C 60 -BDP tetrad 2.5 (blue, [C] = 3 M) in dichloromethane. Right) Fluorescence spectra of BDP-C 60 dyad 2.2 (red,  exc = 495 nm), BDP-C 60 -C 60 -BDP tetrad 2.5 (blue,  exc = 495 nm) in dichloromethane.The recorded fluorescence spectra of the BDP-C 60 dyad 2.2 and the BDP-C 60 -C 60 -BDP tetrad 2.5 in dichloromethane are provided in figure 2.12. Both assemblies exhibited a strong quenching of the fluorescence upon photoexcitation at 495 nm, that is mainly attributed to the occurrence of photochemical quenching events (PET and EET) between the 1 BDP* and the C 60 . Interestingly, the fluorescence quenching of the BDP entity was found to be four times stronger in the tetrad 2.5 compared to the parent dyad 2.2 (Figure 2.12, table 2.1). This suggests the occurrence of supplementary photo-induced events in the tetrad when the BDP is excited. To support these findings and to gain some insight about this quenching, timeresolved fluorescence measurements using time-correlated single-photon counting (TCSPC) have been carried out on both molecular assemblies 2.2 and 2.5 (Figure 2.13). As mentioned in the publication #2 (section 2.3) of this chapter, excitation of the BDP-C 60 dyad 2.2 at 495 nm gave a bi-exponential decay with lifetimes of 0.15 and 0.03 ns. The same experimental setup, performed on the BDP-C 60 -C 60 -BDP tetrad 2.5 under identical conditions, yielded also bi-exponential decay with lifetimes of 0.02 and 0.09 ns (Figure 2.13, table 2.1). Interestingly, the BDP emitting species in the tetrad 2.5 have lifetimes that are shortened by a factor of 2 compared to the parent dyad 2.2 (mean lifetimes were considered). These findings are consistent with the strong quenching of fluorescence of BDP within the BDP-C 60 -C 60 -BDP dumbbell-like tetrad 2.5, observed by steady-state experiments.

Figure 2 . 13 .

 213 Figure 2.13. Fluorescence decay observed at 535 nm of the BDP-C 60 dyad 2.2 (red) and the BDP-C 60 -C 60 -BDP tetrad 2.5 excited at 495 nm in dichloromethane. Gray line: instrument response function.

  43) b,c a Rhodamine 6G used as standard ( exc = 495 nm,  = 0.95 in ethanol). b  exc = 495 nm,  obs = 535 nm. c Numbers in parentheses are relative amplitude. Electrochemistry. The cyclic voltammogram of the BDP-C 60 -C 60 -BDP tetrad 2.5 was recorded at room temperature in dichloromethane in the presence of tetra-n-butylammonium hexafluorophosphate (n-Bu 4 NPF 6 ) as supporting electrolyte and ferrocene (Fc) as internal reference (Figure 2.14). The half-wave potentials (V vs Fc + /Fc) of the molecular tetrad 2.5 and the parent BDP-C 60 dyad 2.2 are listed in Table 2.2. The BDP-C 60 -C 60 -BDP tetrad 2.5displays two first reduction waves in the cathodic region at -1.04 V (reversible) and -2.41 V reversible) corresponding to the successive reduction of the fullerene core to the radical anion (C 60 •-) and dianion (C 60 2-). In the anodic region, the oxidation wave at +0.60 V is partially reversible and attributed to the BDP radical cation entity (BDP•+ 

Figure 2 . 14 .

 214 Figure 2.14. Cyclic voltammograms of the BDP-C 60 -C 60 -BDP dumbbell-like tetrad 2.5 in anhydrous and oxygen-free dichloromethane, 0.1M of n-Bu 4 NPF 6 , pseudo-reference electrode: Ag wire, working electrode: Pt, auxiliary electrode: Pt, scanning rate: 100mV.s -1 .

Figure 2 . 16 .

 216 Figure 2.16. Calculated energy profiles obtained by a relaxed scan around the C 74 -C 77 -C 102 -C 103 dihedral angle for the tetrad 2.5 (the BDP have been replaced by methyl groups) with the corresponding theoretical structures of the different conformers.

  photophysical properties of the resulting BDP-C 60 -C 60 -BDP dumbbell-like tetrad compared to the BDP-C 60 parent dyad. The photophysical behavior within the dumbbell tetrad is characterized by a stronger quenching of the fluorescence and a more pronounced decrease of the fluorescence lifetimes in respect to parent dyad BDP-C 60 . This can be attributed to the occurrence of supplementary photoinduced events taking place within the tetrad thanks to the addition of the second fullerene and BDP units that could result in the stabilization of the charge separated state lifetimes. Transient absorption spectroscopy measurements are still under investigation in order to support these preliminary results and to decipher the exact
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 23602160216022 photodynamic properties of the resulting assemblies. Therefore, we decided to functionalize our BDP-C 60 dyad 2.2 by well-known strong electron donors, such as TTF and ferrocene entities, resulting in the formation of TTF-/or Fc-BDP-C 60 -based D'-D-A conjugates (Figure 2.17). We believe that such systems could undergo a multi-step (cascade) electron transfer processes resulting in the formation of stable charge-separated (CS) states, that could be characterized by sufficiently long lifetimes for subsequent charge-separation steps in competition with the charge-recombination (CR) processes to the ground state. The synthesis of the TTF-BDP-C 60 and Fc-BDP-C 60 assemblies in addition to the study of their photophysical, electrochemical and photodynamic properties are provided in the following chapter (chapter 3) of this dissertation.

Figure 2 . 17 .

 217 Figure 2.17. Schematic representation of TTF-BDP-C 60 and Fc-BDP-C 60 assemblies.
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 22 photophysical and photodynamic properties.In this chapter, the design of novel D-A -based polyads, which can undergo multiple or cascade PET process upon photoexcitation, remains the ultimate interest of our study. However, we chose a different synthetic strategy than that employed in chapter 2 of dissertation. The selected synthetic strategy consists on functionalizing the BDP entity of the D-A dyad BDP-C60 2.2 by single or multiple -electron donor (D'-) leading to the formation of D'--D-A triads and (D'--D-A tetrads. We have described in the first chapter of this dissertation the convenient finetuning of the BDP photophysical and electrochemical properties through facile and derivatization of five different positions of the BDP core (see chapter 1, section 1.5). Therefore, this approach could provide many benefits from the synthetic feasibility and the photophysical point of view. Indeed, the functionalization of the BDP entity (within the BDP-C60 dyad 2.2)

Finally, the photoexcitation

  of the resulting D'--D-A and (D'--D-A assemblies could probably result in a cascade PET between the redox counterparts in two possible mechanisms, contributing in the stabilization of the CS states lifetimes (Figure 3.1). The first one consists on the ET from the secondary electron donor to the BDP upon photoexcitation of this latter, followed by an electron shift to the C60 entity by cascade PET process, leading to the formation of D  -BDP-C60  final charge separated state. The second mechanisms involves first the ET from the photoexcited BDP to the C60 entity, succeeded by an ET from the secondary electron donor to the formed BDP  specie, leading to the same final charge separated state (D  -BDP-C60  According to similar examples reported the literature, the first mechanism is most likelyto be favored.[1,2] 

Figure 3 . 1 .

 31 Figure 3.1. Schematic representation of PET cascade in D-BDP-C60 assemblies (D: TTF or Fc). Tetrathiafulvalene (TTF) and Ferrocene (Fc) moieties are among the most used electron donor entities in the literature due to their appealing redox properties and remarkable electron donor character. Over the years, the development and progress of the chemistry of TTF and Fc derivatives made them valuable building blocks with an enlarged scope of applicability in many different fields of science.

Figure 3 . 3 .

 33 Figure 3.3. Chemical structures of TCNQ, TMTSF, and BEDT.

Figure 3 . 4 .

 34 Figure 3.4. Top) Ferrocene structure and possible conformations. Bottom) Ferrocene one-electron oxidation into ferrocenium specie.

1. 4 )

 4 photosynthetic systems from the fundamental and practical point of view.

Figure 3 . 5 . 1 , 3 . 2 ,

 35132 Figure 3.5. Chemical structures of Fc-BDP-C60 conjugates 3.1, 3.2, and 3.3.

  The second part of this chapter consists on connecting the Fc-BDP and the TTF-BDP dyads and triads onto the fullerene platform II under CuAAC conditions in order to generate Fc-BDP-C60 and TTF-BDP-C60 -based D'--D-A triads and (D'--D-A tetrads. The photophysical and electrochemical characterizations of these target conjugates by the same techniques mentionedabove will be discussed in comparison with the Fc-BDP, TTF-BDP, and the BDP-C60 dyad 2.2.

Figure 3 . 6 .

 36 Figure 3.6. Chemical structures of some reported Fc-BDP conjugates 3.4-3.8.

Figure 3 . 7 .

 37 Figure 3.7. Chemical structures of reported TTF-BDP conjugates 3.9-3.12.

Scheme 3 . 1 .

 31 Scheme 3.1. Synthesis of the starting material 3.13 and the -iodo BDP precursors 3.14 and 3.15.

  2). The further reaction of this latter with TTF-Sn(Bu)3 resulted in the isolation of the -bis-TTF BDP 3.19 after chromatography in 65% yields. The obtained amounts of compounds 3.16 and 3.19 allowed us to run only basic characterizations on these two compounds (such as NMR and steady-state spectroscopies). Unfortunately, many attempts to reproduce these two molecules failed to produce them in sufficient quantities for additional analyses. In contrast, the reaction of the former compounds 3.14 and 3.15 respectively with 3 and 6 equiv. of the commercially available phenylboronic acid under Stille coupling reaction conditions provided 80% of the desired mono-phenyl BDP 3.20 and -bis-phenyl BDP 3.21 (Scheme3.2

Scheme 3 . 2 . 21 .Scheme 3 . 4 .

 322134 Scheme 3.2. Synthetic strategies for the formation of compounds 3.16-3.21.As previously mentioned, we have also planned to synthesize Fc-BDP and TTF-BDP -based D--A and D--A--D systems connected by an alkyne spacer providing an extension of the systemwith a planar conformation that could result in a better communication between the redox centers and modulated photophysical properties. The desired -mono-ethynylFc BDP 3.22 and -bis-ethynylFc BDP 3.23 were both obtained efficiently in 80% yields by reacting the precursors 3.14 and 3.15 respectively with an appropriate amount of the commercially available

  e. reacting -mono-ethynyl BDP and -bis-ethynyl BDP with the iodoTTF intermediate. The former derivatives were synthesized by mixing the -mono-iodo BDP 3.14 and -bis-iodo BDP 3.15 derivatives respectively with 3 equiv. and 6 equiv. of trimethylsilylacetylene affording the target compounds 3.28 and 3.29 in 85% yields (Scheme 3.5). The deprotection of these latter derivatives using TBAF, followed by the addition of iodoTTF in situ under Sonogashira-typed cross coupling reaction resulted in the formation of the target -mono-ethynylTTF BDP 3.26 and -bis-ethynylTTF BDP 3.27 in 56% and 30% efficiencies after chromatographic separation (Scheme 3.5).

Scheme 3 . 5 .

 35 Scheme 3.5. Second synthetic strategy for the formation of target assemblies 3.26 and 3.27.

3. 30 Scheme 3 . 8 .

 3038 Scheme 3.8. Synthetic pathways of Fc-benzaldehyde precursor 3.34 and -bis-styrylethynylFC BDP 3.35.

Figure 3 . 12 .

 312 Figure 3.12. Left) Normalized absorption spectra of BDP starting material 3.13 ad references molecules 3 and .20 and 3.21. Right) Normalized absorption spectra of 3.13 and TTF-BDP conjugates 3.16 and 3.19.

Figure 3 . 13 . 27 . 3 . 20 , 3 . 21 , 3 .24 and 3 .

 3132732032133 Figure 3.13. Top left) Normalized absorption spectra of BDP starting material 3.13 and references molecules 3.24 and 3.25. Top right) Normalized absorption spectra of Fc-BDP conjugates 3.22 and 3.23. Bottom) Normalized absorption spectra of TTF-BDP conjugates 3.26 and 3.27. The same trend was observed when ethynylTTF derivatives were connected to the -position of the BDP core. Indeed, the absorption maximum of the -mono-ethynylTTF BDP derivative 3.26 is considerably broader and red-shifted by 22 nm compared to the parent BDP 3.13 (Figure 3.13 bottom, table 3.1). This is assigned to the overlap of the ICT band (between the TTF and the BDP) with the BDP centered S0→S1 transition. The addition of the second unit of ethynylTTF (compound 3.27) on the same position of the parent BDP resulted in a much broader absorption and a red-shifted by 50 nm in comparison to 3.13, and a more pronounced broad ICT band extending to 700 nm (Figure 3.13 bottom, table 3.1). The strong electronic communication between the TTF donor(s) and the BDP acceptor at the ground state is favored by the coplanar geometry (c.f crystal structure) provided by the rigid alkyne linker which could increase the intramolecular interactions and charge transfer. This suggestion will be supported in the section

Figure 3 . 14 .

 314 Figure 3.14. Top) Normalized fluorescence spectra of -substituted BDP assemblies 3.13 (exc= 480 nm), 3.20 (exc= 490 nm), 3.21 (exc= 510 nm), and 3.24-3.25 (exc= 530 nm). Middle) Emission intensity of reference assemblies 3.20-3.21 and target assemblies 3.16, and 3.19 (exc= 480 nm). Bottom) Emission intensity of reference assemblies 3.24-3.25 and target assemblies 3.22 (exc= 470 nm), 3.23 (exc= 485 nm), and 3.26(exc= 480 nm).

Figure 3 . 16 . 3 . 35 ,

 316335 Figure 3.16. Top) Normalized fluorescence spectra of BDP starting material 3.30 (exc= 495 nm), target assemblies 3.31 (exc= 550 nm), 3.35 (exc= 590 nm), and 3.37 (exc= 605 nm) and reference molecule 3.38(exc= 605 nm). Bottom) Emission intensity of BDP starting material 3.30, target assemblies 3.31, 3.35, and 3.37 and reference molecule 3.38 and DSBDP (exc= 605 nm).

Figure 3 . 17 .

 317 Figure 3.17. Cyclic voltammograms of the -substituted BDP assemblies 3.22-3.25 in anhydrous and oxygen-free DCM, 0.1M of n-Bu4NPF6, pseudo-reference electrode: Ag wire, working electrode: Pt, auxiliary electrode: Pt, scanning rate: 100mV.s -1 . Concerning the TTF derivatives, the recorded CVs on the target conjugates 3.26 and 3.27 under the same conditions mentioned above allowed the identification of the BDP +• radical cation with an irreversible signature that appeared at 1.0 V and 1.2 V for 3.26 and 3.27, respectively (Figure 3.18, Table3.3). The strong Coulombic repulsion between the BDP +• and TTF 2+ or TTF 4+

Figure 3 . 18 .

 318 Figure 3.18. Cyclic voltammograms of the -substituted BDP assemblies 3.26-3.27 in anhydrous and oxygen-free DCM, or THF 0.1M of n-Bu4NPF6, pseudo-reference electrode: Ag wire, working electrode: Pt, auxiliary electrode: Pt, scanning rate: 100mV.s -1 .

( 3 . 26 , 3 . 27 , 1 and 2

 32632712 and 3.37) in neutral state using the well-compelled hybrid exchange-correlation B3LYP functional in combination with the 6-31+G(d) atomic basis set for all atoms. All optimizations were carried out in the gas phase. The minima have been all confirmed by frequency calculations (absence of imaginary frequencies). Next, the determination of molecular orbital and electronic transitions was performed on the optimized molecular structures using TD-DFT framework in combination either with B3LYP or M0-62X functional. Both functionals were combined with a larger basis set, namely 6-31+G(d,p). For simplification reasons, the MO and the electronic transitions on the most stable conformer (usually in accordance with X-ray structure) will be only displayed and discussed. Note that the same analyses on other possible conformer gave the same results.Starting with the -mono-ethynylTTF BDP 3.25, the optimization of the geometry using DFT/ B3LYP/6-31G+(d) level was conducted by considering two main conformations as input geometries in which the TTF entity is either down-or up-oriented in respect to the BDP backbone. The optimized structures, showed a relatively coplanar structure with small torsion angles between the boat-shaped TTF and BDP planes around15.5° and 18.3° for conformation respectively (Figure3.20). This suggests that the conjugation between the TTF and the BDP core across the alkyne bridge is favored by the molecular geometry. These values are very close to the calculated torsion angle plane values by the X-ray structure (Figure3.8). The subsequent TD-DFT analyses were conducted on conformer 1 that appeared to be the most stable conformer.

Figure 3 . 20 .

 320 Figure 3.20. Representation of the most stable conformations of compound 3.26 DFT/B3LYP/6-31G+(d) optimization.

  ). The frontier molecular orbitals of compound 3.26 at TD-DFT/B3LYP/6-31G+(d,p) and TD-DFT/M0-62X /6-31G+(d,p) levels are shown in figure3.21. 

Figure 3 . 21 .

 321 Figure 3.21. Predicted frontier orbital energy diagram of compound 3.26 using two different levels TD-DFT/B3LYP/6-31G+(d,p) and TD-DFT/M0-62X/6-31G+(d,p).

  The atomic coefficients of HOMO-1, HOMO-2, and LUMO+1 orbitals are almost spread over the whole D--A conjugate backbone and not only confined only on the TTF or BDP entities (Figure 3.21).

Figure 3 . 22 .

 322 Figure 3.22. Simulated absorption spectra of compound 3.26 using two different levels: left) TD-DFT/B3LYP/6-31G(d,p), and middle) TD-DFT/M0-62X/6-31G(d,p). Right) Experimental UV-Vis spectrum of compound 3.26.

  Regarding the -bis-ethynylTTF BDP 3.27, four conformers were considered in which the TTF positions are either up-up, up-down, down-up, and down-down. Isoenergetic energy-minima were obtained after optimization by DFT/B3LYP/6-31G+(d) showing both TTF units nearly coplanar with the alkyne spacer and the BDP backbone with small torsion angles around 16° for all conformers (Figure3.23). The conformer 1 corresponds to the solid-state structure obtained by X-Ray diffraction. However, we present the TD-DFT calculations on the most stable conformer 3 (E = 0 Kcal/mol). As pointed out earlier, the same results were obtained for all conformers in term of MO and electronic transitions.

Figure 3 . 23 .

 323 Figure 3.23. Representation of the most stable conformations of compound 3.27 DFT/B3LYP/6-31G+(d) optimization. The theoretical calculations by the first method (i.e. TD-DFT/B3LYP/6-31G(d,p)) show that the HOMO and HOMO-1 orbitals are quasi-degenerated and are equally distributed on both TTF units with a small contribution from the -conjugated bridge and the BDP. The LUMO is mostly centered on the BDP backbone but also extend on the alkyne and the adjacent dithiole halves (with weak contribution) (Figure 3.24). As pointed out earlier with compound 3.26, these computational results suggest a good communication between the redox counterparts (BDP and TTF) across the -conjugated spacer. Moreover, these calculations are perfectly consistent with the electrochemical measurements.

  which explain the bathochromic shift of max in the experimental absorption spectra (Figure 3.24). The lowest energy band, calculated at 1.53 eV, (810 nm) with an oscillation strength f = 0.191, corresponds to the ICT transition from the TTF (HOMO) to the BDP (LUMO) (Figure 3.25, table 3.5). Additionally, another transition (namely HOMO-1→LUMO) appeared also at low energy absorption (1.57 eV, 788 nm) with a lower oscillation strength. This transition is also attributed to the ICT from TTF to the BDP since both HOMO and HOMO-1 orbitals are quasi-generated and distributed equally on the TTF entities. However, these bands are strongly underestimated in term of energy when compared to the experimental absorption spectra as previously observed in the case of 3.26 when the TD-DFT/B3LYP/6-31G(d,p) level is used (Figure 3.25).

Figure 3 . 24 .Similarly to compound 3 . 26 ,

 324326 Figure 3.24. Predicted frontier orbital energy diagram of compound 3.27 using two different levels TD-DFT/B3LYP/6-31G(d,p) and TD-DFT/M0-62X/6-31G(d,p).

Figure 3 . 25 .

 325 Figure 3.25. Simulated absorption spectra of compound 3.27 using two different levels: left) TD-DFT/B3LYP/6-31G(d,p), and middle) TD-DFT/M0-62X/6-31G(d,p). Right) Experimental UV-Vis spectrum of compound 3.27.

Finally

  the same DFT and TD-DFT calculation sequence was performed on the -bisstryrylethynyl TTF BDP 3.37. We have considered four different conformer in which the position of the TTF units are either in-in, in-out, out-in, and out-out. The optimization of these latter using DFT/B3LYP/6-31G(d) lead to four isoenergetic energy-minima with positive frequencies showing the both TTF units nearly coplanar with the BDP entity with small torsion angle planes around between 5° and 27° (Figure3.26). Note that one of the most stable conformers (conformer 4) (E = 0.06 Kcal/mol) corresponds to the experimental solid-state structure obtained by X-ray diffraction. Therefore, the subsequent TD-DFT analyses were conducted on this particular conformation.

Figure 3 . 26 .

 326 Figure 3.26. Representation of the most stable conformations of compound 3.37 after DFT/B3LYP/6-31G+(d) optimization . Starting with the first theoretical method (i.e. TD-DFT/B3LYP/6-31G+(d,p)), the calculations predict that the HOMO and HOMO-1 orbitals are quasi-degenerated and mainly distributed on the TTF units with a very small contribution from the alkyne-phenyl-vinylBDP part in the HOMO (Figure 3.27). As expected, the LUMO is fully delocalized on the BDP and styryl moieties, with a small participation from the alkyne and adjacent dithiole halves. Additionally, the atomic coefficients of HOMO-2, and LUMO+1 orbitals are almost spread over the whole D--A conjugate backbone and not only confined only on the TTF or BDP entities (Figure 3.27).

26 and 3. 27 ,

 27 which is in agreement with the electrochemical observations. The most intense band at1.98 eV (626 nm) with an oscillation strength f = 0.7061 corresponds to the HOMO-2→LUMO transition, and is assigned to the DSBDP-DSBDP excitation. In addition, TD-DFT calculations predicted two ICT transitions at 1.54 eV (804 nm) and 1.59 eV (779 nm) corresponding to HOMO→LUMO and HOMO-1→LUMO transitions, with oscillation strength values of 0.143 and 0.138, respectively (Figure3.28, Table3.6). Experimentally, these ICT bands were not clearly detected in the UV-Vis-NIR absorption spectra.

Figure 3 . 27 .Figure 3 . 28 .

 327328 Figure 3.27. Predicted frontier orbital energy diagram of compound 3.37 using two different levels TD-DFT/B3LYP/6-31G+(d,p) and TD-DFT/M0-62X/6-31G+(d,p).Finally, when the M0-62X functional and 6-31G+(d,p) basis set were combined to the TD-DFT framework, the localization of the atomic coefficients on the molecular orbitals of compound 3.37 were identical with those computed from the TD-DFT/B3LYP/6-31G+(d,p) level (Figure 3.27). Nevertheless, the HOMO and LUMO orbitals decrease and increase in energy respectively, leading to a higher value of HOMO-LUMO energy gap of 3.38 eV (see figure 3.27). As pointed out earlier, the use of M0-62X functional shifted the ICT transitions to higher energies. The most intense band at 2.11 eV (587 nm) with an oscillation strength value of f =

Figure 3 . 29 .

 329 Figure 3.29. Illustration of the redox-fluorescence switch on TTF-BDP conjugate.

Figure 3 . 30 .

 330 Figure 3.30. Absorption spectra of phenyl-alkyneTTF reference compound upon addition of Fe(ClO4)3 in DCM.

Figure 3 . 32 .

 332 Figure 3.32. Emission spectra of compounds 3.22 and 3.26 upon addition of Fe(ClO4)3 in DCM.

3 . 35

 335 in DCM was accompanied by a slight decrease of the absorption band at 670 nm (Figure 3.33 left),which can be attributed to the attenuation of the ICT band that would be probably overlapped with the BDP centered S0→S1 transition (see computational studies in previous sections).Additionally, a shoulder around 450 nm appeared upon the Fc oxidation. The emission spectra showed concurrently a 4-fold increase of the fluorescence (Figure3.33 right). The further addition of oxidizing agent upon 4 molar equivalents resulted in no additional spectral changes.

Figure 3 . 33 .

 333 Figure 3.33. Absorption and emission spectra of compounds 3.35 upon addition of Fe(ClO4)3 in DCM.Switching to compound 3.37, the addition of Fe(ClO4)3 oxidant on a diluted solution in DCM revealed the appearance of the typical TTF.+ radical cation band around 410 nm simultaneously with the appearance of broad bands around 700 and 900 nm that can assigned to the radical cation and radical cation -dimers transition bands (Figure3.34 left). Moreover, the decrease of the intense band at 660 nm can be also attributed to the attenuation of the ICT band that was overlapped with the BDP centered S0→S1 transition. Interestingly, upon oxidation of the TTF units by Fe(ClO4)3 an 11-fold increase of the fluorescence emission was obtained, which was more significant than the restored emission in the case of 3.35 (Figure3.34 right).

Figure 3 . 34 .

 334 Figure 3.34. Absorption and emission spectra of compounds 3.37 upon addition of Fe(ClO4)3 in DCM.
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 26 Conclusion and future directionsIn summary, a novel family of D--A and D--A--D based on the association of TTF-BDP and Fc-BDP was designed and synthesized in moderate to good yields through functionalization of the BDP backbone at the and -positions by strong -donors TTF orFc. All the new derivatives were characterized by NMR spectroscopy and mass spectrometry. The crystallographic data, structure, and packing at the solid state were evaluated on crystals grown for the target assemblies. The steady-state absorption spectroscopy, supported by electrochemical studies and theoretical calculations, confirmed the significant electronic communication between the donor entities and the BDP acceptor, especially at the -position.

A tetrads 3 . 3 . 1 .

 331 Synthesis of target assemblies Retrosynthesis. The synthetic strategy of the target Fc-BDP-C60 and TTF-BDP-C60 -based D'--D-A triads and (D'--D-A tetrads can be achieved in the last step through CuAAC reaction between the readily available terminal alkyne of the C60 platform II and azido-TTF-BDP or azido-Fc-BDP derivatives. The latter compounds can be synthesized starting from the TTF-BDP and Fc-BDP derivatives, described in the part 3.2 of this chapter, by a transformation of the hydroxy group into a good leaving group (LG), then by nucleophilic substitution with azide derivative at the meso position (Scheme 3.10).

Scheme 3 . 10 .

 310 Scheme 3.10. Restrosynthetic scheme of the target Fc-BDP-C60 and TTF-BDP-C60 -based D'--D-A triads and (D'--D-A tetrads.

  backbone. In order to overcome the occurrence of side reactions issue, we have decided to substitute the hydroxy function at the meso-position of the BDP by a good leaving group, namely a tosyl function, under mild conditions prior to the subsequent nucleophilic substitution with sodium azide. Hence, the reaction of -mono-ethynylTTF BDP 3.26 with paratoluenesulfonylchloride TsCl in DCM in the presence of dimethylaminopyridine DMAP for 3 hours afforded the tosylated intermediate 3.43 in 91% after chromatographic separation (scheme 3.12). Then, the latter derivative was subjected to a nucleophilic substitution with NaN3 under the same conditions mentioned above resulting in the formation of the target azido-BDP derivative 3.44 in 71% yields after purification by column chromatography. Similarly, the desired compounds 3.45 and 3.46 were synthesized according to the same procedure. However, in order to avoid the product loss of these bis-TTF BDP derivatives by column chromatography, a partial purification was preferred by washing the crude with water, followed by the extraction of the organic phase with DCM. The resulting derivatives 3.45 and 3.46 were then engaged directly in the following CuAAC reaction.

7 .Figure 3 . 36 .

 7336 figure3.36 with the corresponding emission data, listed in table3.7. We have compared the emission intensities of the -substitutedTTFor Fc-BDP-C60 with the emissive reference compounds: -mono-ethynylphenylBDP 3.24 and -bis-ethynylphenylBDP 3.25, whereas the

2 . 2 (

 22 = 1.3%, = 0.15 and 0.03 ns), which can be attributed to the additional photochemical events from the supplementary donor(s) TTF or Fc connected on the different positions of the BDP backbone. In order to decipher the exact nature of the photochemical events taking place within the TTF-BDP-C60 and Fc-BDP-C60 based D'--D-A triads and (D'--D-A tetrads, namely cascade PET processes, transient absorption spectroscopy in the nanosecond and femtosecond scale should be carried out. These experiments are currently under investigations with our collaborators in ISMO-Paris Saclay and Poznan as part of our common PICS project. Preliminary results on the photodynamic properties of the Fc-BDP-C60 conjugates 3.47 and 3.48 were obtained. The femtosecond transient absorption spectroscopy of compound 3.47 showing the evolution of the C60  at 1050 nm at different time delays is displayed in figure 3.37. In addition, the fullerene radical anion C60  decay corresponding for the Fc-BDP-C60 3.47 is also shown in this figure.The primary results on the Fc-BDP-C60 conjugate 3.47 indicate that upon excitation, this latter undergo a fast ET from the Fc to the 1 BDP*, followed by the electron shift from the resulting BDP  radical anion to the C60, leading to the formation of the final charge-separated state Fc  -BDP-C60  (Figure3.37). The lifetime of this latter was found around 500 ps, which is 10 times higher than that corresponding to the BDP-C60 dyad 2.2 (50 ps) and 25 times higher than that corresponding to the Fc-BDP precursor 3.22 (20 ps). These preliminary findings confirm our successful strategy for the design of D-A -based conjugates resulting in the stabilization of the CS lifetimes through cascade PET transfer processes.

Figure 3 . 37 .

 337 Figure 3.37. Top) Femtosecond transient absorption spectra evolution of C60  at different delay times of the Fc-BDP-C60 triad 3.47. Bottom) C60  decay spectra of Fc-BDP-C60 triad 3.47 at 1050 nm.

  electrochemical investigations of Fc-BDP-C60 and TTF-BDP-C60 target assemblies 3.47-3.53 were conducted by cyclic voltammetry (CV) under the same conditions as before. All experiments were performed in a standard three-compartment electrochemical cell under argon atmosphere at room temperature in anhydrous dichloromethane solutions using tetra-nbutylammonium hexafluorophosphate (TBAPF6) as supporting electrolyte and ferrocene (Fc) as internal reference. Note that the electrochemical studies on the TTF-BDP-C60 derivatives were recorded in anhydrous THF due to their low solubility in DCM. The recorded cyclic voltammograms are displayed in Figures3.38 and 3.39. The half-wave potentials (V vs Fc + /Fc) of the reference and target compounds are collected in Table 3.8. In general, the recorded cyclic voltammograms of the Fc-BDP-C60 and TTF-BDP-C60 target assemblies represent the superposition of the redox signatures corresponding to the Fc-BDP or TTF-BDP precursors (see formation of [TTF +• ]2 and [TTF 2+ ]2 moieties (Figure 3.38, Table3.8). In the anodic region, a quasi-reversible wave at -0.95 V is assigned to the fullerene radical anion C60  and the second irreversible signature at -1.45 V (vs. Fc + /Fc) is the overlapping of C60  and BDP  species (Figure3.38, Table3.8).

Figure 3 . 38 .C60 assembly 3 . 49 ,

 338349 Figure 3.38. Cyclic voltammograms of the targetassemblies 3.47-3.48 in anhydrous and oxygen-free DCM and 3.51-3.52 in THF, 0.1M of n-Bu4NPF6, pseudo-reference electrode: Ag wire, working electrode: Pt, auxiliary electrode: Pt, scanning rate: 100 mV.s -1 . Moving forward, the electrochemical analyses on the -substituted Fc-and TTF-BDP-C60 assemblies 3.49, 3.50, and 3.53 are shown in figure 3.39. Starting with the -bis-vinylFc-BDP-C60 assembly 3.49, the recorded CV exhibited sequential two-reversible one-electron waves at 0.00 and 0.08 V (vs. Fc + /Fc) that are assigned to the oxidation of the closely-spaced Fc entities.

Figure 4 . 1 .

 41 Figure 4.1. Schematic representation of a SAM on a gold substrate with its principal parts.

Figure 4 . 2 .

 42 Figure 4.2. Schematic representation of the SAMs preparation by direct approach. Two general categories for the formation of SAMs can be distinguished depending on the composition of the modified surface: homogenous (single component) and heterogeneous (mixed) SAMs.

Figure 4 . 3 .

 43 Figure 4.3. Schematic representation of the single component SAM preparation by the indirect approach.

  competitive adsorption of a mixture of both molecules in solution) or by sequential immersion of a substrate into two different solutions containing each one of the target component (Figure 4.4). The patterns can be distributed randomly on the surface or in a segregated fashion. The major difficulty of the mixed SAMs relies on the control and determination of this surface organization of the monolayer.

Figure 4 . 4 .

 44 Figure 4.4. Schematic representation of mixed SAMs preparation by sequential immersion and coadsorption approaches.

Figure 4 . 5 .

 45 Figure 4.5. Schematic representation and the corresponding energetic diagram of PEC cell -based on SAMs formed by fullerene alkanethiols on gold surfaces. (C60: fullerene, AsA: Ascorbic acid).[17,18] 

Figure 4 . 6 .

 46 Figure 4.6. Molecular structure of the Fullerene derivative reported by Diederich and the corresponding energetic diagram of PEC cell -based on SAMs formed by this derivative on goldsurfaces.[19] 

For example,

  Imahori and his colleagues reported in 2001 a PEC cell -based mixed SAM comprised of a BDP derivative (as light harvesting model) combined with a photosynthetic reaction center model formed by a ferrocene-porphyrin-fullerene triad (Figure 4.7). The mixed SAM on the gold electrode established a cascade of photoinduced energy transfer and multistep electron transfer, leading to the production of photocurrent output with a high internal quantum yield of around 50% .The incident photocurrent efficiency (IPCE) of the PEC cell was determined as 0.6% and 1.6% upon photoexcitation at 510 and 430 nmrespectively.[20] 

Figure 4 . 7 .

 47 Figure 4.7. Schematic representation and the corresponding energetic diagram of the photoinduced events taking place in a mixed SAM formed by ferrocene-porphyrin-C60 alkanethiol and BDP thiol on gold surface. (B: BDP, P: porphyrin, Fc: ferrocene, C60: fullerene, MV: methyl viologen).[20] Another example was published in 2010 by Park et al. on the efficient photocurrent generated by a BDP-ZnP-Fullerene triad -based SAMs on ITO substrate. A remarkably high internal quantum yield of the PEC was obtained (29%) due to multistep photoinduced energy and electron transfer events between the primary redox units (i.e. Porphyrin and fullerene) and the secondary energy antenna BDP. The IPCE of the device was estimated around 2% (Figure4.8).[22] 

Figure 4 . 8 .

 48 Figure 4.8. Schematic representation and the corresponding energetic diagram of the photoinduced events taking place in a SAM formed by BDP-ZnP-C60 on ITO surface. (B: BDP, ZnP: Zinc porphyrin, C60: fullerene).[22] 

Figure 4 . 9 .

 49 Figure 4.9. Schematic representation of the ideal, head-to-tail, and multilayers assemblies on goldsurfaces formed by C60 derivatives.[42] 

Figure 4 . 11 .

 411 Figure 4.11. Left) Chemical structures of the chromophore functionalized helical peptides illustratingthe photoinduced photocurrent generation by the Mixed SAMs formed on the surface of gold electrodes.[55] Right) Illustration of a prototype DSSC of helical peptide-based SAM.[63,65] 

Figure 4 .

 4 Figure 4.12.Illustration of the photocurrent generation in a mixed SAM of porphyrin-and fullereneterminated helical peptides.[66] 

  . Houssein Nasrallah and Jad Rabah at ILV-Paris Saclay. The synthesis and solution conformational analyses of the helical peptide were particularly conducted by Dr. Karen Wright and Dr. Emmanuel Allard respectively. The electrochemical and surface analyses (including PM-IRRAS, QCM, XPS) were carried out at the Laboratoire de Réactivité de Surface (LRS, Sorbonne Université) by Dr. Anne Vallée, Pr. Souhir Boujday, and Dr. Vincent Humblot. This work was strongly supervised by Dr. Emmanuel Allard, Dr. Hélène Fensterbank, Dr. Karen Wright, and Dr. Anne Vallée. This article was written by Dr. Emmanuel Allard, Dr. Karen Wright, Dr. Hélène Fensterbank, and Dr. Anne Vallée with the help and corrections of all authors.

  These NH-NH (ii + 1) and some aH-NH (ii +1 ) interactions also indicate that the peptide adopts a prevailing folded structure. To complement the 2D experiments, DMSO-d 6 titrations were performed on 1 mM solutions of the hexapeptide 15 in CDCl 3 ( F i g .1a n dF i g .S 1 1 ,E S I †). Similar titration experiments have already been used to verify that peptides containing Aib moieties adopt a 3 10 -helical conformation in solution.26 Upon the addition of the hydrogen bond acceptor DMSO-d 6 ,t h et w o amide NH protons of the Aib and Ala residues at the 1st and 2nd positions from the N-terminus (denoted as N(I)H and N(II)H) underwent significant downfield shifts (Dd =1 . 2 5a n d0 . 4 7p p m , respectively) while the other amide protons displayed minimal shifts (Dd =0 . 0 5t o0 . 1 9p p m ) .T h i ss u g g e s t sa3 10 -helical conformation in solution where most NH groups (from N(III)H onward) are in a stable, intramolecular H-bonding network, while the two NH groups closest to the N-terminus are exposed to intermolecular interactions. In addition, the concentrationdependence of the 1 H NMR resonances of the amide NH groups

Fig. 1

 1 Fig. 1 Stack plot of the partial 1 H NMR spectra in which DMSO-d 6 was added in a 1 mM solution of the peptide 15 in CDCl 3 (300 MHz, 298 K). The peaks labelled with an asterisk are due to satellite bands.

Fig. 2

 2 Fig. 2 Stack plot of the partial 1 H NMR spectra of peptide 15 taken at varying concentrations from 1 mM to 100 mM (300 MHz, CDCl 3 , 298 K). The peaks labelled with an asterisk are due to satellite bands.

Fig. 4 1 H

 1 Fig. 4 1 H NMR spectrum of the C 60 -peptide in C 5 D 5 N (300 MHz, 298 K). The peaks labelled with an asterisk are due to solvent residues.

Fig. 5

 5 Fig. 5 CVs of K 3 [Fe(CN) 6 ] for naked gold electrode (black), C 60 -alkyl (blue) and C 60 -peptide (red) SAMs on a gold electrode.

Fig. 6

 6 Fig. 6 Resonance frequency changes of the Au quartz crystal during C 60 -alkyl and C 60 -peptide SAM formation; a 0.1 mM solution of C 60 -alkyl and C 60 -peptide in dichloromethane was flowed for 55 min.

Fig. 7

 7 Fig. 7 High resolution S2p and N1s XPS spectra of C 60 -alkyl, C 60 -peptide and hexapeptide 15 SAMs (from the top to the bottom).

Fig. 8

 8 Fig. 8 PM-RAIRS spectra of the C 60 -alkyl, C 60 -peptide and hexapeptide 15 SAMs (from top to bottom).

Fig. 9

 9 Fig. 9 Schematic representation of SAMs of the hexapeptide 15 and C 60 -peptide adopting a 3 10 -helical conformation along with the tilt angles of the helices from the surface normal.

1 , 2 Synthesis

 12 Scheme S1. Synthesis of compounds 1-5

o

  acid (6.07 g, 42mmol) was added in a round bottomed flask to 4-pentyn-1-ol (3.5 g, 42 mmol). The reaction mixture was stirred overnight at 80°C. After evaporation of the formed acetone, the residue was purified by column chromatography using CHCl 3 as eluent to afford 3.83 g of 3 as yellow pasty solid in 53% yield. Mp: 45-49 °C; 1 H NMR (300 MHz, CDCl 3 ) δ=1.81-1.95 (m, 2H, H d ), 1.97 (t, 1H, J = 2.6 Hz, H a ), 2.30 (td, 2H, J = 7.0 Hz, J = 2.6 Hz, H c ), 3.44 (s, 2H, H g ), 4.29 (t, 2H, J = 6.3 Hz, H e ), 9.07 ppm (bs, 1H, OH); 13 C NMR (75 MHz, CDCl 3 ) δ=15.2(C c ), 27.4(C d ), 40.8(C g ), 64.6(C e ), 69.4(C a ), 82.8(C b ), 166.9(C f ), 171.3ppm (C h ); HRMS (ESI+) m/z calcd for C 8 H 10 O 4 Na : 193.0477 [M +Na + ], found 193.0445. In a round bottomed flask alkyne 3 (1.

  Scheme S2. Synthesis of compounds 6-C 60 -alkyl

  Scheme S3. Synthesis of compounds 8-C 60 -peptide

Figure S1 .

 S1 Figure S1. FT-IR absorption spectra (N-H stretching region) of hexapeptide 15 (red) and C60-peptide (blue) at 1 mM in CDCl 3 solution. The spectra were normalized with respect to the main N-H band.

Figure S2 .

 S2 Figure S2. FT-IR absorption spectra (C=O stretching region) of hexapeptide 15 (red) and C60-peptide (blue) at 1 mM in CDCl 3 solution. The spectra were normalized with respect to the main C=O band.

Figure S3. 1 H

 1 Figure S3. 1 H NMR of 15 (50 mM, 300 MHz, 298K) and C 60 -peptide (30 mM, 300 MHz, 298K) in CDCl 3 . The peaks labelled with an asterisk are due to solvent residues.

Figure S4 .

 S4 Figure S4. Structure and numbering of 15 used for 1 H NMR signals assignments.

Figure S5 .

 S5 Figure S5. Partial 1 H-1 H COSY spectrum of 15 in CDCl 3 (50 mM, 300 MHz, 298K).

Figure S6 .

 S6 Figure S6. Full 1 H-1 H ROESY spectrum of 15 in CDCl 3 (50 mM, 300 MHz, 298K).

Figure S7 .

 S7 Figure S7. Partial 1 H-1 H ROESY spectra of 15 in CDCl 3 (50 mM, 300 MHz, 298K).

Figure S8 .

 S8 Figure S8. Stack plot of partial 1 H NMR spectra of peptide 15 taken at varying concentrations from 1 mM to 100 mM (300 MHz, CDCl 3 , 298K).

Figure S9 .

 S9 Figure S9. Plot of concentration (mM) vs chemical shifts for the NH protons of the peptide 15 (300 MHz, CDCl 3 , 298K).

Figure S10 .

 S10 Figure S10. Stack plot of partial 1 H NMR spectra in which DMSO-d6 was added to a 1mM solution of the peptide 15 inCDCl 3 (300 MHz, 298K).

Figure S11 .

 S11 Figure S11. Plot of % of DMSO vs chemical shifts for the NH protons of a 1mM solution of the peptide 15.

Figure S12 .

 S12 Figure S12. Stack plot of partial 1 H NMR spectra of C 60 -peptide taken at varying concentrations (300 MHz, CDCl 3 , 298K). The stock solution was prepared by dissolving 17.5 mg of C 60 -peptide in 0.5 mL of CDCl 3 , the solutions were then diluted successively by half. The peaks labelled with an asterisk are due to satellite bands.

Figure S13 .

 S13 Figure S13. Stack plot of partial 1 H NMR spectra in which DMSO-d6 was added to a solution of C 60 -peptide (concentration ≈ 2.5 mM) in CDCl 3 (300 MHz, 298K). The peaks labelled with an asterisk are due to satellite bands.

Figure S14. 1 H

 1 Figure S14. 1 H NMR spectrum of 15 in C 5 D 5 N (300 MHz, 298K). The peaks labelled with an asterisk are due to solvent residues.

Figure S15 .

 S15 Figure S15. Partial 1 H-1 H COSY spectrum of 15 in C 5 D 5 N (300 MHz, 298K).

Figure S18. 1 H

 1 Figure S18. 1 H NMR spectrum of C 60 -peptide in C 5 D 5 N (300 MHz, 298K). The peaks labelled with an asterisk are due to solvent residues.

Figure S19 .

 S19 Figure S19. Partial 1 H-1 H COSY spectrum of C 60 -peptide in C 5 D 5 N (300 MHz, 298K).

Figure S20 .

 S20 Figure S20. Partial 1 H-1 H ROESY spectra of C 60 -peptide in C 5 D 5 N (300 MHz, 298K).

Figure S21. 1 H

 1 Figure S21. 1 H NMR spectra of peptide 15 taken at different concentrations in C 5 D 5 N (300 MHz, 298K).

Figure S22 .

 S22 Figure S22. Circular dichroism spectra of the hexapeptide 15 in MeOH solution (peptide concentration 0.2 mM).The ECD spectra were measured on a Jasco model J-810 spectropolarimeter. Baselines were corrected by subtracting the solvent contribution. The values are expressed in terms of [θ] T , the total molar ellipticity (deg × cm 2 × dmol -1 ).
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 413 Figure 4.13. Chemical structures of target molecules T1 and T2, and reference molecules R1-R4.

Figure 4 . 14 . 1 H 1 (Figure 4 . 15 .

 41411415 Figure 4.14. 1 H NMR spectra in C5D5N (300 MHz, 298 K) of the target assemblies T1 (top) and T2 (bottom). The peaks labeled with an asterisk are due to water residues.

Figure 4 . 16 .

 416 Figure 4.16. Femtosecond transient absorption spectra T1 at specified delay times: a) -0.3 to 0.5ps; b) 0.5 to 100ps; c) 101 to 301ps and d) 301 to 2710ps in solvent PhCN. exc = 527nm

Figure 4 . 20 .

 420 Figure 4.20. PM-IRRAS spectra of the SAMs grown by the reference and the target assemblies. The estimation of the tilt angles (γ) of the SAMs formed by T1 and T2 on gold surfaces were calculated using the same procedure described in the previous section of this chapter that allowed the calculation of (γ) of the SAMs formed by the references molecules (peptide 4.1 and R2). As pointed out in the published article #3 in section 4.2 of this chapter, the lower calculated tilt angle value of R2 in comparison with the peptide 4.1 was attributed to the fact that the SAM formed by the former assembly are relatively more vertically oriented. This was explained by the strong fullerene-fullerene and peptide-peptide intermolecular interactions resulting in the formation of densely packed monolayers. Concerning the target molecules T1 and T2, similar values of tilt angle were obtained (40.0 and 43.7 ±2° respectively) compared to the reference molecule R2 suggesting that the addition of the BDP chromophore within the target assemblies might slightly disrupt the molecular organization and the vertical orientation of the resulting monolayers. The minor difference in the values of the tilt angles calculated for T1 and T2 could be assigned to the nature of the linker connecting the BDP to the fullerene.

( 111 )

 111 substrates (11x11mm)], platinum wire as auxiliary electrode, and saturated calomel electrode (SCE) as reference electrode in the presence of 1mM of Fe(CN)6 3-as the electroactive probe and 1.0 M KCl as an electrolyte.

Figure 4 .Figure 4 . 21 .

 4421 Figure 4.21. Cyclic voltammetry experiments in K3[Fe(CN)6] (1 mM + 1 M KCl) aqueous solution. Sweep rate: 100 mV/s. Left) bare gold electrode and gold electrode modified by the T1 and R1 SAMs. Right) bare gold electrode and gold electrode modified by the T1, R2, and R4 SAMs.

  reference and counter electrodes, and the modified gold electrodes as working electrode in the presence of 0.5 M of tetrabutylammonium tetrafluoroborate (TBATFB) as electrolyte in acetonitrile. The obtained signals of the electroactive species were not well defined and cannot be evaluated in order to calculate the surface coverage. However, using 0.3 M of tetrabutylammonium hexafluorophosphate (TBAPF6) in DCM displayed well resolved peaks with bell-shaped behaviors. An example of CVs recorded on the R2-SAM in acetonitrile and DCM are provided figure4.22. In addition, we observed that the stability of the SAMmodified gold microelectrodes by our assemblies is relatively dependant on the impregnation time and the kinetics of the SAMs formation process. Indeed, feasible CVs characterized by well defined peaks were obtained by increasing the impregnation time to 18 hours on the microelectrodes during the grafting process instead of shorter durations (c.a. 2

Figure 4 . 22 .

 422 Figure 4.22. CVs of R2 adsorbed on a gold microelectrode at 4800 V.s -1 using: Left) 0.5 M of TBATFB as electrolyte in acetonitrile; Right) 0.3 M of TBAPF6 as electrolyte in DCM. Hence, the following presented CVs were recorded in DCM with 0.3 M of TBAPF6 as electrolyte after 18 hours of impregnation time for the grafting process of our target and reference molecules on gold ball microelectrodes. Starting with the reference molecules, general electrochemical investigations were carried out on the SAMs formed by the reference molecule C60-peptide R2 and BDP-peptide R4 at 4800 V.s -1 and 4400 V.s -1 respectively. The recorded cyclic voltammograms are displayed in the figure 4.23 and their half-wave potentials vs ferrocene used as reference are summarized in Table 4.3. The CV of R2 immobilized on

Figure 4 . 23 .

 423 Figure 4.23. Left) CVs of R2 adsorbed on a gold microelectrode at 4800 V.s -1 : C60 first reduction wave (solid), C60 first and second reduction waves (dashed). Right) CVs of R4 adsorbed on a gold microelectrode at 4400 V.s -1 : BDP oxidation wave (solid).

Figure 4 .

 4 24). For electrochemical measurements in solution, two platinum coils were used as reference and counter electrodes and a carbon microelectrode was used as working electrode. These electrodes were tempered in a 2.10 -4 M solution of T1 in anhydrous dichloromethane with 0.1 M of TBAPF6 and 0.2 mM of Fc as internal reference. The first and the second peaks at E1/2= -0.99 and -1.37 V (versus Fc + /Fc) in the cathodic region are assigned to the successive one-electron reduction of the C60 moiety. The reversible oxidation peak of BDP in the anodic region appeared at E1/2= 0.59 V versus Fc + /Fc (Figure 4.24, Table

Figure 4 . 24 .

 424 Figure 4.24. Top left) CV of T1 adsorbed on a gold microelectrode at 5100 V.s -1 . Top right) CV of 2 adsorbed on a gold microelectrode at 10000 V.s -1 . Bottom) CV of T1 in solution at 100 V.s -1 . Oxidation and reduction waves of ferrocene, used as an internal standard, are denoted with an asterisk.

Figure 4 . 25 .

 425 Figure 4.25. Left) CV of R1 in solution at 100 V.s -1 .Right) CV of R1 adsorbed on a gold microelectrode at 2320 V.s -1 . Oxidation and reduction waves of ferrocene, used as an internal standard, are denoted with an asterisk.

Figure 4 . 27 .

 427 Figure 4.27. CVs of the C60 first reduction wave before and after 15 scans of T2-SAM at 4000 V.s -1 .

  through peptide-based SAMs Typical voltammograms of the C60 first reduction wave or/and the BDP oxidation wave at different scan rates were conducted on the SAMs formed by the reference and target assemblies. Interestingly, all the recorded CVs of the SAMs formed by our family of molecules at different scan rates exhibited well-resolved signals with a bell-shape behavior (Figure4.28). In addition, by plotting the peak current as a function of the scan rate for each assembly we obtained a linearly proportional function that confirms the surface-confinement of the reference and target molecules on the gold surface (Figure4.28)

Figure 4 .

 4 Figure 4.28. left) Scan-rate dependence of the cyclic voltammograms; middle) peak current as a function of scan rate; right) Experimental (dots) and simulated (lines) peak to peak potential variation versus scan rates of the target and reference assemblies SAMs on gold microelectrodes.

Photoelectrochemistry . Debiemme

 . Photoelectrochemistry.The photoelectrochemical measurements were conducted on the SAMs grown by the target and reference molecules in order to investigate their potential in converting the resulting charge-separated state after photo-illumination of the D-A part into electrical energy (photocurrent generation) through a vectorial electron relay. These measurements were carried out in collaboration withDr. Hubert Cachet and Dr. Catherine-

Figure 4 .

 4 Figure 4.29. left) Photoelectrochemical response of R2-SAM -modified electrode at V = VOC with a light intensity variation represented by the LED current Ilight.

Figure 4 .

 4 30, right). Upon photo-illumination of this latter at 367 nm, the generated singlet excited state 1 C60* relaxes by efficient ISC, yielding the triplet excited state 3 C60* in nearly quantitative yields. Then, an intermolecular ET takes place from the electron sacrificer AsA to the 3 C60*, leading to the formation of the ions pairs AsA  and C60  . Then, the photo-generated C60  gives an electron to the gold surface through the helical hexapeptide bridge, generating an anodic photocurrent.

Figure 4 .

 4 Figure 4.30. left) Diagram showing the redox potentials of C60, 1 C60*[18] , 3 C60*[18] , and AsA[18] ;

Figure 4 .

 4 Figure 4.31. left) Photoelectrochemical response of bare gold electrode, R2-SAM and R3-SAMmodified electrode at V = VOC with a light intensity variation; right) Linear dependency of photocurrent on light intensity variation represented by the LED current Ilight of the bare gold electrode, R2-SAM-, and R3-SAM -modified electrode.

Figure 4 .

 4 Figure 4.32. left) Photoelectrochemical response of T1-SAM-, and R2-SAM-modified electrode at -V = VOC respectively with a light intensity variation ( = 367 nm); right) Linear dependency of photocurrent on Pi (µW.cm -2 ) of T1-SAM-and R2-SAM-modified electrode.

2 (

 2 photocurrent response obtained by R2 and R3. Finally, when the target molecule T2-SAM was irradiated at the same wavelength, a photocurrent response was generated that was slightly higher (1.5-2 times) compared to the photocurrent obtained by the T1-SAM assembly (Figure4.33). This can be attributed to the higher stability of the triazole linker connecting the BDP entity to the fullerene in the T2 assembly, leading to a maximization of photon absorption. Whereas in the case of T1, a lower amount of BDP entities are present on the surface due to the breaking of the thiol-maleimide linkage resulting in lower photon absorption by the modified surface.

Figure 4 .

 4 Figure 4.33. left) Photoelectrochemical response of T1-SAM -, and R1-SAM -modified electrode at V = VOC respectively with a light intensity variation; middle) Photoelectrochemical response T2-SAM -modified electrode at V = VOC with a light intensity variation ( = 550 nm); right) Linear dependency of photocurrent on Pi (W.cm -2 ) of R1-SAM-, T1-SAM-and T2-SAM-modified electrode.

  34). In fact, we have demonstrated in the chapter 2 of this dissertation the occurrence of PET and EET processes from the BDP to the C60 in dyads 2.1 and 2.2 in solution upon photoexcitation of the BDP. Therefore, the same processes could be observed on the SAMs containing BDP-C60-peptide assemblies T1 and T2.The photoexcitation of the BDP entity within these assemblies generates the singlet excited state1 BDP*, which undergoes a fast energy transfer (Figure 4.34, b) and electron transfer (Figure 4.34, c) processes to the C60, yielding the singlet excited state 1 C60* and radical anion C60  species, respectively (Figure 4.34, b and c). The latter specie gives directly an electron to the gold surface through the helical hexapeptide bridge (or alkyl chain) by an intramolecular ET process. Finally, the electron sacrificer (Asa) gives an electron to the BDP radical cation to regenerate the neutral form (Figure 4.34, c). Concurrently, the photogenerated 1 C60* specie yields the 3 C60* through ISC that extract an electron from the electron sacrificer AsA, leading again to the formation of C60  which subsequently gives its electron to the gold surface, and thus generates an anodic photocurrent response (Figure 4.34, b). The
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 435 Figure 4.35. Synthesis and chemical structures of target molecules T3, T4 and T5.

  and 4.37. 

Figure 4 . 36 . 1 H

 4361 Figure 4.36. 1 H NMR spectra in C5D5N (300 MHz, 298 K) of the target assemblies T4. The peaks labeled with an asterisk are due to water residues and acetone.

Figure 4 . 37 . 1 H

 4371 Figure 4.37. 1 H NMR spectra in C5D5N (300 MHz, 298 K) of the target assemblies T5. The peaks labeled with an asterisk are due to water and DCM residues.

4. 4 . 2 .

 42 Self-assembled monolayer formation and characterizationAll the target compounds were individually immobilized on gold surfaces by exposing the clean gold plate to a 10 -4 M oxygen-free solution of (T3, T4, and T5) in dichloromethane in dark for 18 hours at room temperature under argon atmosphere. The SAMs were then rinsed with DCM and water and finally dried with a stream of nitrogen (Figure4.38). The resulting SAMs were characterized by surface analysis and cyclic voltammetry in order to get insight on their nanoscale structure.

Figure 4 . 38 .

 438 Figure 4.38. General procedure for the preparation of SAMs on gold surfaces by the target assemblies T3, T4, and T5. Surface analyses. The SAMs formed by the target molecules T3, T4, and T5 were studied at first by PM-IRRAS in order to get insights on their conformation and orientation on gold surfaces.Figure 4.39 shows representative IRRAS spectra of the SAMs formed by these

Figure 4 .

 4 39 shows representative IRRAS spectra of the SAMs formed by these assemblies. As pointed out earlier in this chapter, amide I and amide II bands appeared around 1660 and 1541 cm-1 respectively (see table4.7). These bands are characteristic of the helical conformation and again confirm that the helical conformation is retained on the SAMs. The C=O malonate characteristic band of the methanofullerene appeared around 1740 cm -1 .

Figure 4 . 39 .

 439 Figure 4.39. PM-IRRAS spectra of the SAMs grown by T3, T4, and T5.

0. 3 M

 3 of TBAPF6 as electrolyte in DCM after 18 hours of impregnation time for the grafting process of the target assemblies on gold ball microelectrodes. The obtained cyclic voltammograms displayed well resolved peaks with bell-shaped behaviors presenting useful data for the extraction of important parameters including the half-wave potentials, surface density, and the electron transfer rate constants. The CVs of the target molecules T3, T4 and T5 on the SAMs are presented in figure4.40 with their corresponding half-wave potentials listed in table4.7. extraction of ks values was achieved in a same manner as before by fitting Ep at the function of scan rates using reference curves produced by numerical simulations. The experimental and simulated data are presented in the same figure, and the extracted values of the electron transfer rates of each redox center are listed in table4.9. 

Figure 4 .

 4 Figure 4.41. left) Scan-rate dependence of the cyclic voltammograms; middle) peak current as a function of scan rate; right) Experimental (dots) and simulated (lines) peak to peak potential variation versus scan rates of the target and reference assemblies SAMs on gold microelectrodes.

  analyses. The obtained results confirmed the successful immobilization of T3, T4, and T5 assemblies on gold surfaces by the characteristic bands from PM-IRRAS (Amide I, amide II, C=O) and redox signatures (Fc, BDP, C60) from ultrafast electrochemical experiments.Moreover, the estimation of the tilt angle and surface density of the SAMs formed by these assemblies (T3, T4, and T5) using these techniques revealed the formation of less verticallyoriented and densely packed monolayers in comparison with T1-, and T2-SAMs (described in section 4.2). This could be attributed to the additional appended Fc units that could disorganize the monolayers, especially in the case of T3 and T4 due to the steric hindrance induced by the Fc position on the BDP core and the less extended -spacer connecting these two redox counterparts.Finally, the estimation of the heterogeneous electron transfer rate constants of T3-, T4-, and T5-SAMs revealed higher ks values corresponding for the electron transfer from the BDP or C60 entities to the metallic surface, in comparison with T1-, and T2-SAMs. However, the discrepancy in the electron transfer values between the redox counterparts in each assembly is still unclear at present. The next step of this study consists on incorporating these assemblies in the construction of PEC cells for the generation of photocurrent. Based on the discussed-above results, we believe that appending supplementary Fc electron donor units on the BDP-C60-peptide could result in an enhancement of the photocurrent response. This could be induced by the wide light capture in the visible and NIR regions, and the multistep electron transfer processes taking place upon photoexcitation (Figure4.42).

Figure 4 . 42 .

 442 Figure 4.42. Left) Diagram showing the redox potentials of C60, 1 C60*[18] , 3 C60*[18] , BDP, Fc[3] and AsA[18] ; Right) Predicted mechanisms of anodic photocurrent generated by Fc-BDP-C60-peptide SAMs (e.g. T5).
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 443447 Figure 4.43. Schematic representation of intermolecular photo-induced electron transfer in dipolecontrolled mixed SAM.

Figure 4 . 45 . 1 H

 4451 Figure 4.45. 1 H NMR spectrum in CDCl3 (300 MHz, 298 K) of the target assemblies T6. The peaks labeled with an asterisk are due to grease residues.

Figure 4 . 48 .

 448 Figure 4.48. CVs of T6 adsorbed on a gold microelectrode at 8800 V.s -1 .

Figure 4 .

 4 Figure 4.49 displays the recorded CVs on the mixed SAMs grown by R2/T6 with different molar ratios (R2/T6: a) 75/25, b) 50/50, c) 25/75, d) 5/95).

Figure 4 . 49 .

 449 Figure 4.49. CVs of mixed SAMs grown by R2/T6 with different molar ratios at 8800 V.s -1 .

Figure 4 . 3 ±

 43 photophysical features were studied (or still under investigation) by transient absorption, in collaboration with groups specializing in nano-and femtosecond absorption spectroscopies, in order to get insights on their photodynamic properties. Consecutively, these assemblies, along with other interesting assemblies, were immobilized on gold surfaces through the formation of SAMs. The resulting monolayers were then characterized by surface analyses (XPS, QCM, PM-IRRAS) and electrochemical experiments (blocking effect, and ultrafast electrochemistry)

  the synthesis and isolation of two BDP-C 60 dyads 2.1 and 2.2, a DSBDP-C 60 dyad 2.4, a BDP-C 60 -DSBDP triad 2.3, and a dumbbell-like BDP-C 60 -C 60 -BDP tetrad 2.5 in an efficient and straightforward manner.

Figure 5 . 1 . 2 . 5 , 2 . 2 .

 512522 Figure 5.1. Chemical structures of BDP-C 60 -based assemblies 2.1-2.5 described in chapter 2 using our novel dual clickable fullerene platform I and II. As far as the BDP-C 60 dyads 2.1 and 2.2 are concerned, both conjugates exhibited nearly identical photophysical and photodynamic behaviours, characterized by an EET and PET from the photoexcited BDP to the C 60 entity owing to folded or/and extended conformations. In the case of the BDP-C 60 -DSBDP triad 2.3 and the dumbbell-like BDP-C 60 -C 60 -BDP tetrad 2.5, a modification of the photophysical properties was concluded in comparison with the dyad 2.2. This was mainly attributed to the occurrence of additional photochemical events taking place within these assemblies brought by the appendage of supplementary chromophoric electron donor/ or and acceptor units in a closely-spaced arrangement. Particularly in the case of triad BDP-C 60 -DSBDP 2.5, it appeared that the C 60 acts as a spin convertor by promoting the population of the 3 DSBDP* with long-lived triplet excited state lifetimes (250 s), which makes this triad of high interest for triplet excited state -related applications such as 1 O 2 photosensitizers, etc.

Figure 5 . 4 .

 54 Figure 5.4. Fluorescence switches of a TTF-BDP SAM on ITO surface.

5 ).

 5 photochemical events, namely PET cascade phenomenon upon photoexcitation. The

Figure 5 . 5 .Figure 5 . 6 )

 5556 Figure 5.5. Schematic representation of TTF-BDP-C 60 and Fc-BDP-C 60 assemblies.

Figure 5 . 6 .

 56 Figure 5.6. Proposed synthetic pathway for Fc-BDP-C 60 -V6 with possible photochemical events upon photoexcitation.

Figure 5 . 9 .

 59 Figure 5.9. Fc-BDP-C 60 -peptide SAM on gold surfaces and possible mechanism of photocurrent generation.

Figure 5 . 10 .

 510 Figure 5.10. Schematic representation of intermolecular photo-induced electron transfer in dipolecontrolled mixed SAM.
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 1 General procedureGeneral Information. All organic reagents and solvents were purchased from commercial suppliers (Sigma-Aldrich, TCI, and others) and were used as received unless otherwise noted.DCM was dried on CaCl 2 and distilled over CaH 2 prior to use. Toluene was distilled over NaH prior to use. THF was distilled from sodium benzophenone ketyl. Column chromatography was performed using silica gel 60 (0.040-0.063mm). Thin layer chromatography (TLC) was performed on aluminum sheets coated with silica gel60 F 254 .Nuclear Magnetic Resonance (NMR) Spectroscopy andMass spectrometry. NMR spectra were performed in CDCl 3 or C 5 D 5 N at 25°C on a Bruker Avance AM300 spectrometer. Chemical shifts were referenced to these internal solvent (CDCl 3 : 7.26 for 1 H and 77.16 ppm for 13 C, C 5 D 5 N: 7.22 for 1 H). Coupling constants (J values) are given in hertz (Hz). Splitting patterns are designated as s (singlet), bs (broad signal), d (doublet), t (triplet), q (quartet), and m (multiplet). High Resolution ESI-Mass spectra were recorded with a Waters Xevo Q-Tof instrument. Steady-state absorption and emission spectroscopies. Optical measurements were performed in 10 mm path length quartz cuvettes. Absorption spectra were recorded using a Shimadzu UV-visible spectrophotometer UV-2600 in transmission mode. The emission spectra were recorded on diluted solutions (to avoid reabsorption artefacts), using a Fluoromax-4 spectrofluorimeter (Jobin-Yvon; Horiba). Corrected signals from lamp fluctuations and apparatus response functions were measured. Time-resolved Fluorescence spectroscopy. Fluorescence decay curves were obtained by the time-correlated single-photon counting (TCSPC) method with a femtosecond laser excitation composed of a Titanium Sapphire laser (Tsunami, Spectra-Physics) pumped by a doubled Nd:YVO4 laser (Millennia Xs, Spectra-Physics). Light pulses at 800 nm from the oscillator were selected by an acousto-optic crystal at a repetition rate of 4 MHz, and then doubled at 495 nm or at 350 nm by a nonlinear crystal. Fluorescence photons were detected at 90°through a monochromator and a polarizer at magic angle by means of a Hamamatsu MCPR3809U photomultiplier, connected to a SPC-630 TCSPC module from Becker & Hickl. The instrumental response function was recorded before each decay measurement with FWHM (full width at half-maximum) of∼25 ps. The fluorescence data were analyzed using the Globals software package developed at the Laboratory for Fluorescence Dynamics at the University of Illinois at Urbana-Champaign, which includes reconvolution analysis and global nonlinear least-squares minimization method. Spectroelectrochemical absorption. Spectra are recorded in a Varian Cary 5000 spectrophotometer using an OTTLE cell composed of a Pt minigrid working electrode, a Pt wire counter-electrode and an Ag wire pseudo-reference electrode connected to a potentiostat (CHInstruments 600). The samples are a 0.2 mM solution of the selected compound in 0.1 M hexafluorophosphate tetraethylammonium in dichloromethane. Background is made on the cell filled with the electrolyte solution only. Electrochemistry in solution. Cyclic voltammetry was conducted in a three-electrode single compartment cell with an Origalys potentiostat using a platinum disc electrode and a large platinum counter-electrode to obtain the potentials versus an Ag wire pseudo-reference electrode. The measurements were carried out in either dry DCM or THF at room temperature under argon in the presence of tetrabutylammoniumhexafluorophosphate (TBAPF 6 ) as supporting electrolyte. All samples were internally referenced to the ferrocene (Fc)/ ferrocinium (Fc+) redox couple. The working electrode was polished before every measurement using standard polishing procedures. Standard scan rates were 100 mV/s unless otherwise noted.Femtosecond transient absorption.Femtosecond UV-vis-NIR transient absorption spectra were collected on a commercially available system (Ultrafast Systems, Helios). The ultrafast laser system consists of a short-pulse titanium-sapphire oscillator (Mai-Tai, Spectra-Physics, 70 fs) followed by a high-energy titanium-sapphire regenerative amplifier (Spitfire Ace, Spectra-Physics, 100 fs). The 800 nm beam was split into two beams to generate: (1) pump (exc = 527 nm) in the optical parametric amplifier (Topas Prime with NirUVis frequency mixer) and (2) probe pulses -white light continuum in UV-vis-NIR (330 1370 nm) range, using a CaF 2 plate (330 660 nm), sapphire (440 -780 nm) and YAG crystal (830 1345 nm). The pump pulse energy was 0.4 μJ. The absorbance was close to 0.86 at the excitation wavelength in a 2 mm optical path quartz cell. The sample solution was stirred by a Tefloncoated bar; no significant degradation was observed in laser sessions. Before experimentation, the solution was saturated with argon. The entire set of pump-probe delay positions was repeated at least twice, to ensure data reproducibility. The transient absorption data were corrected for the chirp of the white light continuum. The instruments response function (IRF) was about 200 fs (FWHM) in all experiments but due to the strong transient signal of the PhCN solvent up to 2 ps, the shortest time constant cannot be precisely determined. Nanosecond transient absorption. Nanosecond transient absorption measurements were measured on a home-built setup. Briefly, the Nd:YAG pumped optical parametric oscillator (OPO) laser is used for sample excitation at 527nm with the energy of ∼ 5mJ per pulse. The pump laser source operates at 10Hz. After excitation, the sample is probed with a pulsed nanosecond white light continuum laser (LEUKOS) at a repetition rate of 20Hz. The probe beam is split into two arms, one for probing the sample and the other for reference in order to compensate for the pulse to pulse energy fluctuation. The probing arm after passing through the sample is coupled to optical fibre bundle before being analyzed with a spectrograph SPEX 270 M (Jobin-Yvon). The detection of the dispersed white light is performed with an intensified CCD (ICCD) detector PIMAX 4 (Princeton Instrument). Computational details. Computational geometry optimizations were performed at the PM3 semi-empirical and at the B3LYP/6-31g(d) levels using Gaussian 09 software. Stationary points were confirmed as local minima by a frequency calculation (absence of imaginary frequencies). A single point energy calculation at the cam-B3LYP/6-31(+)g(d,p) level or M0-62X/6-31(+)g(d,p) level was then done to generate plots of the molecular orbitals. The GaussView 5.0 software was used to generate molecular orbitals. Circular Dichroism. The ECD spectra were measured on a Jasco model J-810 spectropolarimeter. Baselines were corrected by subtracting the solvent contribution. The values are expressed in terms of [θ] T , the total molar ellipticity (deg × cm2 × dmol-1). Preparation of SAMs. For the immobilization of our target and reference assemblies on surfaces, we used 11 mm × 11 mm ArrandeeTM (Werther, Germany) gold plates, which consist of a borosilicate glass substrate (0.7 +/-0.1 mm), a thin chromium interlayer (2.5 +/-1.5 nm) and a gold layer (250 +/-50 nm). The gold coated substrates were cleaned by annealing in a butane flame to ensure good crystallinity of the topmost layers and rinsed in a bath of absolute ethanol for 15 min before adsorption. All the target compounds were individually immobilized on gold surfaces by exposing a gold plate to a 10 -4 M oxygen-free solution of in dichloromethane in dark for 18 hours at room temperature under argon atmosphere. The modified surfaces were then rinsed with DCM and water and finally dried with a stream of nitrogen. X-ray photoelectron spectroscopy. XPS analyses were collected on a Thermo Scientific ESCALAB 250 Xi and Omicron Argus X-ray photoelectron spectrometers. The X-ray source was Al Kα radiation (1486.6 eV) monochromatized radiation with a pass energy of 20 eV.

  peak intensities were corrected by Scofield factors. All spectrum processing was carried out using Thermo Scientific™ Avantage Data System software or Casa XPS v.2.3.15 (Casa Software Ldt., UK). The spectral decomposition was performed by using Gaussian-Lorentzian (70%/30%) functions. QCM-D measurements. Quartz crystal microbalance with dissipation measurements were performed with AT-cut gold-or silicon-coated quartz crystal electrodes with nominal frequency of 5 MHz (Lot-Oriel, France) in the flow-through mode (flow rate = 50 µL/min) on a quartz crystal microbalance with dissipation monitoring QCM-D (E4 model, Q-sense, Sweden) at 22°C. Before use, sensors were washed in ethanol and dried by a nitrogen gas flow. Experiments were run using dichloromethane as solvent. Mass uptakes ∆m were calculated with the Sauerbrey equation (1) assuming the deposited films behave as an elastic mass (1) ∆F = -N x ∆m/Cf Where ∆F is the frequency shift at the 9 th overtone, Cf (= -17.7 ng/cm 2 /Hz at F = 5 MHz) the mass sensitivity factor and N (= 1, 3, 5, 7 …) the overtone number.

  photocurrent went down instantly when the illumination was terminated (OFF). The schematic representation of the setup is displayed in figure6.2. 

Figure 6 . 2 .

 62 Figure 6.2. Schematic representation of the used setup for the photocurrent generation.

  15 mmol) in THF (8 mL). Argon was bubbled through the solution for 20 min. TBAF solution 1.0 M in THF (0.05 mL, 0.18 mmol) was added dropwise. The mixture was stirred for 1 h. After purification by column chromatography on alumina gel (DCM), an orange solid was obtained (R= 91%
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  mmol) in DCM (40 mL). Then N-hydroxysuccinimide NHS (713 mg, 6.2 mmol), and 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide EDC (1.19 g, 6.2 mmol) were added at 0 o C. The mixture was stirred overnight at room temperature. Then the crude was extracted by DCM after washing in brine , and then dried over MgSO 4 . Then a solution of HAlaOH (577 mg, 6.5 mmol) in a mixture of MeCN/H 2 O: 24/16 mL was added to the flask followed by the addition of NaHCO 3 (2.45 g, 29.5 mmol) at 0 o C. The reaction mixture was stirred for 4 days at room temperature. Crude product was extracted by AcOEt after acidification with HCl , and then dried over MgSO 4 . Purification of the residue was realized by column chromatography (SiO 2 , CH 2 Cl 2 /AcOH/ MeOH 100/1/5) and gave 1.3 g in 80% yield.

Figure 5 . 1 . 2 . 3 . 16 , 3 . 19 , 3 . 22 - 3 . 23 , 3 . 26 - 3 . 27 , 3 . 31 , 3 . 35 ,

 512316319322323326327331335 Figure 5.1. Structures chimiques des assemblages BDP-C60 2.1-2.5 décrits dans le chapitre 2.

Figure 5 . 3 .

 53 Figure 5.3. Representation schématique des assemblages TTF-BDP-C60 et Fc-BDP-C60.

Figure 5 . 4 .

 54 Figure 5.4. Monocouches auto-assemblées de C60-peptide sur des surfaces d'or. Ensuite, dans la deuxième partie, des assemblages fullerène-peptide liés à un donneur absorbant la lumière visible (BDP-C60-peptide T1 et T2) ont été synthétisés et greffés sur des surfaces d'or. Bien que les SAM formées par ces assemblages aient été moins compactées que le peptide-C60 R2, une réponse de photocourant plus élevée a été obtenue (à différentes longueurs d'onde) dans le cas de T1 et T2. De plus, par rapport aux analogues BDP-C60-alkyle R1, les SAM fonctionnalisées par T1 et T2 étaient plus compactes sur la surface et présentaient une cinétique de transfert d'électrons plus rapide et une valeur de photocourant plus élevée, ce qui a confirmé que le peptide hélicoïdal est un meilleur électron médiateur que les chaînes alkyle (Figure 5.5).

Figure 5 . 5 .

 55 Figure 5.5. Monocouches auto-assemblées de BDP-C60-peptide sur des surfaces d'or.

Figure 5 . 6 .

 56 Figure 5.6. Monocouches auto-assemblées de Fc-BDP-C60-peptide sur des surfaces d'or.

Figure 5 . 10 .

 510 Figure 5.10. Représentation schématique du transfert d'électrons photo-induit intermoléculaire dans les SAM mixtes.
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  •-charge separated state lifetime. The highest value of the charge separated state in these systems was obtained when two covalently linked exTTF units were attached to the fullerene C 60 to obtain an exTTF 1 -exTTF 2 -C 60 triad. The photophysical investigations revealed that upon photo-excitation of the triad, a sequential PET takes place leading to the final radical ion pair exTTF
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  ). This former intermediate is then oxidized using DDQ or p-chloranil (less destructive) resulting in the formation of the dipyrromethene ligand 1.8. It is important to mention that there are few examples where the aldehyde precursor is not aromatic or heteroaromatic, because the corresponding oxidation reaction tends to fail in other cases. The

dipyrromethene ligand 1.8 can be obtained directly using a different strategy that consists of

  . reported the synthesis of a wide family of monostyrylBDPs

	derivatives 1.25 (more than 300 examples) from non-symmetrical BDP 1.24, assisted by
	microwave irradiation, producing the target molecules in excellent yields (> 90%, Scheme
	1.18).

Scheme 1.18. Efficient synthesis of monostyrylBDP derivatives 1.25 assisted by microwave irradiation (700 W).

  The first family of 3-and 3,5-aryl BDPs under C-H activation conditions (in the presence of palladium (II) acetate, tricyclohexylphosphine tetrafluoroborate, and potassium carbonate, at high temperatures) was reported by Dehaen et al. The reactions of the unsubstituted BDP 1.36 

  9 

BDP-C 60 architectures

  ........ 2.5.1. Preliminary analysis of photophysical properties of BDP-C 60 -DSBDP triad .......... 2.5.2. Contorted Dumbbell -type BDP-C 60 -C 60 -BDP tetrad

  (C sp2 C 60 )],163.6 (C f ,C h ), 170.8 (C l ); HRMS (ESI+) m/z calcd for C 75 H 15 NO 6 Na: 1048.0797 [M + Na + ], found 1048.0863. 2.1.4. Synthesis of 3. In a three-neck flask, 4-(2bromoethoxy)benzaldehyde (0.66 g, 2.87 mmol) was dissolved in anhydrous DCM

Table 1 .

 1 Photophysical Parameters of BODIPY (BDP 4), C 60 Building Block 2, and BODIPY-C 60 Dyad in Benzonitrile a

	compound	λ abs (nm)	λ em (nm)	ε max (M -1 cm -1 )	Φ F	τ (ns)		k r (10 8 s -1 )	k nr (10 8 s -1 )
	C 60 2	330, 428	697 b	3000 b	0.0005 b	1.50 b	100%		
	BDP 4	380, 527	537 c	74,500 d	0.73	4.57 ± 0.04	100%	1.6 ± 0.1	0.6 ± 0.1
	BDP-C 60 dyad	330, 527	537 c	77,500 d	0.04	0.08 ± 0.04	41%	1.5 ± 0.1	36 ± 1
						0.32 ± 0.04	57%		
						4.57 ± 0.04	1%		

Table 2 .

 2 Half-Wave Potentials (V) of C 60 2, BODIPY (BDP 4), and BODIPY-C 60 a Dyad

  Versus ferrocene/ferrocenium. Experimental conditions: compounds dissolved in anhydrous and oxygen-free DCM or benzonitrile solutions, 0.1 M n-Bu 4 NPF 6 , pseudo-reference electrode: Ag wire, working electrode: Pt, auxiliary electrode: Pt, scanning rate: 100 mV × s -1 .

							3 c
	fullerene 2		-1.05	-1.43		-0.97	-1.37
	BDP 4	0.60			0.59		
	BDP-C 60 dyad	0.60	-1.03	-1.41	0.59	-0.95	-1.38

a

b 

Partially reversible.

c 

Broader and less defined redox waves.

Table 3 .

 3 Free-Energy Change of Charge Separation (ΔG CS ) and Charge Recombination (ΔG CR ) of the BODIPY-C 60 Dyad in DCM and Benzonitrile Solvents

			-ΔG CS (eV)			-ΔG CR (eV)	
	benzonitrile	0.78	0.77	0.77	1.55	1.56	1.56
	DCM	0.72	0.70	0.70	1.61	1.62	1.63
	R CC (A ̊)	8.8	17.5	20.0	8.8	17.5	20.0
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  1 C60 * ); triplet excited state of C60 ( 3 C60 * ); charge transfer state of C60 (C 60  ).

			τ 1 (ps)	τ 2 (ps)	τ 3 (ps)	τ 4 (ps)
	344 nm 1 BDP *		(r) 0.4*	(d) 3	(d) 60	(d) 420
	427nm 1 C 60 * + 1 BDP	*	(d) 0.75*	(d) 5	(d) 70	(d) 590
	495 nm (bleaching)		(r) 0.06*	(d) 2.3	(d) 45	(d) 212
	551 nm (bleaching)		(r) 0.1*	(d) 4.6	(d) 48	(d) 258
	710 nm 3 C 60 *		(r) 0.89*	(r) 16	(r) 195	(r) 1200
	916 nm 1 C 60 *		(r) 0.6*	(r) 14	(r) 270	(d) 1200
	1045 nm C 60 					

Table 1 .

 1 Absorption, fluorescence and singlet excited state lifetime data of the investigated compounds.

	Compound	 abs , nm (, M -1 .cm -1 )	 em , nm	% ±5 %	, ns ±0.01
	4	525 (67500)	535	>95 a	5.50 c
	5	637 (76000)	650	91 b	5.51 d
	2a	330 (29000)	-	-	-
	6	330 (41500), 525 (73500)	535	1.3 a	0.15 (0.64) ; 0.03 (0.36) c,e
	7	330, 345 (103500),	650	4.9 b	0.48 (0.75) ; 0.09 (0.25) d,e
		637 (87000)			
		330, 345			
	8				

Table 2 .

 2 Electrochemical

				Potential (V vs Fc + /Fc)
	Compound	BDP 0/+ DSBDP 0/+ C 60	0/-C 60	-/2-DSBDP 0/-BDP 0/-
	0.58 0.58 -DSBDP-C 60 -BDP, 8 0.64 BDP-N 3 , 4 DSBDP-N 3 , 5 BDP-C 60, 6 DSBDP-C 60, 7	0.44 -0.47 0.50	-1.05 -1.43 -1.00 -1.39 -0.96 -1.34	-1,44 -1.39 -1.34	-1.78

Half-Wave Potentials (V vs Fc + /Fc) of the parent chromophores BDP 4 and DSBDP 5, the dyads BDP-C 60 6, DSBDP-C 60 7, and the triad DSBDP-C 60 -BDP 8.

  TCSPC) method with a femtosecond laser excitation composed of a Titanium Sapphire laser (Tsunami, Spectra-Physics) pumped by a doubled Nd:YVO4 laser (Millennia Xs, Spectra-Physics). Light pulses at 800 nm from the oscillator were selected by an acousto-optic crystal at a repetition rate of 4 MHz, and then doubled at 495 nm (for compounds 4, 6 and 8) and at 350 nm (for compounds 5, 7 and 8) by a nonlinear crystal. Fluorescence photons were detected at 90°through a monochromator and a polarizer at magic angle by means of a Hamamatsu MCPR3809U photomultiplier, connected to a SPC-630 TCSPC module from Becker & Hickl. The instrumental response function was recorded before each decay measurement with a FWHM (full width at half-maximum) of∼25 ps. The fluorescence data were analyzed using the Globals software package developed at the Laboratory for Fluorescence Dynamics at the University of Illinois at Urbana-Champaign, which includes reconvolution analysis and global nonlinear least-squares minimization method.

	Absorption spectra were recorded using a Shimadzu UV-visible spectrophotometer UV-2600
	in transmission mode. The emission spectra were recorded on diluted solutions (to avoid
	reabsorption artefacts), using a Fluoromax-4 spectrofluorimeter (Jobin-Yvon; Horiba).

. Fullerene C 60 (purity 99.5+%) was purchased from MTR Ltd. DCM was dried on CaCl 2 and distilled over CaH 2 prior to use. Toluene was distilled over NaH prior to use. Column chromatography was performed using silica gel 60 (0.040-0.063mm). Thin layer chromatography (TLC) was performed on aluminium sheets coated with silica gel 60 F 254 . NMR spectra were performed in CDCl 3 at 25 °C on a Bruker Avance AM300 spectrometer. Chemical shifts were referenced to this internal solvent (7.26 for 1 H and 77.16 ppm for 13 C). Coupling constants (J values) are given in hertz (Hz). Splitting patterns are designated as s (singlet), bs (broad signal), d (doublet), t (triplet), q (quartet), and m (multiplet). High Resolution ESI-Mass spectra were recorded with a Waters Xevo Q-Tof instrument. Optical measurements were performed in 10 mm path length quartz cuvettes. Corrected signals from lamp fluctuations and apparatus response functions were measured. Fluorescence decay curves were obtained by the time-correlated single-photon counting (

  In a three-neck round bottomed flask, pent-4-ynyl mono malonate (1.32 g, 7.76 mmol) and 5-(tri-iso-propyl)pent-4-yn-1-ol (1.66 g, 6.90 mmol) were dissolved in 50 mL of anhydrous DCM.Then, EDCI.HCl (1.46 g, 7.60 mmol) and DMAP (0.84 g, 6.90 mmol) Hz, 4H; H e , H i ); 13 C NMR (75 MHz, CDCl 3 ): =11.4 (C n ), 15.2 (C c ), 16.6 (C k ), 18.7 (C o ), 27.5, 28.0 (C d , C j ), 41.6 (C g ), 64.1, 64.3 (C e , C i ), 69.3 (C a ), 81.5 (C m ), 82.9 (C b ), 107.1 (C l ), 166.5 ppm (C f , C h ); HRMS (ESI): m/z calcd for C 22 H 36 O 4 SiNa The resulting reaction mixture was stirred at room temperature for 19 h under argon and evaporated to dryness. Purification of the brown residue by column chromatography (SiO 2 , toluene/cyclohexane 8/2) gave 374 mg of 2b as a black solid (yield= 58%). 1 H NMR (300 MHz, CDCl 3 ): 1.07 (bs, 21H; H n , H o ), 2.03-2.12 (m, 5H; H a , H d , H j ), ), 27.8 (C d , C j ), 52.2 (C g , C H ), 66.1 (C e , C i ), 66.6 (C G ), 71.6 (C sp3-C60 ), 86.3 (C m ), 105.3 (C l ), 115.2 (C E or C F ), 129.9 (C E or C F ), 131.1, 132.9, 138.3 (C BDP , C sp2 ), 139.1 (C 60 , C sp2 ), 139.14, 139.8, 141.12, 140.14, 141.9, 142.1, 142.3, 142.33, 143.12, 143.17, 143.2, 143.9, To a 25 mL flask under argon was added compound 2a (30 mg, 0.03 mmol) in dry DCM (5 mL). Argon was bubbled through the solution for 30 minutes, then DSBDP-N 3 5 (22 mg, 0.035 mmol), DIPEA (4 μL, 0.03 mmol), and CuBr (4 mg, 0.03 mmol) were added.The mixture was stirred for 4 hours at room temperature under argon. Then, the solution was The organic phase was dried over anhydrous MgSO 4 , then filtered, and finally concentrated under reduced pressure. After purification by column chromatography on silica gel (DCM/MeOH 100/2), 60 mg of 8 as a blue solid was obtained (yield= 65%).1 H NMR (300 MHz, CDCl 3 ):0.97 (t, J=7.5 Hz, 6H; H B or H O ), 1.15 (t, J=7.5 Hz, 6H; H B or BDP-arom ), 7.30-7.49 (m, 6H, H BDP-arom, H dist ), 7.53-7.69 (m, 6H, H BDP-arom , H a , H m ), 7.77 ppm (d, 2H, H dist , J= 16.8 Hz); 13 C NMR (75 MHz, CDCl 3 ): 12.0 (C D ), 12.09 (C M ), 12.6 (C A ), 14.3 (C B ), 14.8 (C O ), 17.2 (C N ), 18.5 (C C ), 22.2 (Cc, C k ), 28.3 (C d , C j ), 49.8 (C H, C I ), 52.3 (C g ), 66.5 (C G, C J ), 66.6 (C e , C i ) 71.6 (C sp3-C60 ), 115.2 (C BDP-arom ),

	24 g of a light pink oil was obtained (yield= 58%). 1 H NMR (300 MHz, CDCl 3 ): 0.12 (s, 9H; H n ), 1.82-1.96 (m, 4H; H d , H j ), 1.97 (t, J=2.6 Hz,1H; H a ), 2.25-2.32 (m, 4H; H c , H k ), 3.36 (s, 2H; H g ), 4.20-4.26 ppm (m, 4H; H e , H i ); 13 C NMR (75 MHz, CDCl 3 ): 0.2 (C n ), 15.2 (C c ), hours at room temperature. After purification by column chromatography on silica gel (DCM), 1.17 g of a light pink oil was obtained (yield= 43%). 1 H NMR (300 MHz, CDCl 3 ): J=2.4 Hz, J=6.9 Hz 2H; H c ,), 2.35 (t, J=7.0 Hz, 2H; H k ), 3.38 (s, 2H; H g ), 4.26 ppm (t, J=6.2 Compound 2b: Fullerene C 60 (500 mg, 0.7 mmol) was dissolved in 400 mL of dry toluene. After 3 hours of stirring, compound 1b (230 mg, 0.58 mmol) in 5 mL of dry toluene was 2.41 (td, J=2.3 Hz, J=6.8 Hz, 2H; H c ,), 2.47 (t, J=7.0 Hz, 2H; H k ), 4.60-4.65 ppm (m, 4H; H e , H i ); 13 C NMR (75 MHz, CDCl 3 ): 11.4 (C n ), 15.3 (C c ), 16.7 (C k ), 18.8 (C o ), 27.4, 28.1 (C d , C j ), 52.2 (Cg), 65.9, 66.0 (C e , C i ), 69.9 (C a ), 71.6 (C 60 , C sp3 ), 82.0 (C m ), 82.5 (C b ), 106.8 (C l ), 145.28, 145.3, 145.4 (C 60 , C sp2 ), 163.6, 163.7 ppm (C f , C h ); IR: ṽ = 1740 cm-1 (C=O), 524 (C 60 ); HRMS (ESI): m/z calcd for C82H34O4SiNa + : 1133.2124 [M+Na] + , found: 1133.2180. 144.0, 144.6, 144.80, 144.84, 145.0, 145.1, 144.2, 145.34, 145.39, 145.42 (C 60 , C sp2 ), 153.8, 158.3 (C BDP , C sp2 ), 163.72, 163.75 ppm (C f , C h ); 19 F NMR (282 MHz, CDCl 3 ): δ=-145.68 ppm (q, J= 34.4 Hz); 11 B NMR (96 MHz, CDCl 3 ): δ=0.80 ppm (t, J=34.5 Hz); IR: ṽ = 1740 cm-1 (C=O), 524 (C 60 ); HRMS (ESI): m/z calcd for C 10 1H 54 BN 5 O 5 F 2 Si + : 1492.3877 [M+H] + ; found: 1492.3911. Compound 7: washed twice with 20 mL of an aqueous solution of EDTA (0.05 M), then with 20 mL of water. The organic phase was dried over anhydrous MgSO 4 , then filtered, and finally concentrated under reduced pressure. After purification by column chromatography on silica (300 MHz, CDCl 3 ):0.16 (s, 9H; H n ), 1.16 (t, J=7.5 Hz, 6H; H B ), 1.35 (s, 6H; H D ), 2.01-2.14 (m, 2H; H j ), 2.23-2.37 (m, 2H; H d ), 2.44 (t, J=6.8 Hz, 2H; H k ), 2.60 (q, J=7.5 Hz, 4H; H C ), 2.97 (t, J=7.1 Hz, 2H; H c ), 4.45 (bs, 2H; H H ), 4.58-4.64 (m, 4H; H e , H i ), 4.81 (bs, 2H; H After the complete conversion of the starting materials (monitored by TLC), TBAF (14 μL, 0.048 mmol) was added at 0 o C. The reaction temperature was then brought to room temperature, and the mixture was stirred for 30 minutes. When the corresponding deprotected compound started to be formed (monitored by TLC), DSBDP-N 3 5 (30 mg, 0.048 mmol), H O, ), 1.29 (s, 6H; H D or H M ), 1.35 (s, 6H; H D or H M ), 2.17-2.41 (m, 8H; H d , H j , H C or H N ), 2.51 (s, 6H; H A ), 2.55-2.68 (m, 4H; H C or H N ), 2.88-3.04 (m, 4H; H c , H k ), 4.34-4.50 (m, 4H; H H , H I ), 4.60 (t, J=6.1 Hz ,4H; H e , H i ), 4.73-4.86 (m, 4H; H G , H J ,), 6.92-7.08 (m, 4H, H BDP-16.6 (C were added at 0°C. The reaction mixture was stirred for 30 minutes at 0°C and then for 65 1.04-1.05 (bs, 21H; H n , H o ), 1.83-1.92 (m, 4H; H d , H j ), 1.97 (t, J=2.3 Hz, 1H; H a ), 2.29 (td, 139.2, 141.1, 142.0, 142.3, 143.14, 143.16, 143.2, 144.0, 144.8, 144.84, 145.0, 145.25, gel (DCM/Et 2 O 100/5), 43 mg of 7 as a green solid was obtained (yield= 86%). 1 H NMR arom ), 7.08-7.21 (m, 4H, H

g, 7.76 mmol) and 5-(trimethylsilyl)-4-pentyn-1-ol (1.08 g, 6.

90 mmol) 

were dissolved in 50 mL anhydrous DCM. Then, EDCI.HCl (1.46 g, 7.

60 mmol) 

and DMAP (0.84 g, 6.90 mmol) were added at 0°C. The reaction mixture was stirred for 30 mins at 0°C and then for 65 hours at room temperature. After purification by column chromatography on silica gel (DCM), 1.k ),
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(C d , C j ),

41.6 

(C g ),

64

.1,

64.2 

(C e , C i ),

69.

3 (C a ),
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(C b ),
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ppm (C f , C h ); HRMS (ESI): m/z calcd for C 16 H 24 O 4 SiNa + : 331.1342 [M+Na] + ; found: 331.1334. Compound 1b: + : 415.2218 [M+Na] + ; found: 415.2291. Compound 2a: Fullerene C 60 (400 mg, 0.55 mmol) was dissolved in 400 mL of dry toluene. After 3 hours of stirring, compound 1a (143 mg, 0.46 mmol) in 5 mL of dry toluene was added to the fullerene solution and argon was then bubbled through the solution for 30 minutes. To this oxygen-free solution were added successively I 2 (140 mg, 0.55 mmol), and DBU (138 µL, 0.92 mmol). The resulting reaction mixture was stirred at room temperature for 19 h under argon and then evaporated to dryness. Purification of the brown residue by column chromatography (SiO 2 , toluene/cyclohexane 8/2) gave 285 mg of 2a as a black solid (yield= 60%). 1H NMR (300 MHz, CDCl 3 ): 0.17 (s, 9H; H n ), 2.04-2.12 (m, 5H; H a , H d , H j ), 2.39-2.46 (m, 4H; H c , H k ), 4.58-4.64 ppm (m, 4H, H e , H i ); 13 C NMR (75 MHz, CDCl

3 ): 0.3 (C n ), 15.3 (C c ), 16.7 (C k ), 27.4, 27.7 (C d , C j ), 52.2 (C g ), 65.9, 66.0 (C e , C i ), 69.9 (C a ), 71.6 (C 60 , C sp3 ), 82.5 (C b ), 86.1 (C m ), 105.2 (C l ), 139.1, 139.2, 141.1, 142.0, 142.3, 143.12, 143.15, 143.2, 144.0, 144.7, 144.8, 145.0, 145.22, 145.25, 145.3, 145.4 (C 60 , C sp2 ), 163,62, 163.64 ppm (C f , C h ); IR: ṽ = 1741 cm-1 (C=O), 524 (C 60 ); HRMS (ESI): m/z calcd for C76H22O4SiNa + : 1049.1185 [M+Na] + ; found: 1049.1219. added to the fullerene solution and argon was then bubbled through the resulting solution for 30 minutes. To this oxygen-free solution were added successively I 2 (175 mg, 0.7 mmol), and DBU (175 µL 1.17 mmol). Compound 6: To a 25 mL flask under argon was added compound 2a (220 mg, 0.18 mmol) in dry DCM (10 mL). Argon was bubbled through the solution for 30 minutes, then BDP-N 3 4 (100 mg, 0.21 mmol), DIPEA (30 μL, 0.18 mmol), and CuBr (32 mg, 0.18 mmol) were added. The mixture was stirred for 4 hours at room temperature under argon. Then, the solution was washed twice with 20 mL of an aqueous solution of EDTA (0.05 M), then with 20 mL of water. The organic phase was dried over anhydrous MgSO 4 , then filtered, and finally concentrated under reduced pressure. After purification by column chromatography on silica gel (DCM/Et 2 O 100/5), 220 mg of 6 as a red solid was obtained (yield= 85%

). 1 H NMR (300 MHz, CDCl 3 ):0.15 (s, 9H; H n ), 0.97 (t, J=7.5 Hz, 6H; H B ), 1.29 (s, 6H; H D ), 2.01-2.15 (m, 2H; H j ), 2.25-2.32 (m, 6H; H C , H d ), 2.45-2.51 (m, 8H; H k , H A ), 3.00 (t, J=7.1 Hz, 2H; H c ), 4.45 (t, J=4.7 Hz, 2H; H H ), 4.54-4.65 (m, 4H; H e , H i ), 4.85 (t, J=4.6 Hz, 2H; H G ), 6.98 (d, J=8.5 Hz, 2H; H E or H F ,), 7.17 (d, J=8.5 Hz, 2H; H E or H F ), 7.68 ppm (s, 1H, H a ); 13 C NMR (75 MHz, CDCl 3 ): 0.3 (C n ), 12.1 (C D ), 12.6 (C A ), 14.8 (C B ), 16.9 (C k ), 17.2 (C C ), 22.1 (C c G ), 7.01 (d, J=8.5 Hz, 2H; H E or H F ,), 7.15-7.22 (m, 3H; H E or H F , H dist ), 7.27-7.46 (m, 6H; H BDP-arom ), 7.62 (m, 5H; H BDP-arom, H a, ), 7.77 ppm (d, J=16.8 Hz, 2H; H dist ); 13 C NMR (75 MHz, CDCl

3 ): 0.3 (C n ), 12.0 (C D ), 14.2 (C B ), 16.8 (C k ), 18.5 (C C ), 22.1 (C c ), 27.8, 28.3 (C d , C j ), 49.8 (C H ), 52.3 (C g ), 66.0 (C e , C i ), 66.5 (C G ), 71.6 (C sp3-C60 ), 86.2 (C m ), 105.2 (C l ), 115.3 (C E or C F ), 120.2 (C a ), 122.6, 127.5, 128.7, 128.8 (C BDP , C arom ), 129.2 (C BDP , C sp2 ), 130.1 (C E or C F ), 133.4, 134.0, 136.0, 137.4, 138.4 (C BDP , C sp2 ), 139.0, 139.1 (C 60 , C sp2 ), 141.11, 141.14, 141.9, 142.0, 142.30, 142.32, 143.10, 143.12, 143.17, 143.2, 143.9, 144.0, 144.6, 144.78, 144.83, 145.0, 145.1, 145.21, 145.25, 145.3, 145.40, 145.41 (C 60 , C sp2 ), 150.5, 158.4 (C BDP , C sp2 ), 163.72, 163.75 ppm (C f , C h ); 19 F NMR (282 MHz, CDCl 3 ): δ=-138.81 ppm (q, J= 34.4 Hz); 11 B NMR (96 MHz, CDCl 3 ): δ=1.20 ppm (t, J= 34.5 Hz); IR: ṽ = 1741 cm-1 (C=O), 524 (C 60 ); HRMS (ESI): m/z calcd for C 115 H 61 BN 5 O 5 F 2 Si + : 1666.4461[M+H] + ; found: 1666.4480. Compound 8one pot approach: To a 25 mL flask under argon was added compound 2a (50 mg, 0.048 mmol) in dry DCM (10 mL). Argon was bubbled through the solution for 30 minutes, then BDP-N 3 4 (22 mg, 0.048 mmol), DIPEA (14 μL, 0.048 mmol), and CuBr (7 mg, 0.048 mmol) were added. The mixture was stirred overnight at room temperature under argon. DIPEA (14 μL, 0.048 mmol), CuBr (7 mg, 0.048 mmol), and TBAF (4 μL, 0.014 mmol) were added at 0 o C. The mixture was stirred overnight at room temperature under argon. Then, the solution was washed twice with 20 mL of an aqueous solution of EDTA (0.05 M), then with 20 mL of water. 115.3 (C BDP-arom ), 120.2 (C dist ), 122.8 (C a ), 127.5, 128.

80, 128.89, 129.1 (C BDP , C arom ), 129.2 (C BDP , C sp2 ), 129.9 (C BDP-arom ), 130.1, 131.2, 132.9, 133.4, 134.0, 136.0, 137.4, 138.2, 138.4, 138.5 (C BDP , C sp2 ), 139.1 (C 60 , C sp2 ),

141.14, 141.9, 142.3, 143.1, 143.20, 143.26, 144.0, 144.6, 144.7, 144.8, 145.0, 145.1, 145.2, 145.3, 145.4

, (C 60 , C sp2 ),

150.5, 153.8, 158.3, 158.5 

(C BDP , C sp2 ),

163.8 

ppm (C f , C h );

19 

F NMR (282 MHz, CDCl 3 ): δ=-145.67 (q, J= 34.4 Hz), -138.83 ppm (q, J= 34.4 Hz); 11 B NMR (96 MHz, CDCl 3 ): δ=2.41 ppm (dt, J= 34.5 Hz); IR: ṽ = 1741 cm-1 (C=O), 525 (C 60 ); HRMS (ESI): m/z calcd for C 137 H 82 O 6 N 10 B 2 F 4 : 2058.6614[M] +• ; found: 2058.6655.

  To a 25 mL flask under argon was added compound 2b (100 mg, 0.09 mmol) in dry DCM (12 mL). Argon was then bubbled through the solution for 30 minutes, then BDP-N 3 4 (50 mg, 0.108 mmol), DIPEA (15 μL, 0.09 mmol), and CuBr (13 mg, 0.09 mmol) were added. The mixture was stirred for 4 hours at room temperature under argon. Then, the solution was washed two times with 20 mL of an aqueous solution of EDTA (0.05 M), then with 20 mL of water. The organic phase was dried over anhydrous MgSO 4 , then filtered, and finally concentrated under reduced pressure. The organic phase dried over anhydrous MgSO 4 , then filtered, and finally concentrated under reduced pressure. After purification by column chromatography on silica gel (DCM/Et 2 O), 67 mg of a blue solid was obtained (yield= 55%). 1H NMR (300 MHz, CDCl3):1.06-1.07 (bs, 21 H; H n , H o ), 1.16 (t, J=7.5 Hz, 6H; H B ), 1.35 (s, 6H; H D ), 2.07-2.11 (m, 2H; H j ), 2.32 (bs, 2H; H d ), 2.48 (t, J=6.8 Hz, 2H; H k ), 2.53-2.66 (q, J=7.5 Hz, 4H; 11.4 (C n ), 12.0 (C D ), 14.2 (C B ), 16.8 (C k ), 18.5 (C C ), 18.8 (C o ), 22.1 (C c ), 28.1, 28.2 (C d , C j ), 49.9 (C H ), 52.3 (C g ), 66.0, 66.52 (C e , C i ), 66.57 (C G ), 71.6 (C sp3-C60 ), 82.06 (C m ), 106.7 (C l ), 115.2 (C E or C F ), 119.0 (C dist ), 120.2 (C a ), 123.3, 127.5, 128.7, 128.8 (C BDP , C arom ), 129.3 (C BDP , C sp2 ), 129.8 (C E or C F ), 130.1, 133.4, 134.0, 136.0, 137.4, 138.4 (C BDP , C sp2 ), 139.0, 139.1 (C 60 , C sp2 ), 141.12, 141.14, 141.9, 142.0, 142.31, 142.34, 143.13, 143.18, 144.0, 144.7, 144.81, 144.85, 145.0, 145.1, 145.23, 145.27, 145.3, 145.40, 145.43 (C 60 , C sp2 ), 150.5, 158.4 (C BDP , C sp2 ), 163.71, 163.77 ppm (C f , C

	After purification by column chromatography on silica gel (DCM/Et 2 O 100/5), 120 mg of a red solid was obtained (yield= 87%). 1H NMR (300 MHz, CDCl3):0.97 (t, J=7.5 Hz, 6H; H B ), 1.06-1.07 (bs, 21 H; H n , H o ), 1.29 (s, 6H; H Compound 7-bis To a 25 mL flask under argon was added compound 2b (80 mg, 0.071 mmol) in dry DCM (10 (bs, 2H; H G ), 7.01 (d, J=8.5 Hz, 2H; H E or H F ,), 7.19-7.22 (m, 3H; H E or H F , H dist ), 7.26-7.43 (m, 6H, H BDP-arom ), 7.62 (m, 5H, H BDP-arom , H a ), 7.77 ppm (d, 2H, H dist , J= 16.8 Hz); 13C NMR mL). Argon was bubbled through the solution for 30 minutes, then DSBDP-N H C ), 2.98 (bs, 2H; H c ), 4.45 (bs, 2H; H H ), 4.58 (bs, 2H; H e or H i ), 4.67 (m, 2H; H e or H i ), 4.81 (75 MHz, CDCl3):

1 H NMR spectrum (300 MHz, CDCl 3 , 25°C) recorded for: Top) Methanofullerene building block 2a. Center) BDP-C 60 dyad 6. Bottom) DSBDP-C 60 dyad 7. The peaks labeled with hash and asterisk are due to residual CH 2 Cl 2 and H grease. Compound 6-bis D ), 2.02-2.14 (m, 2H; H j ), 2.25-2.32 (m, 6H; H C , H d ), 2.45-2.51 (m, 8H; H k , H A ), 2.96 (t, J=7.1 Hz, 2H; H c ), 4.43 (bs, 2H; H H ), 4.57 (t, J=6.1 Hz, 2H; H e or H i ), 4.65 (t, J= 6.1 Hz, 2H; H i or H e ), 4.79 (bs, 2H; H G ), 6.99 (d, J=8.5 Hz, 2H; H E or H F ), 7.16 (d, J=8.5 Hz, 2H; H E or H F ),

Figure S26. 19F NMR of compound 6-bis Figure S27. 11B NMR of compound 6-bis Figure S28. 13C NMR of compound 6-bis with a zoom in the 138-146 ppm region. 3 5 (55 mg, 0.087 mmol), DIPEA (13 μL, 0.072 mmol), and CuBr (11 mg, 0.08 mmol) were added. The mixture was stirred for 4 hours at room temperature under argon. Then, the solution was washed two times with 20 mL of an aqueous solution of EDTA (0.05 M), then with 20 mL of water. h ); 19F NMR (282 MHz, CDCl3): δ=-138.86 ppm (q, J= 34.4 Hz); 11B NMR (96 MHz, CDCl3): δ=2.61 ppm (t, J= 34.5 Hz); IR: ṽ = 1742 cm-1 (C=O), 525 (C 60 ); HRMS (ESI): m/z calcd for C121H73BN5O5F2Si+H+: 1752.5442[M+H] +; found: 1752.5480.

  We have described in the sections 2.2 and 2.3 of this chapter the efficient syntheses of two novel methanofullerene building blocks I and II and their simple functionalization with BDP derivatives that allowed the construction of the corresponding BDP-C 60 dyads 2.1 and 2.2 in high yields (Scheme 2.1).

	C H C C C C C C C H H H Cartesian coordinates of remarkable conformers (DFT-B3LYP/6-31 g(d) calculations) 0.090177 -0.188299 -3.188378 85 13.418953 -0.591207 0.725492 -10.022148 0.196641 -0.881922 Dyad DSBDP-C60 0.329948 -2.707742 -3.940899 87 16.004495 1.836105 1.004763 -9.012934 1.394829 -1.171596 -11.710612 -0.951848 -2.507134 Triad DSBDP-C60-BDP -0.349135 4.951374 1.521752 87 -6.47614 -1.688565 -1.161522 -13.601855 5.331401 0.072958 7.318283 -3.953651 -0.230876 18.40582 4.422094 2.728966 C -3.679105 -5.515438 2.99371 87 C -9.292113 10.447035 -2.697797 C 11.81908 -0.156992 -1.404191 Dyad DSBDP-C60 C 6.228167 -5.016123 -3.478885 87 C 7.755129 11.848847 3.330563 C -11.752671 1.446219 -0.708549 C -15.393686 0.462878 0.189825 2.4. Discussion
	C C H C C C C C H H B C C C C C H H H H N C C H C C H H B C Total Energy (B3LYP) : -5582.22265541 Hartree -0.556049 -1.345114 -3.585609 -0.368254 -3.693449 -3.676618 86 15.020473 0.15812 0.650613 87 14.338852 3.28128 1.495678 -8.723349 2.255799 -1.614461 -9.888661 -0.802715 0.136051 Conformer 7-(I) 1.108038 -3.850969 -4.001384 0.930952 -4.905596 -3.0109 88 16.936511 1.854553 0.433055 89 15.673072 2.868009 1.146285 -7.807109 0.096197 0.818645 -4.691204 0.285434 3.055015 -12.405233 -1.151895 -3.705569 -11.989904 -1.771755 -1.408631 Conformer 8-(IV) 0.863163 5.339805 2.065323 1.906212 5.883806 1.204661 88 -5.949259 -3.250328 0.286385 89 -7.407095 -3.605097 -0.672756 -11.997536 4.889862 -0.546713 -12.896948 6.234394 -1.278369 9.773549 -4.79543 1.840372 10.118456 -3.109415 0.011547 16.592889 5.187333 1.819257 20.664958 2.099438 2.008932 Dyad BDP-C60 -4.69599 -5.948572 2.140334 -4.3617 -6.562583 0.865932 88 -10.078386 11.153197 -2.403156 89 -8.324707 10.919405 -2.492685 9.739461 -1.502547 -2.123574 5.983423 -1.597945 -1.812567 C 7.303069 -5.506915 -2.7349 88 H 8.115788 12.846918 3.052085 B -10.271355 -0.323818 0.480946 C -16.678182 0.834676 -0.253464 Imaginary Freq : 0 C 7.058671 -6.316194 -1.552669 89 H 6.73647 11.741061 2.940891 C -6.674134 -1.29433 1.144526 C -15.304561 -0.486685 1.228927
	Conformer 6-(I) Total Energy (PM3) : 0.95451549 Hartree C C 88 H 89 H B C C C 90 H 91 C C C C H -12.193672 -0.516967 -4.573511 0.455877 -4.761906 -3.367984 0.201592 -5.556131 -2.172485 15.327111 3.261545 1.027912 13.898891 4.2658 1.317214 -8.201999 -1.393742 2.089081 -5.023847 -0.069389 3.776043 Imaginary Freq : 0 -0.016387 -4.765324 -2.011974 0.29883 -5.16615 -0.646485 16.218787 1.411762 1.988971 14.342452 1.588568 -1.601052 -3.409576 2.385432 2.445208 -5.910054 -0.350513 2.640997 -13.36249 -2.154349 -3.797508 Total Energy (PM3) : 0.72732731 Hartree Imaginary Freq : 0 C 1.68382 6.014504 -0.154922 C 2.733675 5.662514 -1.102832 90 O -7.121355 -0.915205 -0.169072 91 H -6.970566 -1.585943 -2.152536 H -14.759342 -6.864125 1.046499 H -15.786095 -5.621591 0.311242 C 10.182503 -1.745968 0.722514 H 9.677902 -3.00597 -1.001119 H 20.522335 3.064097 0.527119 H 19.955338 3.737384 2.082707 Total Energy (B3LYP) : -5043.94060023 Hartree C -3.025959 -6.726109 0.49754 90 H -9.367078 10.29594 -3.780657 C 5.204828 0.346911 -0.322546 C 5.750567 -6.606527 -1.163098 90 H 7.700522 11.806355 4.424331 C -5.14733 0.433434 0.00201 C -17.826719 0.289958 0.315572 Imaginary Freq : 0 C -2.609402 -6.453559 -0.868355 91 C -9.298949 9.112951 0.098503 C 7.231833 -2.082687 -2.283496 C 5.381256 -6.556915 0.241557 91 C 8.94742 10.59994 0.75792 C -8.089014 -1.516864 1.227629 H -16.768514 1.563633 -1.05583
	Total Energy (PM3) : 0.79981844 Hartree Tag Symbol 1 C 2 C 3 C 4 C 5 C 6 C 7 C 8 C 9 C C C C C C C C C C C C C C C C C C C C C C -1.969594 -1.291205 -1.571557 Imaginary Freq : 0 X Y Z 4.778789 -2.869671 -1.193319 4.264051 -3.606442 -2.34198 3.658788 -2.925968 -3.3824 3.537171 -1.473612 -3.327608 4.025558 -0.773331 -2.235187 4.66231 -1.489138 -1.140473 4.525427 -3.65805 -0.002344 3.852615 -4.88708 -0.406134 3.689933 -4.853894 -1.854226 2.537194 -5.357161 -2.432653 2.445812 -3.455129 -3.992525 2.256565 -1.10694 -3.902035 1.532586 -0.064668 -3.344969 2.058465 0.665345 -2.204184 3.285695 0.338517 -1.678564 3.581687 0.445281 -0.213523 4.319428 -0.821996 0.097126 4.04862 -1.572133 1.216739 4.16123 -3.020335 1.172916 2.855482 -5.422598 0.389711 2.480295 -4.758965 1.632659 3.115556 -3.589958 2.011264 2.347155 -2.489514 2.576108 2.912217 -1.239939 2.096059 2.093452 -0.171601 1.818315 2.388174 0.793131 0.710741 1.060853 0.989501 0.042905 0.922378 0.99721 -1.324674 1.577835 -2.329481 -4.315383 C -1.610009 -1.913701 -2.75384 C -1.49173 -3.364664 -2.807645 C -1.734451 -4.120573 -1.673733 C -2.111166 -3.465644 -0.427624 C -1.710338 -1.354353 0.770387 C -1.131743 -0.107265 0.283941 C -1.291293 -0.068818 -1.157316 C -0.281185 0.465657 -1.941519 C -0.864786 -5.244001 -1.347633 C -0.702127 -5.281274 0.1004 C -1.47297 -4.183006 0.669096 C -0.983293 -3.485993 1.76041 C -1.106643 -2.034462 1.812607 C 0.023946 0.397462 0.860133 C 0.660511 -0.318072 1.954961 C 0.109811 -1.503077 2.41814 C 0.977333 -2.619549 2.742121 C 0.305197 -3.848525 2.337532 C 1.037319 -4.890258 1.796008 C 0.520363 -5.626549 0.650147 C 1.643851 -5.955495 -0.218824 C 1.488295 -5.922601 -1.593865 C 0.207799 -2.445934 -4.16053 C 1.899007 -4.639628 -3.529319 C -2.227342 -2.086985 -0.377986 C 3.584578 1.711634 0.611603 C 3.444121 3.056469 -0.080695 O 4.032977 3.432597 -1.070328 O 2.565562 3.871897 0.562433 C 4.527456 1.847352 1.793914 O 4.219107 1.995529 2.956755 O 5.833637 1.822225 1.416564 C 2.29599 5.158743 -0.004036 H 3.227562 5.753706 -0.051999 H 1.914677 5.039162 -1.036316 C 6.831704 1.974674 2.430989 H 6.729363 1.166289 3.180037 H 6.691097 2.94114 2.95184 C 8.17656 1.91185 1.713231 H 8.282931 0.953709 1.166838 H 8.243982 2.703276 0.940442 C 9.306665 2.067607 2.725105 H 9.216285 3.030807 3.267612 H 9.255153 1.271136 3.49531 C 10.593246 2.013147 2.083436 C 11.667819 1.969463 1.556799 Si 13.242369 1.907141 0.786409 C 14.036013 0.21874 1.122858 H 14.163644 0.051571 2.195437 90 H 14.471597 3.16062 2.573859 91 C 13.033119 2.154955 -1.081213 92 H 12.400217 1.374972 -1.512206 93 H 12.573511 3.122317 -1.299598 94 H 14.004172 2.11968 -1.582854 95 C 1.256211 5.806488 0.906848 96 C 0.69391 7.073202 0.276424 97 H 1.711549 6.052296 1.88669 98 H 0.434698 5.095302 1.131296 99 C -0.217888 6.794221 -0.857666 H 1.52085 7.7371 -0.049082 H 0.129325 7.645571 1.040867 C -1.191836 5.819283 -1.007479 N -0.23769 7.575653 -2.029855 N -1.738876 6.066136 -2.272458 H -1.51241 5.021138 -0.336744 N -1.122282 7.151429 -2.841331 C -2.820304 5.307995 -2.927015 C -4.225691 5.848771 -2.624898 H -2.744729 4.241888 -2.610574 H -2.657174 5.333113 -4.024125 O -4.588158 5.772784 -1.259582 H -4.961636 5.333469 -3.27173 H -4.304963 6.936086 -2.807925 C -5.149798 4.587831 -0.815553 C -4.8172 3.319813 -1.30276 C -6.059945 4.732721 0.242405 C -5.409124 2.194507 -0.740714 H -4.086082 3.205942 -2.116962 C -6.639116 3.601744 0.800218 H -6.309124 5.72855 0.62819 C -6.321659 2.332208 0.305861 H -5.155763 1.197349 -1.119171 H -7.350778 3.702177 1.628175 C -6.949597 1.134845 0.895066 C -8.13194 0.635978 0.339285 C -6.344235 0.527423 1.999006 C -8.952505 1.0808 -0.759798 N -8.76967 -0.535158 0.856303 C -5.159055 0.85922 2.74701 N -6.889306 -0.637251 2.627164 C -4.23275 1.975172 2.504661 C -6.114996 -0.993789 3.685215 C -11.121299 0.205498 -1.874858 H -8.352364 3.112611 -1.034293 H -7.978867 2.02957 -2.390355 H -9.656486 2.56519 -2.115356 C -10.79979 -1.938353 0.373519 F -9.14958 -1.513956 3.080618 F -7.90518 -2.677993 1.688552 C -3.950688 -0.084306 4.79629 H -3.748181 1.877671 1.523006 H -4.76006 2.939695 2.520799 H -3.446655 1.995438 3.278601 C -6.37743 -2.137787 4.579469 H -10.69251 0.117648 -2.892867 H -11.738796 -0.709509 -1.719291 C -11.986533 1.444135 -1.777623 H -10.265549 -2.898675 0.340015 H -11.283323 -1.862162 1.357953 H -11.585531 -1.946901 -0.400589 H -4.406517 0.019184 5.801101 H -3.313562 0.817884 4.648794 C -3.107292 -1.340053 4.731255 H -7.088237 -2.861158 4.154727 H -5.431581 -2.663243 4.798265 H -6.787938 -1.782108 5.535205 H -12.439183 1.548076 -0.783724 H -11.39501 2.355355 -1.967666 H -12.800577 1.417244 -2.512528 H -2.345491 -1.345912 5.520608 H -3.727702 -2.243442 4.858537 H -2.585777 -1.43546 3.767347 Tag Symbol X Y Z 1 C 5.759212 -2.727629 -1.976053 2 C 5.074479 -3.136411 -3.197207 3 C 4.408053 -2.19634 -3.961434 4 C 4.392077 -0.799055 -3.543706 5 C 5.042029 -0.410602 -2.382259 6 C 5.743193 -1.399605 -1.578226 7 C 5.582958 -3.775441 -0.988521 8 C 4.788445 -4.838825 -1.591964 9 C 4.472906 -4.442079 -2.958572 10 C 3.232881 -4.740706 -3.496917 11 C 3.103122 -2.509841 -4.52924 12 C 3.084836 -0.25152 -3.852858 13 C 2.49782 0.648283 -2.977306 14 C 3.192261 1.052219 -1.766707 15 C 4.444029 0.557277 -1.488344 16 C 4.903087 0.285965 -0.087829 17 C 5.581918 -1.046619 -0.184147 18 C 5.383513 -2.03884 0.746133 19 C 5.392027 -3.434424 0.341107 20 C 3.849017 -5.514767 -0.833689 21 C 3.656347 -5.164984 0.568681 22 C 4.406718 -4.151873 1.137988 23 C 3.780538 -3.195749 2.040396 24 C 4.373907 -1.889367 1.810708 25 C 3.604651 -0.753861 1.900268 26 C 3.842483 0.44279 1.03033 27 C 2.467178 0.849584 0.595804 28 C 2.182741 1.201081 -0.702203 29 C 2.283906 -1.306013 -4.463317 30 C -0.867586 -0.839638 -1.140391 31 C -0.681126 -1.163967 -2.472558 32 C -0.668142 -2.560003 -2.888547 33 C -0.837747 -3.562713 -1.949508 34 C -1.032238 -3.221949 -0.54605 35 C -0.363928 -1.489422 1.069347 36 C 0.243852 -0.185049 0.830117 37 C -0.067081 0.214591 -0.52916 38 C 0.886303 0.886334 -1.278084 39 C 1.075675 0.546831 -2.681318 40 C 0.313211 -0.449424 -3.264199 C -0.32953 -4.213077 0.259325 C 0.321937 -3.827292 1.418313 C 0.305237 -2.430064 1.831461 C 1.486831 0.115231 1.366045 C 2.188171 -0.873168 2.170407 C 1.611621 -2.113452 2.397061 C 2.431084 -3.308804 2.33517 C 1.637274 -4.372147 1.730864 C 2.233911 -5.275676 0.869457 C 1.547263 -5.684553 -0.348672 C 2.545316 -5.832342 -1.401051 C 2.244697 -5.454223 -2.698243 C 0.933907 -1.40303 -4.175915 C 2.530261 -3.749595 -4.302411 C -1.048915 -1.894959 -0.15167 C 5.081611 1.308137 1.011012 C 4.974433 2.785938 0.676565 O 5.533895 3.36716 -0.227542 O 4.174369 3.456159 1.54863 C 6.14749 1.110813 2.074426 O 5.970336 1.014473 3.269749 O 7.402016 1.083885 1.551004 C 3.980489 4.860266 1.345917 H 4.942107 5.389177 1.485406 H 3.631693 5.053581 0.31308 C 8.50531 0.939203 2.451181 H 8.405309 -0.00782 3.015267 H 8.504606 1.771644 3.180671 C 9.761295 0.950165 1.585075 H 9.726356 0.133774 0.836631 H 9.822714 1.888312 0.998365 C 10.995476 0.80062 2.468083 H 11.046575 1.622037 3.211656 H 10.948826 -0.142631 3.049753 C 12.202028 0.805829 1.684361 C 13.210841 0.809912 1.039195 Si 14.689334 0.817584 0.095573 C 15.299666 -0.963747 -0.123963 H 15.503349 -1.431008 0.842907 H 14.555237 -1.572466 -0.643543 H 16.222293 -0.982214 -0.710704 92 H 13.583647 1.018693 -2.143407 93 H 13.984727 2.616372 -1.499199 94 H 15.252492 1.60451 -2.207185 95 C 2.939373 5.292775 2.374658 96 C 2.567213 6.757555 2.189395 97 H 3.330417 5.139593 3.400251 98 H 2.034 4.656067 2.30225 99 C 1.766526 6.996383 0.965947 H 3.481914 7.385166 2.179028 H 1.975146 7.099888 3.06283 C 0.699382 6.28535 0.439468 N 1.986829 8.095476 0.112555 N 0.342956 6.996691 -0.712687 H 0.202725 5.380228 0.790878 N 1.157565 8.091244 -0.853472 C -0.742489 6.663325 -1.652582 C -2.070432 7.368487 -1.339625 H -0.88528 5.557955 -1.647373 H -0.422997 6.944579 -2.677148 O -2.629141 7.010731 -0.090217 H -2.781231 7.192758 -2.169953 H -1.946429 8.459906 -1.214771 C -3.43229 5.883924 -0.052173 C -3.242737 4.746753 -0.84384 C -4.448601 5.92269 0.914554 C -4.081755 3.650749 -0.678262 H -2.43184 4.709364 -1.586438 C -5.275602 4.820162 1.075709 H -4.58654 6.812996 1.539857 C -5.09921 3.685648 0.275992 H -3.941499 2.756926 -1.297133 H -6.072408 4.838017 1.828665 C -5.986484 2.520146 0.447423 C -7.135949 2.407126 -0.343136 C -5.646959 1.550442 1.395892 C -7.689877 3.252737 -1.367765 N -8.010201 1.28395 -0.249396 C -4.532791 1.446714 2.301863 N -6.457345 0.402021 1.64023 C -8.828474 2.629049 -1.879493 C -7.178799 4.557261 -1.818199 C -9.687438 3.171976 -2.959603 H -6.688351 5.110771 -1.005668 H -6.446649 4.426478 -2.627059 H -8.001644 5.18519 -2.20219 F -8.881369 0.009753 1.676975 F -7.734268 -1.120316 0.176799 C -3.737526 -0.183999 4.087338 H -2.795171 2.405347 1.534366 H -3.767672 3.408861 2.627648 H -2.765438 2.08862 3.290337 H -9.048856 3.420031 -3.831971 H -10.393139 2.39265 -3.318222 C -10.455869 4.39932 -2.513241 H -4.295595 -0.45726 5.009783 H -3.068986 0.663693 4.361231 C -2.914132 -1.361559 3.609116 H -11.090774 4.18863 -1.643866 H -9.767545 5.213943 -2.231856 H -11.103503 4.774492 -3.315313 H -2.213151 -1.692617 4.386113 H -3.552093 -2.218175 3.351886 H -2.321509 -1.114201 2.715966 C -6.550879 -1.55452 3.127837 H -7.325078 -2.010818 2.479611 C -6.288399 -2.118144 4.317759 H -5.537278 -1.683303 4.999072 C -10.032468 0.372238 -1.298957 H -10.231708 -0.246351 -0.401302 C -10.708558 0.105209 -2.426661 H -10.532439 0.681989 -3.348735 C -6.971981 -3.319263 4.782812 C -6.63323 -3.866456 6.02568 C -7.961725 -3.935695 4.009735 C -7.275197 -5.010845 6.481675 H -5.860253 -3.391318 6.640493 C -8.600357 -5.079547 4.470658 H -8.222761 -3.49518 3.034081 C -8.258146 -5.618802 5.706542 H -7.006731 -5.435291 7.454622 H -9.374174 -5.555426 3.859441 H -8.761983 -6.520399 6.06965 C -12.94771 -2.772691 -1.506223 H -11.434978 -1.608418 -0.47084 C -13.635441 -2.965278 -2.700026 H -13.903384 -2.30685 -4.737193 H -13.159546 -3.410334 -0.641717 H -14.390236 -3.754561 -2.776661 Tag Symbol X Y Z 1 C 3.716753 1.064841 2.824252 2 C 3.063581 2.179617 3.50084 3 C 1.698878 2.147815 3.721035 4 C 0.917328 0.999518 3.276246 5 C 1.538109 -0.059885 2.632459 6 C 2.973815 -0.026317 2.400475 7 C 4.754264 1.604379 1.965989 8 C 4.749924 3.055768 2.10599 9 C 3.702282 3.411219 3.055016 10 C 2.941481 4.549751 2.851122 11 C 0.897186 3.345872 3.50768 12 C -0.360948 1.485024 2.791832 13 C -0.942137 0.888001 1.684319 14 C -0.284216 -0.225537 1.022245 15 C 0.911883 -0.70594 1.499412 16 C 1.973178 -1.24923 0.591933 17 C 3.240891 -0.652104 1.123434 18 C 4.202894 -0.120918 0.297666 19 C 4.9845 1.026213 0.727659 20 C 4.984581 3.856886 1.002572 21 C 5.23891 3.249123 -0.298219 22 C 5.237193 1.872146 -0.430359 23 C 4.606327 1.248513 -1.585136 24 C 3.966208 0.018398 -1.151275 25 C 2.776778 -0.378878 -1.713906 26 C 1.72511 -1.102932 -0.929832 27 C 0.447778 -0.433635 -1.338014 28 C -0.520904 -0.08627 -0.426699 29 C -0.378474 2.93615 2.933614 30 C -1.118324 3.370992 -1.589041 31 C -1.363398 3.94058 -0.352152 32 C -0.583449 5.089091 0.089427 33 C 0.406309 5.608197 -0.727241 34 C 0.666334 5.0077 -2.029324 35 C 0.578963 2.805859 -3.124242 36 C -0.056364 1.5718 -2.67637 37 C -1.100616 1.91996 -1.731664 38 C -1.320314 1.110368 -0.628468 39 C -1.584008 1.713119 0.670615 40 C -1.606641 3.089539 0.806586 C 2.105018 5.041242 -2.261487 C 2.72755 3.983996 -2.902792 C 1.943667 2.837672 -3.344431 C 0.703533 0.430696 -2.469957 C 2.13924 0.464117 -2.701958 C 2.743063 1.637035 -3.12837 C 4.014597 2.039156 -2.557526 C 4.010074 3.490472 -2.416681 C 4.605486 4.079775 -1.315492 C 3.952475 5.194807 -0.642627 C 4.186788 5.057139 0.789703 C 3.19053 5.393999 1.689722 C -0.984301 3.717785 1.965919 C 1.502796 4.516219 3.083283 C -0.077545 3.918568 -2.450138 C 1.858952 -2.468018 -0.294751 C 0.645162 -3.371635 -0.172702 O 0.151721 -3.795882 0.849953 O 0.135617 -3.719237 -1.385248 C 3.086009 -3.312772 -0.587044 O 3.584323 -3.524243 -1.671591 O 3.602412 -3.880156 0.536411 C -0.989049 -4.602653 -1.414738 H -0.695885 -5.584684 -0.997724 H -1.814476 -4.199572 -0.785742 C 4.740206 -4.735748 0.396555 H 5.558862 -4.206268 -0.140936 H 4.461438 -5.622783 -0.203188 C -1.409594 -4.708138 -2.878735 C -2.614312 -5.626396 -3.046194 H -0.567215 -5.099145 -3.484281 H -1.632575 -3.704529 -3.292278 C -3.890243 -4.990842 -2.641797 H -2.476261 -6.555814 -2.455387 H -2.679203 -5.94996 -4.105048 C -4.211418 -4.272434 -1.50032 N -5.060724 -5.061133 -3.422001 N -5.566129 -3.957333 -1.655332 H -3.577238 -3.995298 -0.650452 N -6.023871 -4.457805 -2.847604 C -6.390292 -3.162628 -0.727561 92 H -5.484065 -1.20618 -1.208853 93 C -8.503516 -0.856587 -0.214639 94 C -9.273223 -1.195297 -1.332058 95 C -9.106171 -0.365336 0.952785 96 C -10.653402 -1.044375 -1.281461 97 H -8.784125 -1.572958 -2.243077 98 C -10.485652 -0.217356 0.990609 99 H -8.497271 -0.095705 1.823679 C -11.261097 -0.554801 -0.123891 H -11.263998 -1.308498 -2.152729 H -10.970458 0.164839 1.896589 C -12.726924 -0.401651 -0.074057 C -13.311763 0.799957 -0.488706 C -13.496908 -1.474417 0.388463 C -12.746259 2.029947 -0.978603 N -14.725118 0.996433 -0.478727 C -13.126959 -2.778721 0.870863 N -14.919909 -1.419704 0.461738 C -13.792321 2.911205 -1.253088 C -11.321383 2.344749 -1.169185 C -15.024857 2.253642 -0.924746 B -15.769246 -0.149533 -0.041997 C -14.29213 -3.462783 1.212846 C -11.769367 -3.328128 1.006758 C -15.407195 -2.595514 0.960393 C -13.636589 4.270367 -1.824897 H -10.684239 1.843005 -0.428044 H -10.987817 2.030949 -2.168047 H -11.148141 3.431349 -1.078459 F -16.614038 0.302589 0.946406 F -16.578182 -0.500939 -1.102059 C -14.329022 -4.852434 1.725839 H -11.299637 -3.462748 0.022354 H -11.125718 -2.657127 1.593455 H -11.800109 -4.308311 1.51221 H -13.018982 4.202623 -2.743299 H -14.624316 4.661704 -2.151047 C -13.00314 5.233735 -0.841435 H -15.008455 -4.908402 2.604269 H -13.31213 -5.117581 2.095069 C -14.76722 -5.836714 0.660956 H -14.106431 -5.806516 -0.214747 C -16.825564 -2.808847 1.160788 H -17.516864 -2.128465 0.624805 C -17.338872 -3.749022 1.969937 H -16.682531 -4.435691 2.530986 C -16.394579 2.717595 -1.010113 H -17.187525 1.943322 -0.994259 C -16.759655 4.007636 -1.075758 H -16.005892 4.812135 -1.087648 C -18.774529 -3.918796 2.160755 C -19.242018 -4.938206 2.998073 C -19.69493 -3.080314 1.522778 C -20.60688 -5.112305 3.18918 H -18.530175 -5.600358 3.50406 C -21.058332 -3.258727 1.717724 H -19.316114 -2.279205 0.867944 C -21.516272 -4.274603 2.550542 H -20.967808 -5.911305 3.845031 H -21.771805 -2.597507 1.215171 H -22.59112 -4.414782 2.704143 C -18.155663 4.424378 -1.141492 C -18.463188 5.786266 -1.239724 C -19.194865 3.48847 -1.10621 C -19.788069 6.198992 -1.302767 H -17.657453 6.52875 -1.266537 C -20.517676 3.906764 -1.169219 H -18.942193 2.418977 -1.025855 C -20.816277 5.26188 -1.267854 H -20.023582 7.265497 -1.379659 H -21.324875 3.167569 -1.140197 H -21.859173 5.591222 -1.317264 C 5.163703 -5.11628 1.813283 C 6.382252 -6.031488 1.802218 H 4.327883 -5.629617 2.330059 H 5.371978 -4.208462 2.413663 C 7.648083 -5.310658 1.531047 H 6.257648 -6.830909 1.042397 H 6.452993 -6.552904 2.778533 C 7.957346 -4.380309 0.55068 N 8.82014 -5.512894 2.285325 N 9.307227 -4.080806 0.766488 H 11.14179 -3.517628 -0.12574 O 10.817291 -0.786243 -0.099176 H 10.674598 -1.829899 1.716441 H 9.183486 -1.29589 0.858609 C 12.198739 -0.720285 -0.039843 C 12.97238 -1.25758 0.993934 C 12.795334 -0.006536 -1.089469 C 14.35056 -1.083123 0.976476 H 12.487823 -1.808913 1.814283 C 14.172912 0.162943 -1.094485 H 12.183283 0.417936 -1.893895 C 14.952244 -0.373595 -0.064359 H 14.964369 -1.502045 1.782293 H 14.653049 0.718446 -1.908584 C 16.415792 -0.193667 -0.081146 C 16.980124 0.918261 0.54957 C 17.205638 -1.151867 -0.725708 C 16.401231 2.021126 1.277244 N 18.394088 1.135467 0.566796 C 16.862751 -2.365266 -1.418881 N 18.631907 -1.057587 -0.784245 C 17.439784 2.844406 1.705525 C 14.972292 2.252738 1.53766 C 18.673344 2.274549 1.249522 B 19.457918 0.165552 -0.146304 C 18.044031 -2.961749 -1.855101 C 15.519175 -2.91142 -1.661181 C 19.136792 -2.129114 -1.452126 C 17.365707 4.084851 2.511804 H 14.355942 2.00582 0.661534 H 14.626744 1.630935 2.37523 H 14.785324 3.308975 1.795646 C 20.025733 2.81841 1.476705 F 20.161981 0.851211 -1.111482 F 20.392939 -0.286106 0.758169 C 18.141814 -4.226475 -2.617973 H 15.046736 -3.22617 -0.720171 H 14.863386 -2.162972 -2.128185 H 15.579364 -3.787721 -2.328975 C 20.570548 -2.368057 -1.706559 H 16.905912 3.853857 3.493196 H 18.79716 -4.075814 -3.498657 H 17.129719 -4.471736 -3.014344 C 18.655427 -5.369772 -1.767661 H 21.198855 -1.494769 -1.477565 H 20.92761 -3.208851 -1.093645 H 20.727772 -2.636762 -2.760603 H 17.03615 5.44911 0.850477 H 15.549587 4.88218 1.633021 H 16.568484 6.097896 2.430627 H 18.712603 -6.298708 -2.349118 H 19.660764 -5.16287 -1.375779 H 18.002242 -5.558396 -0.906049 Tag Symbol X Y Z 1 C -6.55701 -1.791842 -0.355585 2 C -6.902163 -2.849513 0.580335 3 C -6.520899 -2.7481 1.917171 4 C -5.778947 -1.584788 2.374326 5 C -5.439308 -0.5708 1.473274 6 C -5.836612 -0.676539 0.081093 7 C -6.225196 -2.398581 -1.623096 8 C -6.360654 -3.838219 -1.481358 9 C -6.778863 -4.117462 -0.11731 10 C -6.277088 -5.235047 0.552457 11 C -6.000325 -3.909988 2.616732 12 C -4.809351 -2.02022 3.349966 13 C -3.544419 -1.423728 3.373644 14 C -3.21446 -0.359911 2.451393 15 C -4.157469 0.084005 1.540297 16 C -3.798141 0.553072 0.166457 17 C -4.804778 -0.088201 -0.738732 18 C -4.462136 -0.691057 -1.939959 19 C -5.188449 -1.861924 -2.393019 20 C -5.458373 -4.689791 -2.120455 21 C -4.385218 -4.134694 -2.929564 22 C -4.2525 -2.752175 -3.056881 23 C -2.937349 -2.13803 -3.012757 24 C -3.049954 -0.867716 -2.329887 25 C -2.025457 -0.432193 -1.507391 26 C -2.26717 0.363382 -0.266004 27 C -1.376604 -0.250887 0.769558 28 C -1.801944 -0.527475 2.060297 29 C -4.940262 -3.458726 3.503424 30 C -0.518836 -3.995355 2.283076 31 C -1.549854 -4.519979 3.063599 32 C -2.285981 -5.685021 2.609263 33 C -1.966323 -6.280562 1.387331 34 C -0.895279 -5.734786 0.572232 35 C 0.155327 -3.559637 0.074889 36 C 0.027396 -2.289448 0.771601 37 C -0.386253 -2.556683 2.128751 38 C -1.293222 -1.695024 2.753837 39 C -2.363281 -2.246144 3.566466 40 C -2.487834 -3.626183 3.723784 C -1.293033 -5.84183 -0.822386 C -0.963697 -4.826361 -1.722006 C -0.225263 -3.66274 -1.262647 C -0.486064 -1.173237 0.105335 C -0.882888 -1.281121 -1.286802 C -0.750864 -2.499959 -1.959278 C -1.802417 -2.93843 -2.8449 C -1.939776 -4.377289 -2.701313 C -3.205124 -4.964262 -2.742359 C -3.546024 -6.022645 -1.810431 C -4.939207 -5.853171 -1.426095 C -5.33852 -6.119784 -0.115066 C -3.803197 -4.246605 3.686436 C -5.87949 -5.129247 1.947337 C -0.184404 -4.616255 1.01181 C -2.918579 1.726995 -0.193588 C -2.44927 2.67547 0.899735 O -2.821233 2.679889 2.048205 O -1.522729 3.503166 0.386464 C -3.220566 2.459997 -1.492351 O -2.683932 2.276843 -2.558423 O -4.197141 3.35852 -1.268118 C -0.928525 4.459748 1.303735 H -1.716662 5.111707 1.694063 H -0.497488 3.915922 2.148283 C -4.591013 4.163865 -2.404893 H -4.921472 3.496818 -3.208195 H -3.714871 4.713175 -2.766417 C -5.699382 5.094104 -1.938565 H -6.536915 4.50284 -1.553019 H -5.335934 5.712912 -1.110898 C -6.190074 6.001307 -3.087663 H -5.344902 6.581286 -3.485915 H -6.55019 5.379461 -3.919979 C -7.251762 6.91564 -2.669645 C -8.135042 7.670578 -2.304198 Si -9.47044 8.814759 -1.760304 C -11.144954 8.024393 -2.14078 H -11.261845 7.834675 -3.213811 H -11.261379 7.06826 -1.618016 H -11.966018 8.680215 -1.825408 92 H -9.385775 8.17756 0.662907 93 H -8.328913 9.561006 0.342199 94 H -10.081107 9.793652 0.457118 95 C 0.117402 5.230433 0.512631 96 C 0.903818 6.236581 1.379675 97 H -0.376158 5.766399 -0.307238 98 H 0.810731 4.515431 0.052743 99 C 1.739862 5.599326 2.450844 H 0.210294 6.932656 1.865674 H 1.541059 6.835084 0.718042 C 2.95997 4.95742 2.368678 N 1.329972 5.555643 3.75541 N 3.223822 4.560877 3.64092 H 3.640907 4.771524 1.553361 N 2.222105 4.932561 4.473836 C 4.362822 3.829305 4.173908 C 5.681419 4.59592 4.045923 H 4.431042 2.857073 3.675174 H 4.135776 3.660193 5.229779 O 6.098247 4.760125 2.693141 H 6.459298 4.101095 4.640152 H 5.556619 5.611896 4.428491 C 6.686143 3.717031 2.023194 C 7.020403 2.478815 2.5835 C 6.962533 3.960273 0.669932 C 7.615793 1.498035 1.784527 H 6.826227 2.25842 3.626993 C 7.558663 2.976827 -0.110358 H 6.707361 4.929921 0.253508 C 7.889609 1.726015 0.433647 H 7.866331 0.537147 2.225519 H 7.765558 3.17587 -1.158224 C 8.504213 0.659916 -0.414731 C 9.898769 0.633993 -0.592241 C 7.672644 -0.295849 -1.02411 C 10.948923 1.472473 -0.089099 N 10.487173 -0.350877 -1.38924 C 6.248576 -0.477346 -1.02018 N 8.225934 -1.30489 -1.816239 C 12.147266 0.968629 -0.60408 C 10.83505 2.66491 0.816754 C 13.536048 1.511635 -0.395183 H 10.333411 3.508193 0.328055 H 10.263723 2.443605 1.723472 H 11.827825 3.007397 1.121964 C 12.734533 -1.046782 -2.18255 F 9.965151 -1.416908 -3.495819 F 10.165701 -2.737908 -1.635202 C 4.642134 -2.216555 -2.105989 H 5.269635 0.255693 0.767982 H 5.294782 1.412669 -0.554548 H 4.203365 0.022967 -0.619228 C 7.502207 -3.256897 -3.168659 H 13.617273 1.946858 0.608459 H 14.259936 0.687576 -0.416703 C 13.949073 2.569096 -1.436065 H 12.548601 -2.095979 -1.933368 H 12.549483 -0.941666 -3.257553 H 13.781454 -0.809126 -1.981074 H 4.659328 -2.677107 -3.101335 H 3.87685 -1.432539 -2.160091 C 4.207551 -3.271049 -1.070873 H 8.189078 -3.953375 -2.676739 H 6.578999 -3.783412 -3.419551 H 7.993614 -2.93443 -4.092972 H 13.919022 2.155932 -2.450478 H 13.272326 3.430609 -1.410841 H 14.966759 2.930055 -1.246193 H 3.220293 -3.678708 -1.316552 H 4.920541 -4.10234 -1.031121 H 4.152748 -2.835843 -0.066665 Tag Symbol X Y C 4.033649 -6.023394 0.333302 92 H 9.593429 9.821135 0.337045 C -12.662909 3.405408 -2.20552 C -16.451749 -1.029952 1.796622 Z 1 C 9.053371 -1.64981 C 3.691852 -5.168638 1.383061 93 H 7.947919 10.472964 0.326694 H -9.007381 4.493555 -2.085049 H -14.332151 -0.805408 1.591157 0.270464 2 C 9.410535 -2.54058 C 2.876109 -3.995047 1.123613 94 H 9.334041 11.571309 0.425194 H -8.855046 3.316978 -3.379661 C -17.71894 -0.6456 1.345527 -0.821784 3 C 8.966124 -2.271314 C 2.94437 -1.32521 0.125465 95 C 1.513043 4.465397 0.149037 H -10.317965 4.295624 -3.248021 H -18.805249 0.595664 -0.04521 -2.11512 4 C 8.146031 C 3.408259 -1.607249 1.471578 96 C 0.633422 5.487733 -0.602721 F -10.764319 -0.141443 1.77262 H -16.358962 -1.760212 2.596186 -1.099245 -2.371904 5 C 7.793696 6 C 8.256021 -0.527717 7 C 8.810485 -2.45047 8 C 9.014861 -3.844657 9 C 9.385865 10 C 8.913866 -4.93804 11 C 8.476782 12 C 7.157747 -1.445805 13 C 5.863306 14 C 5.519641 15 C 6.477519 0.331341 16 C 6.152965 0.578107 17 C 7.232818 -0.121177 18 C 6.975858 -0.911589 19 C 7.781791 -2.090649 20 C 8.186948 -4.829439 21 C 7.123342 -4.459746 22 C 6.924617 -3.119773 23 C 5.578517 -2.583226 24 C 5.594422 -1.224462 25 C 4.512748 -0.732195 26 C 4.658385 0.244486 27 C 3.756584 28 C 4.136634 29 C 7.356281 -2.83781 30 C 3.027297 31 C 4.048771 32 C 4.864111 33 C 4.63076 34 C 3.569327 35 C 2.430777 36 C 2.461139 37 C 2.826725 -2.40782 38 C 3.658974 39 C 4.719373 40 C 4.908596 -3.114432 -3.883888 H 11.05655 11.693873 3.084729 C -9.564482 3.754112 -2.670734 H -11.346644 -7.405216 5.017986 -1.780269 -3.523199 H 11.319048 9.945654 2.971129 C -11.576652 2.54513 -1.613871 H -12.454633 -5.791253 3.482022 -1.414807 -2.600371 H 10.635017 10.643274 4.44723 N -8.726934 -0.536923 0.529112 H -8.907935 -7.189882 5.476138 -2.073994 C 10.639251 10.715443 3.353667 C -6.480614 -0.159952 0.359585 C -10.76906 -6.612954 4.549632 -2.362494 -0.677649 Si 8.898862 10.508219 2.645394 N -10.527137 0.95424 -0.375598 H -11.163399 -3.992934 2.419899 -3.724307 -0.169237 C 8.249627 8.859459 3.143373 C -10.206156 2.710533 -1.800658 C -11.390548 -5.704988 3.685691 -5.741036 -1.015459 C 7.828046 7.767176 3.479299 C -7.783082 0.313313 -0.028169 H -7.603488 -5.384542 4.406176 -6.100628 -1.939215 H 8.08722 5.918529 4.443115 C -9.54803 1.701962 -1.012888 C -9.402602 -6.491747 4.806043 -5.319598 -3.072871 H 6.459088 6.571372 4.534067 C -8.184471 1.407542 -0.81916 C -10.658282 -4.688102 3.083147 -4.146304 -3.326251 C 7.320461 6.450288 3.861365 H -7.201089 3.778548 0.087381 C -8.668355 -5.473676 4.202608 -3.799324 -2.440977 H 6.136953 6.117555 2.069702 H -6.845287 0.986112 -3.151718 C -9.276095 -4.551245 3.328234 -3.729828 H 7.769389 5.463295 1.978009 C -7.147346 2.274302 -1.456727 H -14.474016 1.756228 -1.257969 -0.332145 -1.762211 C 6.909554 5.594366 2.643571 H -5.4664 5.214205 -0.971841 C -14.229607 1.078042 -0.447135 -0.269987 -0.430084 H 5.505324 4.314947 3.72103 C -6.746412 3.476462 -0.852066 H -12.719692 0.182279 0.701666 0.649959 H 7.143903 3.655508 3.620267 H -5.140195 2.394777 -4.208462 C -12.933885 0.862581 -0.113624 1.773457 C 6.388271 4.233713 3.077918 C -6.548896 1.911888 -2.666167 H -7.408302 -3.530114 3.039566 2.482785 H 2.564084 3.66326 -1.594946 C -5.775958 4.282304 -1.43487 C -8.446362 -3.508759 2.725121 2.977275 H 3.438776 4.950131 -0.758119 C -5.57516 2.714484 -3.268432 H -9.910214 -2.564334 1.555383 2.885136 C 2.776477 4.090701 -0.612005 C -5.183767 3.907551 -2.649903 C -8.868396 -2.561935 1.852098 2.553401 O 6.023598 3.509064 1.878987 H -3.166764 5.455322 -4.689249 H -5.021866 -3.234144 -0.073562 1.633063 O 5.395238 1.743077 3.142917 H -4.237968 4.105734 -5.107536 H -6.240077 -4.073865 0.893347 2.32287 C 5.53036 2.269853 2.063733 O -4.247331 4.784639 -3.134515 H -4.548205 -4.052755 1.427199 2.072052 O 3.465832 3.100342 0.196519 H -1.949644 3.261345 -5.106392 H -14.037261 5.024592 -1.691442 0.961658 O 5.164752 3.019251 -1.301437 H -2.737642 2.59567 -3.661592 H -12.469096 5.117675 -0.867081 0.193786 C 4.647316 2.664066 -0.270614 C -3.55268 4.493013 -4.343855 H -13.674584 3.939187 -0.335669 -1.244133 C 5.214797 1.649167 0.715867 C -2.390645 3.517358 -4.139426 C -5.336848 -3.458382 0.951395 -0.027644 -2.176316 C 2.782388 -4.614188 -1.26189 N -0.114226 4.334987 -3.940175 H -4.656871 -1.586871 1.777482 -0.926499 -3.256459 C 8.44979 -4.656469 -2.468176 H -2.140952 4.355843 -1.398422 H -5.822156 -2.393646 2.782032 -3.36493 C 6.254747 -3.656024 -3.983632 N -1.308346 4.085618 -3.35132 C -13.248047 4.430825 -1.21562 -3.349026 -2.956907 C 8.053547 -5.962215 -0.55357 N 0.665919 4.853077 -3.033182 H -13.466144 2.77798 -2.608685 -1.119281 C 7.698736 -5.909125 0.795749 C -1.283123 4.455789 -2.044366 H -12.264514 3.944164 -3.071627 -3.900507 -0.312393 C 6.334844 -6.212614 1.201626 H -0.14797 5.84013 0.079959 H -4.343959 -0.052933 0.560776 1.092365 C 5.98086 -5.321068 2.290274 H 1.236648 6.3646 -0.869576 H -5.102931 1.504323 0.220827 1.447096 C 4.685708 -4.809122 2.381491 99 C -0.009355 4.949202 -1.846763 H -4.919801 0.319619 -1.06382 0.027201 C 4.480399 -3.415582 2.736895 98 H 0.932842 3.556518 0.349908 C -5.590567 -2.157742 1.737074 -0.248206 -1.319849 C 3.369494 -2.916029 1.963205 97 H 1.798 4.884252 1.122082 F -10.889076 -1.423653 -0.114044 H -18.611748 -1.074162 1.792598

Scheme 2.1. Synthetic strategies of BDP-C 60 dyads 2.1 and 2.2 linked via thiol-maleimide and triazole functions respectively.

  2.1 was obtained in 87% yield in the last reaction step by reacting a BDP-thiol derivative (prepared in 3 reaction steps) with the fullerene building block

I (prepared in 6 reaction steps) under Michael addition conditions. Hence, 10 reaction steps in total and 8 purifications by chromatography on silica gel were required in order to isolate the target dyad 2.1 with an overall yield of 2.1%. Conversely, the target BDP-C 60 2.2 was obtained in 85% yield by mixing the fullerene platform II (prepared in 3 reaction steps) with a BDP-azide derivative (prepared in 2 reaction steps) under CuAAC reaction conditions. Unlike the former dyad 2.1, the required number of reactions and purifications was reduced to only 6 steps in the case of the synthesis of the dyad 2.2 that was achieved in 19.2 % overall yield.

Table 2 . 1 .

 21 Absorption, fluorescence and singlet excited state lifetime data of the the BDP-C 60 dyad 2.2 and BDP-C 60 -C 60 -BDP tetrad 2.5.

		 abs , nm	 em ,	%	, ns
	Compound	(, M -1 .cm -1 )	nm	±5 %	±0.01
	2.2 2.5	330 (42500), 525 (72500) 330 (83700), 525 (130000)	535 535	2.3 a 0.25 a	0.15 (0.64) ; 0.03 (0.36) b,c 0.02 (0.57) ; 0.09
					(0.

  ). Since the values of the half-wave potentials of the molecular tetrad 2.5 are very similar to the parent BDP-C 60 dyad 2.2 (Table2.2), we can conclude that, despite the twisted geometry of the BDP-C 60 -C 60 -BDP dumbbell-like tetrad 2.5, no significant electronic interactions are found between the redox entities (BDP/C 60 and C 60 /C 60 ) in the ground state.

Table 2 . 2

 22 The conformational search of the BDP-C 60 -C 60 -BDP tetrad 2.5 was carried out by theoretical calculations at the semi-empirical PM3 level to find minimal energy conformers. In order to take into account the effects of the conformational degrees of freedom of these systems, a detailed analysis of the potential energy surface (PES) should be

. Electrochemical Half-Wave Potentials (V vs Fc + /Fc) of the BDP-C 60 -C 60 -BDP tetrad 2.5, and the parent BDP-C 60 dyad 2.2.

Computational studies.

performed. However, a full analysis of the PES surface would be too time consuming, owing to the very large number of degrees of freedom in this D-A-A-D tetrad. Therefore, we selected a relevant degree of freedom that is expected to largely affect the relative position of

Compounds Potential (V vs Fc + /Fc)

  

		BDP 0/+ C 60	0/-	C 60	-/2-
	2.2	0.58	-1.05	-2.43
	2.5	0.60	-1.04	-2.41

  .1). The extracted fluorescence lifetimes values from the time-resolved

		Normalized Emission (u.a)	0.2 0.4 0.6 0.8 1.0							3.13 3.20 3.21 3.24 3.25
			0.0						
			450	500	550	600	650	700		750	800
					Wavelength (nm)	
		2000000						
		1800000							3.20
		1600000							3.21
	Emission Intensity	400000 600000 800000 1000000 1200000 1400000							3.16 3.19
		200000						
			0						
			450	500	550	600	650	700	750	800	850
					Wavelength (nm)	
		3000000						
										3.24
	Emission intensity (u.a)	0 500000 1000000 1500000 2000000 2500000							3.25 3.22 3.23 3.26
				500	550	600	650	700	750	800
					Wavelength (nm)	
	emission spectroscopy for compounds 3.22, 3.23, 3.26, and 3.27 were in accordance with the
	provided data by the steady-state spectroscopy with shortened lifetime values in the order of
	picosecond (Table 3.1).								

Table 3 . 1 .

 31 Absorption, fluorescence and singlet excited state lifetime data of the -substituted BDP derivatives.

	Compound max abs		max em		
		(nm)	(L.mol -1 .cm -1 )	(nm)	(% ±5 %)	(ns
						±0.01)
	3.13	500	32000	510	60

30, target assemblies 3.31, 3.35, and 3.37 and reference molecules 3.38, and

  

	Normalized Absorption (u.a)	0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6	.30 3.31 3.35 3.37 3.38 DSBDP
		0.0	
		250 300 350 400 450 500 550 600 650 700 750 800
		Wavelength (nm)	

Figure 3.15. Normalized absorption spectra of BDP starting material 3.DSBDP (described in chapter 2, section 2.3).

Regarding the absorption spectrum of the reference molecule 3.38, the BDP centred transition at 660 nm is red-shifted by 135 nm and 23 nm (see figure

3.15 

and table

3.2) 

in comparison with the starting material BDP 3.30 and the DSBDP, respectively (c.f. chapter 2, section 2.3). This is roughly attributed to a higher conjugation of the -system brought by the additional phenylalkyne subunits. Similar trend was observed with the Fc and TTF analogues 3.35 and 3.

37 

Table 3 .2. Absorption

 3 

	Compound max abs		max em		
		(nm)	(L.mol -1 .cm -	(nm)	(%	(ns ±0.01)
			1 )		±5 %)
	3.30	525	67500	535	95

, fluorescence and singlet excited state lifetime data of the -substituted BDP derivatives.

.31, 3.35, 3.37 and 3.38 under

  the same conditions are displayed in figure3.19 and the corresponding half-wave potentials are listed in table3.3. The functionalization of the BDP by two formylFc units resulting in the formation of compound 3.31 

3, published article). The recorded CVs of 3

Table 3 . 4

 34 

	Level	E (eV)	max (nm)	f	transition
		1.66	743	0.0749	HOMO→LUMO
		2.60	476	0.4097	HOMO→LUMO+2
					HOMO-1→LUMO
	B3LYP/6-	2.61	474	0.0738	HOMO→LUMO+2
	31G(d,p)				
		2.90	427	0.1713	HOMO→LUMO+1
		3.16	392	0.3561	HOMO-1→LUMO
					HOMO-2→LUMO
		2.61	473	0.6531	HOMO-1→LUMO
					HOMO→LUMO
		2.90	427	0.003	HOMO→LUMO+2
	M0-62X/6-	3.03	409	0.2573	HOMO-1→LUMO
	31G(d,p)				HOMO→LUMO
		3.52	352	0.1742	HOMO→LUMO+1

. TD-DFT calculated excitation energies E(eV), wavelength (max), oscillator strengths (f), and composition in terms of molecular orbital contributions for compound 3.26 using two different levels B3LYP/6-31G+(d,p) and M0-62X/6-31G+(d,p).

Table 3 . 5 .

 35 TD-DFT calculated excited energies E (eV), wavelength (max), oscillator strengths (f), and composition in terms of molecular orbital contributions for compound 3.27 using two different functionals.

	Level	E (eV)	max (nm)	f	transition
		1.53	810	0.191	HOMO→LUMO
		1.57	788	0.0021	HOMO-1→LUMO
		2.41	513	0.7537	HOMO-2→LUMO
		2.77	447	0.0247	HOMO-3→LUMO
	B3LYP/6-	2.87	432	0.3705	HOMO-
	31G(d,p)				1→LUMO+2
					HOMO→LUMO+1
		2.91	425	0.0232	HOMO-
					1→LUMO+
					HOMO→LUMO+2
		2.98	416	0.0015	HOMO-5→LUMO
		3.15	393	0.5053	HOMO-4→LUMO
		2.42	512		HOMO-2→LUMO
					HOMO→LUMO
		2.68	461	0.0151	HOMO-1→LUMO
		2.89	429	0.0006	HOMO-
	M0-62X/6-				1→LUMO+3
	31G(d,p)				HOMO-
					1→LUMO+4
					HOMO→LUMO+3
					HOMO→LUMO+4
		2.95	420	0.3609	HOMO-2→LUMO
					HOMO→LUMO

Table 3 . 6

 36 

	Level	E (eV)	max (nm)	f	transition
		1.54	804	0.1432	HOMO→LUMO
		1.59	779	0.1377	HOMO-1→LUMO
		1.98	626	0.7061	HOMO-2→LUMO
		2.42	511	0.1677	HOMO→LUMO+1
		2.46	503	0.0109	HOMO-1→LUMO+1
	B3LYP/6-	2.58	480	0.3354	HOMO-3→LUMO
	31G(d,p)				HOMO-2→LUMO+1
		2.60	476	0.0004	HOMO-1→LUMO+4
					HOMO→LUMO+4
		2.61	474	0.005	HOMO-1→LUMO+3
					HOMO→LUMO+3

. TD-DFT calculated excited energies E (eV), wavelength (max), oscillator strengths (f), and composition in terms of molecular orbital contributions for compound 3.37 using two different functionals.

Table 3 . 7 .

 37 Absorption, fluorescence and singlet excited state lifetime data of the and -substituted BDP derivatives.

	Compound	BDP abs		max em			m
		(nm)	(L.mol -1 .cm -1 )	(nm)	(% ±5 %)	(ns ±0.01)	(ns ±0.01)
	3.47	534	26900	530	0.028 [a]	0.004 (91%),	0.02
						0.06 (6%),	
						0.16 (3%)	
	3.48	579	30200	540	0.08 [a]	0.001	0.001
	3.49	693	46700	595	0.015 [c]	N.C	-
	3.50	670	44100	674	0.019 [b]	0.005 (91%),	0.05
						0.7 (2%), 0.19	
						(3%)	
	3.51	526	50400	565	0.036 [a]	0.009 (68%),	0.03
						0.05 (20%),	
						0.16 (11%)	
	3.52	545	39200	N.C	N.C	N.C	N.C
	3.53	667	66100	682	0.010		

Table 3 . 8

 38 Electrochemical Half-Wave Potentials (V vs Fc + /Fc) of the targetassemblies 3.

47-3.53.

  

Table 1

 1 XPS sulfur contribution comparison for hexapeptide 15, C 60 -peptide and C 60 -alkyl SAMs on gold

	S2p components	Hexapeptide 15	C 60 -peptide	C 60 -alkyl
	% S bound	48.5	47.6	73.3
	% S unbound	37.4	36.9	26.7
	% S oxidized	14.1	15.5	

  .5+%) was purchased from MTR Ltd. Dichloromethane (DCM) was dried and distilled over CaH 2 prior to use. Toluene was distilled over NaH prior to use. All other solvents were used as received. Column chromatography: silica gel 60 (0.040-0.063 mm) was purchased from E. Merck. Thin layer chromatography (TLC) was performed on aluminum sheets coated with silica gel60 F 254 from E. Merck and visualized by UV light. 1H NMR and13 C NMR spectra were recorded using a Brucker spectrometer at 300MHz or 200MHz ( 1 H) and at75.5 MHz ( 13 C) in CDCl3 unless otherwise stated. Chemical shifts () were referenced to internal solvent CDCl3 (7.26 for 1 H and 77,16 ppm for 13 C). High Resolution ESI-MS mass spectra were obtained with a Waters Xevo Qtof. Optical rotations were determined with a Perkin Elmer 341 instrument. Melting points are uncorrected.

  3 g of 1 as a white solid in 61 % yield. Mp: 118-119°C; 1 H NMR (200 MHz, CDCl 3 ) δ=3.18 (s, 2H, H m ), 5.46 (t, 2H, J = 0.9 Hz, H n ), 6.58 ppm (s, 2H, H o ).

	Compound 2 4 :	
				O
		O		
	HO	j	N	l m n o
	i	k		O
				2

Malonate 1 (1.11 g, 6.

68 mmol) 

was dissolved in methanol (60 mL) and 3-amino-1-propanol (0.51 mL,6.65 mmol) was then added. The reaction mixture was stirred at 56 °C over a period of 3 days and then concentrated. The residue was purified by column chromatography using DCM/methanol 99/1 as eluent to afford 1.0g of 2 as a white powder in 68% yield. Mp: 120-121 °C;

1 

H NMR (200 MHz, CDCl 3 ) δ=1.76 (dt, 2H, J = 12.1 Hz, J = 6.0 Hz, H j ), 2.53 (bs, 1H, OH), 2.87 (s, 2H, H m ), 3.52 (t, 2H, J = 5.7 Hz, H k ), 3.65 (m, 2H, H i ), 5.27 (s, 2H, H n ), 6.52ppm (s, 2H, H o ).

  32 g,8.4 mmol) and maleimide 2 (1.54 g, 6.9 mmol) were dissolved in dry DCM(50 mL) and placed under argon. The resulting solution was cooled to 0 °C, then EDCI.HCl (1.46 g,7.6 mmol) and DMAP (0.84 g,6.9 mmol) were added. The reaction mixture was stirred at 0°C for 30 min, then at room temperature for 3 days and finally concentrated. Purification of the residue by column chromatography (DCM/Et 2 O 90/10 as eluent) afforded 2.12 g of 4 as a colorless oil in 82 % yield.1 H NMR (300 MHz, CDCl 3 ) δ=1.81-1-95 (m, 5H, H a , H d , H j ), 2.27 (td, 2H, J = 6.8 Hz, J = 1.9Hz, H c ), 2.82 (s, 2H, H m ), 3.37 (s, 2H, H g ), 3.55 (t, 2H, J = 6.9 Hz, H k ), 4.08 (t, 2H, J = 6.2 Hz, H e ), 4.23 (t, 2H, J = 6.3 Hz, H i ), 5.23 (s, 2H, H n ), 6.48 ppm (s, 2H, H o ); 13 C NMR (75 MHz, CDCl 3 ) δ=15.1(C c ), 26.6(C d ), 27.4(C j ), 35.7(C g ), 41.5(C k ), 47.5(C m ), 62.5(C e ), 64.0(C i ), 69.2(C a ) , 80.9 (C n ),82.9(C b ),136.5(C o ), 166.37 (C f ), 166.41 (C h ), 176.1 ppm (C l ); HRMS (ESI+) m/z calcd for C 19 H 22 NO 7 : 376.1396 [M + H + ], found 376.1389.

  210 mg, 0.82mmol) and DBU (210 µL,1.40 mmol). The resulting reaction mixture was stirred at room temperature for 19 h under argon and evaporated to dryness. Purification of the brown residue by column chromatography (toluene, then DCM, then DCM/Et 2 O 95/5 as eluent) gave 505 mg of 5 as a black solid in 56 % yield.1 H NMR (300 MHz, CDCl 3 ) δ=2.03-2.14(m, 5H, H a , H d , H j ), 2.41 (td, 2H, J = 6.8 Hz, J = 2.2 Hz, H c ), 2.90 (s, 2H, H m ), 3.69 (t, 2H, J = 6.8 Hz, H k ), 4.48 (t 2H, J = 6.2 Hz, H e ), 4.64 (t 2H, J = 6.2 Hz, H i ), 5.29 (s, 2H, H n ), 6.51ppm (s, 2H, H o ); 13 C NMR (75 MHz, CDCl 3 ) δ=15.3(C c ), 27.0(C d ), 27.4(C j ), 35.8(C k ), 47.5(C m ), 64.7(C e ), 65.9(C i ), 69.9(C a , C g ) , 81.1(C n ),82.5(C b ),136.6(C o ), 138.8, 139.3, 141.0, 141.9, 142.2, 143.0, 143.1, 143.9, 143.9, 144.66, 144.70, 144.9, 145.0, 145.1, 145.18, 145.2, 145.3, 145.4, (Csp 2 C 60 ) , 163.57, 163.51 (C f , C h ), 176.3ppm (C l ); HRMS (ESI+) m/z calcd for C 79 H 19 NO 7 Na : 1116.1059 [M + Na + ], found 1116.1097.

  δ=1.48-1.65 (m, 4H, H 2, H 3 ), 2.74 (t, 2H, J = 6.5 Hz, H 4 ), 3.29 ppm (t, 2H, J = 6.5 Hz, H 1 ); HRMS (ESI+) m/z calcd for C 4 H 11 N 4 : 115.0984 [M+H + ], found 115.0981. HATU (800 mg, 2.1 mmol) and DIPEA (0.81 mL, 4.7 mmol) were then added at 0 °C. The reaction mixture was stirred overnight at room temperature. The crude product was taken up in DCM and washed successively with aq. HCl 0.5 N, water and aq. NaHCO 3 (saturated) and finally dried over MgSO 4 . Purification of the yellow oily residue was first performed by column chromatography (SiO 2 , DCM/MeOH 95/5) then by extraction using Et 2 O/H 2 O to eliminate residual TMU from the product, and gave 400 mg of 7 as a yellow oil in 75% yield. 1 H NMR (200 MHz, CDCl 3 ) δ=1.38-1.50 (m, 2H, H 8 ),1.55-1.79 (m, 8H, H 2 , H 3 , H 7 , H 9 ), 1.90(td, 1H, J=13.6Hz, J = 6.9 Hz, H 11' ), 2.16 (t, 2H, J = 7.4 Hz, H 6 ), 2.44 (td, 1H, H 11'' , J = 12.4 Hz, J = 6.4 Hz), 3.06-3.35 (m 6H, H 1 , H 4 ,H 12 ), 3.57 (dt, 1H, J = 13.6 Hz, J = 6.8 Hz, H 10 ), 5.69ppm (bs, 1H, NH). 13 C NMR (75 MHz, CDCl 3 ) δ=25.4,26.2, 26.9, 28.8, 34.7(C 2 , C 3 , C 7 , C 8 , C 9 ), 36.4(C 6 ), 38.6(C 12 ), 38.9(C 4 ), 40.3(C 11 ), 51.0(C 1 ), 56.3 (C 10 ), 172.9 ppm (C 5 ). HRMS (ESI+) m/z calcd for C 12 H 23 N 4 OS 2 : 303.1313[M+H + ], found 303.1315.

	Compound 7: N 3 3 2 1 4 Azido derivative 6 (200 mg, 1.75 mmol) was dissolved in THF (10 mL) and (R)-lipoic acid (361mg,1.75 mmol) N H O S S 7 9 6 10 11 12 5 7 8 was added. Compound C 60 -alkyl:

  -1.97 (m, 12H, H 2 ,H 3 , H 6 -H 9 ,), 2.04-2.36 (m, 6H, H c, H d , H j ), 2.44 (m, 1H,H 11' ), 2.90 (m, 4H, H 4 , H m ), 3.12 (m, 1H, H 11'' ), 3.27 (dd, 1H, J = 13.0 Hz, J = 6.8 Hz,H 12 ), 3.55 (m, 1H, H 10 ), 3.69 (t, 2H, J = 6.8 Hz, H k, ), 4.36 (t, 2H, J = 6.9 Hz, H 1 ), 4.48 (t 2H, J = 6.3 Hz, H i ), 4.58 (t 2H, J = 6.2 Hz, H e ), 5.27 (s, 2H, H n ), 5.70 (bs, 1H, NH), 6.52 (s, 2H, H o ), 7.40ppm (s, 1H, H a ); 13 C NMR (75 MHz, CDCl 3 ) δ=22.2 (C c ), 25.5, 25.7, 26.8, 27.0, 27.8, 28.2, 29.0, 34.7 (C 2 , C 3 , C 7 , C 8 , C 9 , C d ,C j ), 35.9 (C k ), 36.6 (C 6 ), 38.6,38.7 (C 4 ,C 12 ),40.4 (C 11 ), 47.6 (C m ), 49.8 (C 1 ), 56.6 (C 10 ), 64.8 (C e ), 66.7 (C i ), 68.1 (C 1 ), 71.6 (C g ), 81.1 (C n ),136.6 (C o ), 138.8, 139.4, 141.1, 142.0, 142.3, 143.1, 143.2, 144.0,144.8, 145.0, 145.1,145.3,145.4, 146.6(C b , Csp 2 C 60 ) , 163.6,163.7 (C f , C h ), 173.0 (C 5 ), 176.3 ppm (C l ); HRMS (ESI+) m/z calcd for C 91 H 42 N 5 O 8 S 2 : 1396.2475 [M +H + ], found 1396.2489.

  g, 78%) that crystallized on standing in the refrigerator. J = 5.1 Hz, NH),6.68 ppm (bs, 1H, NH);13 C NMR (75 MHz, CDCl 3 ) δ=18.4 (C 7 ),26.1 (C 3 ),28.3 (BocCH 3 ), 29.6 (C 2 ), 39.2 (C 4 ), 50.2 (C 6 ), 62.2 (C 1 ), 80.2 (BocC quat ), 155.6 ppm (BocCO), 172.9 (C 5 ); HRMS (ESI+) m/z calcd for C 12 H 24 N 2 O 4 Na : 283.1634 [M + Na + ], found 283.1633.The alcohol 8 (1.37 g, 5.27 mmol) was dissolved in DCM (30 mL). The solution was cooled on an ice bath and triethylamine (0.88 mL, 6.32 mmol) was added. A solution of mesyl chloride (0.45 mL, 5.79 mmol) in DCM (10 mL) was added dropwise over 30 minutes. The resulting mixture was stirred at 0°C for 90 minutes, then diluted with ice-cold DCM and washed successively with ice-cold 0.5 N aqueous hydrochloric acid solution and brine. The organic phase was dried over anhydrous magnesium sulfate, filtered and evaporated. The residue was taken up in dimethylformamide (20 mL) and sodium azide (514 mg, 7.90 mmol) was added. The mixture was stirred at 85 °C for 18 hours and then concentrated under reduced pressure. The residue was taken up in DCM and washed with brine. The organic phase was dried over anhydrous magnesium sulfate, filtered and evaporated. The product MHz, CDCl 3 ) δ=1.34 (d, 3H, J = 7.0 Hz, H 7 ), 1.44 (s, 9H, BocCH 3 ), 1.58-1.61 (m, 4H, H 2 , H 3 ), 3.26-3.31 (m, 4H, H 1 ,H 4 ), 4.10-4.15 (m, 1H, H 6 ), 5.09 (d, 1H, J = 6.0 Hz, NH), 6.47 ppm (bs, 1H, NH); 13 C NMR (75 MHz, CDCl 3 ) δ=18.3 (C 7 ), 26.1 (C 3 ), 26.8 (C 2 ), 28.2 (BocCH 3 ), 38.7 (C 4 ), 50.1 (C 6 ), 51.0 (C 1 ), 80.1 (BocC quat ), 155.5 (BocCO), 172.7 ppm (C 5 ); HRMS (ESI+) m/z calcd for C 12 H 23 N 5 O 3 Na : 308.1699 [M + Na + ], found 308.1699. Compound 9 (1.11 g, 3.90 mmol) was dissolved in DCM (15 mL) and trifluoroacetic acid (3 mL) was added.The mixture was stirred at room temperature for 18 hours. The solvent was removed under reduced pressure and toluene was distilled from the residue twice. The residue was dissolved in DCM (10 mL) and cooled on an ice bath. Separately, Boc-L-Ala-OH (884 mg, 4.68 mmol), ethyl (hydroxyimino) cyanoacetate (664 mg, 4.68 mmol), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (896 mg, 4.68 mmol) and N-methyl morpholine (2.2 mL, 20.0 mmol) were dissolved in DCM(30 mL) at 0 °C. This solution was stirred at 0°C for 15 minutes then added to the first solution. The mixture was stirred at room temperature for 3 days. The mixture was diluted with DCM and washed successively with 0.5 N aqueous hydrochloric acid solution, brine and aqueous NaHCO 3 (sat). The organic phase was dried over MgSO 4 , filtered, and concentrated under reduced pressure. The residue was purified by column chromatography using DCM/MeOH (95:5) as eluent to give the title compound

	Mp: 76-78°C; 9H, BocCH 3 ), 1.59-1.61 (m, 4H, H 2 , H 3 ), 2.27 (bs, 1H, OH), 3.27-3.31 (m, 2H, H 4 ), 3.66 (t, 2H, J = 5.8 Hz, H 1 ), : -25 (c 0.5, DCM); 1 H NMR (300 MHz, CDCl 3 ) δ=1.35 (d, 3H, J = 7.0 Hz, H 7 ), 1.44 (s,   20 578 α : -20 (c 0.45, DCM); 1 H NMR (300   20 578 α Compound 10: N H H N O N 3 O BocHN 1 2 3 4 5 6 7 8 9 10 10 10 (893 mg, 64 %) as a white solid. Mp: 130-132°C; : -38 (c 0.5, DCM); 1 H NMR (300 MHz, CDCl 3 )   20 578 α δ=1.35-1.39 (m, 6H, H 7 , H 10 ), 1.45 (s, 9H, BocCH 3 ), 1.58-1.62 (m, 4H, H 2 , H 3 ), 3.21-3.31 (m, 4H, H 1 ,H 4 ), 4.11-4.15 (m, 1H, H 9 ), 4.41-4.50 (m, 1H, H 6 ), 5.14 (d, 1H, NH, J = 5.9 Hz), 6.80-6.83 ppm (m, 2H, NH); 13 C NMR (75 MHz, CDCl 3 ) δ=18.0 (C 7 , C 10 ), 26.1 (C 3 ), 26.6 (C 2 ), 28.2 (BocCH 3 ), 38.8 (C 4 ), 48.9 (C 6 ), 50.8 (C 9 ), 51.0 (C 1 ), 80.6 (BocC quat ), 155.8 (BocCO), 172.0, 172.6 ppm (C 5 ,C 8 ); HRMS (ESI+) m/z calcd for C 15 H 29 N 6 O 4 : 4.10-4.14 (m, 1H, H 6 ), 5.16 (d, 1H, 9 was obtained as white solid (yield 1.11 g, 74%). Mp: 49-51°C; 357.2250 [M + H + ], found 357.2255.

  as eluent to give the title compound 11 (1.443 g, 90 %) as a white solid.Mp:111-113 °C; : +16 (c 0.5, DCM); CDCl 3 ) δ=1.42-1.48 (m, 21H, BocCH 3 , H 7 , H 10 , H 13 , H 14 ), 1.61-1.65 (m, 4H, H 2 , H 3 ), 3.21-3.30 (m, 4H, H 1 , H 4 ), 4.10-4.19 (m, 1H, H 9 ), 4.38-4.49 (m, 1H, H 6 ), 5.60 (s, 1H, NH), 6.81 (d, 1H, J = 4.6 Hz, NH), 7.11 (t, 1H, J = 5.4 Hz, NH), 7.76 ppm (d, 1H, J = 7.9 Hz, NH); 13 C NMR (75 MHz, CDCl 3 ) δ=17.3 (C 7 , C 10 ), 23.2 (C 13 or C 14 ), 26.0, 26.2 (C 2 , C 3 ), 27.0 (C 13 or C 14 ), 28.1 (BocCH 3 ), 38.8 (C 4 ), 49.4 (C 6 ), 51.0 (C 1 ), 51.1 (C 9 ), 56.6 (C 12 ), 81.1 (BocC quat ), 155.8 (BocCO), 172.3, 172.9, 176.0 ppm (C 5 , C 8 , C 11 ); HRMS (ESI+) m/z calcd for C 19 H 36 N 7 O 5 : 442.2778 [M + H + ], found 442.2783.Compound 11 (1.40 g, 3.17 mmol) was dissolved in DCM (10 mL) and a solution of HCl in diethyl ether (appx 2N, 15 mL) was added. The mixture was stirred at room temperature for 18 hours. The solvent was removed under reduced pressure and toluene was distilled from the residue twice. The residue was dissolved in THF (15 mL) and cooled to 0 °C. Boc-L-Ala-OH (780 mg, 4.1 mmol), HATU (1.56 g, 4.1 mmol) and diisopropylethylamine (1.6 mL, 9.2 mmol) were added. The mixture was stirred at room temperature for 24 hours. The solvent was removed under reduced pressure. The residue was taken up in DCM and washed with aqueous HCl 5%, brine, and aqueous NaHCO 3 (sat). The organic phase was dried over MgSO 4 , filtered, and concentrated under reduced pressure. The residue was purified by column chromatography using DCM/MeOH

														  20 578 α
	1 H NMR (300 MHz, Compound 12:											
	BocHN	O	H N	O	H N	O	N H	O	H N	4	3	2	1	N 3
						12								
	(95:5) as eluent to give the title compound 12 (1.28 g, 79 %) as a white solid.Mp:73-75 °C;	  20 578 α	: +13 (c 0.5,
	DCM); 1 H NMR (300 MHz, CDCl 3 ) δ=1.37 (d, 3H, J = 7.2 Hz, CH 3 Ala), 1.43-1.52 (m, 21H, BocCH 3 , CH 3 Ala,
	CH 3 Aib), 1.59-1.65 (m, 4H, H 2 , H 3 ), 3.23-3.28 (m, 4H, H 1 , H 4 ), 3.82-3.89 (m, 1H, CHAla), 4.11-4.20 (m, 1H,
	CHAla), 4.36-4.46 (m, 1H, CHAla), 6.03 (bs, 1H, NH), 7.11-7.15 (m, 2H, NH), 7.63-7.65 ppm (m, 2H, NH); 13 C
	NMR (75 MHz, CDCl 3 ) δ=16.6, 16.7, 17.2 (CH 3 Ala), 23.0 (CH 3 Aib), 26.0, 26.3 (C 2 , C 3 ), 27.6 (CH 3 Aib), 28.2
	(BocCH 3 ), 38.8 (C 4 ), 49.5 (CHAla), 51.1 (C 1 ), 51.3, 53.0 (CHAla), 56.4 (CAib), 81.0 (BocC quat ), 156.9
	(BocCO), 173.0, 173.4, 174.3, 175.8 ppm (C=O); HRMS (ESI+) m/z calcd for C 22 H 41 N 8 O 6 : 513.3149 [M + H + ],
	found 513.3154.											

  DCM); 1 H NMR (300 MHz, CDCl 3 ) δ=1.41-1.52 (m, 27H, BocCH 3 , CH 3 Ala, CH 3 Aib), 1.64-1.66 (m, 4H, H 2 , H 3 ), 3.27-3.29 (m, 4H, H 1 , H 4 ), 3.95-4.02 (m, 2H, CHAla), 4.11-4.20 (m, 1H, CHAla), 4.43-4.53 (m, 1H, CHAla), 5.66 (bs, 1H, NH), 7.02 (b, 1H, NH), 7.24 (d, 1H, J = 5.6 Hz, NH), 7.32 (d, 1H, J = 5.4 Hz, NH), 7.58 (d, 1H, J = 7.8 Hz, NH), 7.65 ppm (s, 1H, NH); 13 C NMR (75 MHz, CDCl 3 ) δ=16.7, 16.9, 17.0, 17.2 (CH 3 Ala), 23.2 (CH 3 Aib), 26.1, 26.3 (C 2 , C 3 ), 27.2 (CH 3 Aib), 28.2 (BocCH 3 ), 38.8 (C 4 ), 49.6 (CHAla), 51.1 (C 1 ), 51.3, 51.9, 52.7 (CHAla), 56.7 (CAib), 80.9 (BocC quat ), 156.9 (BocCO), 173.3, 173.7, 173.8, 175.4, 176.3 ppm (C=O); NH, HRMS (ESI+) m/z calcd for C 25 H 46 N 9 O 7 : 584.3520 [M + H + ], found 584.3521.Compound 13 (291 mg, 0.5 mmol) was dissolved in DCM (1 mL) and a solution of HCl in diethyl ether (appx 2N, 9 mL) was added. The mixture was stirred at room temperature for 18 hours. The solvent was removed under reduced pressure and toluene was distilled from the residue twice. The residue was dissolved in THF (5 mL) and cooled to 0°C. Boc-Aib-OH (132 mg, 0.65 mmol), HATU (247 g, 0.65 mmol) and diisopropylethylamine (0.3 mL, 1.7 mmol)) were added. The mixture was stirred at room temperature for 24 hours. The solvent was removed under reduced pressure. The residue was taken up in DCM and washed with aqueous HCl 5%, brine, and aqueous NaHCO 3 (sat). The organic phase was dried over MgSO 4 , filtered, and concentrated under reduced pressure. The residue was purified by column chromatography using DCM/MeOH Ala),23.0, 23.3 (CH 3 Aib), 26.1, 26.3 (C 2 , C 3 ), 27.1, 27.2 (CH 3 Aib), 28.3 (BocCH 3 ), 38.9 (C 4 ), 49.5 (CHAla), 51.2 (C 1 ), 51.3, 51.9, 52.1 (CHAla), 56.6, 56.7 (CAib), 81.3 (BocC quat ), 156.0 (BocCO), 173.2, 173.6, 174.4, 174.6, 176.4 ppm (C=O); HRMS (ESI+) m/z calcd for C 29 H 52 N 10 O 8 : 669.4056 [M + H + ], found 669.4048.

												g, 83 %) as a white solid. Mp: 157-159 °C;	  20 578 α	: +21 (c
	0.5, Compound 14:															
	BocHN	O	N H	O	H N	O	N H	O	H N	O	N H	O	H N	4	3	2	1	N 3
								14										
	(92.5:7.5) as eluent to give the title compound 14 (295 g, 88 %) as a white solid. Mp: 204-206 °C;	  20 578 α	: +28 (c
	0.5, DCM); 1 H NMR (300 MHz, CDCl 3 ) δ=1.44-1.54 (m, 33H, BocCH 3 , CH 3 Ala, CH 3 Aib), 1.63-1.73 (m, 4H,
	H 2 , H 3 ), 3.26-3.30 (m, 4H, H 1 , H 4 ), 3.98-4.23 (m, 3H, CHAla), 4.42-4.51 (m, 1H, CHAla), 5.37 (s, 1H, NH),
	6.75 (d, 1H, J = 3.7 Hz, NH), 7.11 (t, 1H, J = 5.6 Hz, NH), 7.19 (d, 1H, J = 5.6 Hz, NH), 7.40 (s, 1H, NH), 7.55
	(d, 1H, J = 7.9 Hz, NH), 7.99 ppm (d, 1H, J = 5.2 Hz, NH); 13 C NMR (75 MHz, CDCl 3 ) δ=16.3, 16.8, 17.3
	(CH 3																	

  as eluent to give the title compound 15 (239 g, 79 %) as a yellow-white solid. Mp: 157-160 °C; MeOH); 1 H NMR (300 MHz, CDCl 3 , [C] = 50 mM) δ=1.45-1.54 (m, 26H, CH 3 Ala, CH 3 Aib, H 7 ), 1.61-1.74 (m, 8H, H 2 , H 3 ,H 6 ,H 8 ), 1.86-1.97 (m, 1H, H 10' ), 2.22-2.37 (m, 2H, H 5 ), 2.40-2.51 (m, 1H, H 10'' ), 3.06-3.22 (m, 3H, H 4'',11 ), 3.26-3.47 (m, 3H, H 1, H 4' ), 3.51-3.60 (m, 1H, H 9 ), 4.00-4.13 (m, 3H, CHAla), 4.22-4.31 (m, 1H, CHAla), 7.36 (t, 1H, J = 5.4 Hz, NH), 7.40 (d, 1H, J = 4.3 Hz, NH), 7.49 (s, 1H, NH), 7.68 (d, 1H, J = 6.9 Hz, NH), 7.80 (d, 1H, J = 6.6 Hz, NH), 7.84 (bs, 1H, NH), 7.96ppm (s, 1H, NH); 13 C NMR (75 MHz, CDCl 3 ) δ=16.1, 16.8, 17.0, 17.3 (CH 3 Ala), 22.7, 23.5 (CH 3 Aib), 25.2, 26.1 (C 2 , C 3 ,C 6 ), 26.6, 26.9 (CH 3 Aib), 28.7 (C 7 ), 34.5 (C 8 ), 35.5 (C 5 ), 38.4 (C 11 ), 39.0 (C 4 ), 40.2 (C 10 ), 50.8 (CHAla), 51.1(C 1 ) , 51.5, 52.2 (CHAla), 56.3 (C 9 ), 56.4, 56.5 (CAib), 174.3, 174.6, 174.8, 175.3, 175.6, 176.6, 176.7 ppm (C=O);HRMS (ESI+) m/z calcd for C 32 H 57 N 10 O 7 S 2 : 757.3853 [M + H + ], found 757.3849.

	  20 578 α	: +30 (c 0.5,
	Compound C 60 -peptide:	

  -1.52 (m, 26H, CH 3 Ala, CH 3 Aib, H 7 ), 1.59-1.71 (m, 6H, H 3 , H 6 , H 8 ), 1.85-1.99 (m, 3H, H 2 , H 10' ), 2.02-2.16 (m, 2H, H j ), 2.19-2.36 (m, 4H, H 5 , H d ), 2.39-2.49 (m, 1H, H 10'' ), 2.83-2.91 (m, 4H, H c , H m ), 3.10-3.21 (m, 2H, H 11 ), 3.23-3.33 (m, 2H, H 4 ), 3.52-3.56 (m, 1H, H 9 ), 3.68 (t, 2H, J = 6.8 Hz, H k ), 4.01-4.10 (m, 3H, CHAla), 4.25-4.30 (m, 1H, CHAla), 4.36 (t, 2H, H 1 , J = 6.4 Hz), 4.48 (t, 2H, J = 6.1 Hz, H i ), 4.59 (t, 2H, J = 5.9 Hz, H e ), 5.26 (s, 2H, H n ), 6.51 (s, 2H, H o ), 7.29-7.54 (m, 4H, NH, H a ), 7.59-7.68 (m, 2H, NH), 7.78-7.89 ppm (m, 2H, NH); 13 C NMR (75 MHz, CDCl 3 ) δ=16.4, 17.0(CH 3 ), 17.3, 17.4, 22.2 (C c ), 23.0 (CH 3 ), 23.8 (CH 3 ), 25.2, 26.8 (CH 3 ),

Table S1 . I.R. absorption data of hexapeptide 15, C 60 -peptide and C 60 -alkyl in

 S1 Figure S23. IR spectra of C 60 -alkyl in bulk (solid state) (bottom) and adsorbed on gold (top). IR spectra of C 60 -peptide in bulk (solid state) (bottom) and adsorbed on gold (top). IR spectra of hexapeptide 15 in bulk (solid state) (bottom) and adsorbed on gold (top). bulk (solid state) and adsorbed on gold.

	3500 3000 3500 3000 1800 wavenumber (cm -1 ) 2200 2000 1800 1600 1400 1200 1000 wavenumber (cm -1 ) 2200 2000 1800 1600 1400 1200 1000 wavenumber (cm -1 ) 1600 1400 1200 1000 C 60 -peptide C 60 -alkyl bulk SAM bulk SAM 1636 1658 1647 1644 1525 1542 1527 1542 1429 1434 1423 1399 1399 1402 1379 1382 1377 1306 1267 1295 1266 1224 1228 1238 1219 1181 1175 1187 4.3. Self-assembled monolayers -based BDP-C60-peptide assemblies: Absorbance (a. u.) Absorbance (a. u.) Figure S24. 3500 3000 Absorbance (a. u.) SAM bulk maleimide Amide I 1658 1647 Amide II 1542 1540 triazole ring 1430 νCN maleimide 1398 CH3 sym bending 1382 νC-O malonate 1295 νN-N 1228 Azide N=N-N 1216 ω 3 C 60 1175 Synthesis, characterization and photocurrent generation in Figure S25. Hexapeptide15 1740 1742 1747 1740 1699 1699 1708 1697 νc=o νc=o malonate νasym N=N-N 2093 2093 photoelectrochemical cells
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  1 for the sake of suitable comparison. As expected, the evolution of the transient species appeared to be very similar as that of the parent dyad 2.1 (see chapter 2, section 2.2). Furthermore, signatures for singlet excited 1 BDP* at 344, 427 and 1280 nm along with ground state bleaching of BDP were noticeable at longer times [301 to 2800 ps]. This can be attributed to presence of free-BDP, generated from the breaking of the thiol-maleimide linkage, which is in accordance with the obtained fs results for the parent BDP-C60 dyad 2.1.
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															14.4
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  Superimposed spectra of BDP-C60 dyad 2.1 (orange curve) and T1 (dark cyan curve) at 344, 427, 495, 551, 710, 916, 1050, and 1278 nm.

	344nm	427nm	495nm		551nm
	A				
	t(ps)	t(ps)	t(ps)		t(ps)
	710nm	916nm	1050nm	1.2	1278nm
	A				
	t(ps)	t(ps)	t(ps)		t(ps)
	Figure 4.17.				

Table 4 . 2 .

 42 Summary of the surface analysis data obtained from PM-IRRAS.Cyclic voltammetry (CV).The density of the monolayer was assessed by CV (blocking effect) experiments using bare and modified gold substrates as the working electrode[Au 

	Compound	Amide	Amide II	Tilt angle γ
		I	(cm -1 )	(deg, ±2)
		(cm -1 )		
	4.1 SAM	1658	1542	48.5
	R2 SAM	1658	1542	37.4
	R4 SAM	1654	1547	-
	T1 SAM	1659	1543	40.0
	T2 SAM	1661	1543	43.7

Table 4 . 3 .

 43 Electrochemical Half-Wave Potentials (V vs. Fc + /Fc) of the target and reference assemblies T1, T2, R1, R2, and R4 obtained from CVs in solution or/and on grown SAMs on gold microelectrodes.Integration of the area under the cathodic or anodic peak, owing to the first/second reductions of the C60 and the oxidation of the BDP respectively, allows us to calculate the surface coverage of our target and reference assemblies on the gold microelectrodes. This method is imperative for our study since it provides important information regarding the density of our

		Potential (V vs. Fc + /Fc)	
	Compound	BDP 0/+	C60 0/-	C60 -/2-
	R2-SAM		-0.92	-1.28
	R4-SAM	+0.71		
	T1-solution	+0.59	-0.99	-1.37
	T1-SAM	+0.71	-0.91	-1.29
	T2-SAM	+0.71	-0.89	-1.29
	R1-solution	+0.57	-1.01	-1.39
	R1-SAM	+0.71	-0.91	-1.29

reference and target assemblies on gold surfaces. The estimated surface coverage values Γ (mol cm -2 ) and the corresponding minimum surface area per molecule (nm 2 ) of our target and reference assemblies on gold microelectrodes are listed in table

4.4. 

To our knowledge, peptide-based SAM has never been investigated by ultra-fast electrochemistry in the literature. The advantage of this technique, in comparison with the conventional electrochemistry, is that it provides more accurate extracted data (surface coverage, electron transfer rate) brought by well-defined and -resolved cyclic voltammograms.

Table 4 . 4 .

 44 Calculated surface coverage, and surface area per molecule of the target and reference assemblies T1, T2, R1, R2, and R4 obtained from CVs of grown SAMs on gold microelectrodes.

	Compound-	Surface coverage	Surface area per
	SAM	Γ (10 -11 mol cm -2 )	molecule (nm 2 )
	R2	6.50	2.49
	R4	1.95	8.51
	T1	3.07	5.40
	T2	2.15	7.76
	R1	1.77	9.38

Table 4 . 5 .

 45 Calculated values of electron transfer rate constants kS for the SAMs formed by reference and target assemblies on gold surfaces.

  using copper (I) bromide CuBr and (hexabenzyl)tren as a bulky ligand in dichloromethane for 48 hours. Again, we succeeded to design and efficiently isolate fullerene-based sophisticated architectures through our new methodology incorporating the dual functionalization of the methanofullerene building block II.

3.48, 3.49, 3.50 to a deprotection using TBAF in DCM, followed by the click reaction with the hexapeptide-azide 4.

1 

  (43.7° and 48.5° respectively, see section4.3), which can be assigned to the additional Fc moieties grafted on the BDP that might disturb the peptide orientation within the monolayers.

6

. Similar values of tilt angles were obtained for the SAM -modified gold surfaces by three target assemblies around 55.0 ±3° (

53.3, 55.7

, and 57.4° for T3, T4, and T5 respectively). These values are larger than that corresponding to BDP-C60-peptide assembly T2 and hexapeptide 4.

1 

Table 4 . 6 .

 46 Summary of the surface analysis data obtained from PM-IRRAS and ellipsometry.

	Compound-SAM	Amide I	Amide II	Tilt angle γ
		(cm -1 )	(cm -1 )	(deg, ±3)
	T3	1661	1541	53.4
	T4	1663	1541	57.3
	T5	1660	1541	55.7

Table 4 . 9 .

 49 Calculated values of electron transfer rate constants kS from each redox center for the SAMs formed by T3, T4, and T5 assemblies on gold microelectrodes.

		Electron transfer rate constant kS
			×10 4 (s -1 )	
	Compound-			
	SAM	BDP 0/+	Fc 0/+	C60 0/-
	T3	13.0	8.00	20.0
	T4	10.0	6.00	14.0
	T5	11.0	2.00	11.0

  ..H-N hydrogen bonds. This pattern is consistent with an -helix conformation. The extracted geometrical parameters are listed in table4.10. oxidation of the BDP at a standard potential of +0.71 V (vs. Fc + /Fc). This value is consistent with those obtained for the oxidation of BDP entity within the assemblies R4, T1, and T2 (see previous section 4.3).

6.2. Synthetic procedures and characterization data 6.2.1. Chapter 2 Compound 2.2'

  To a 25 mL flask under argon was added compound 2.2 (45 mg, 0.03 mmol) in dry DCM (8 mL). Argon was bubbled through the solution for 30 minutes, then TBAF solution 1.0 M in THF (20 μL, 0.072 mmol) was added at 0 o C. The reaction temperature was then brought to room temperature, and the mixture was stirred for 3 hours. After complete consumption of the starting material, the solution was washed twice with 20 mL of water and extracted with DCM. The organic phase was dried over anhydrous MgSO 4 , then filtered, and finally concentrated under reduced pressure. After purification by column chromatography on silica gel (DCM/Et 2 O 100/6), 28 mg of 2.2' as a red solid were obtained (yield= 65%). 1 H NMR (300 MHz, CDCl 3 ): δ 0.97 (t, J=7.4 Hz, 6H; H B ), 1.29 (s, 6H; H D ), 2.03-2.13 (m, 3H; H j and H m ), 2.22-2.35 (m, 6H; H C , H d ), 2.37-2.47 (m, 2H; H k ), 2.51 (s, 6H; H A ), 2.99 (t, J=7.3 Hz, 2H; H c ), 4.43 (t, J=4.8 Hz, 2H; H H ), 4.61 (dt, J=6.3 Hz, J=6.5 Hz, 4H; H e , H i ), 4.80 (t, J=4.7 Hz, 2H; H G ), 6.99 (d, J=8.4 Hz, 2H; H E or H F ), 7.17 (d, J=8.4 Hz, 2H; H E or H F ), 7.62 ppm (s, 1H, H a ); 19 F NMR (282 MHz, CDCl 3 ): δ= -145.61 ppm (q, J= 34.4 Hz); 11 B NMR (96 MHz, CDCl 3 ): δ=2.22 ppm (t, J= 34.5 Hz); HRMS (ESI): m/z calcd for C 98 H 44 BF 2 N 5 O 5 Na: 1442.3318 [M+Na + ]; found: 1442.3301.

6.

2.2. Chapter 3 Compound 3.13

  To a 500 mL tricol flask was added hydroxyethoxybenzaldehyde (700 mg, 4.2 mmol) in anhydrous DCM (250 mL). Argon was bubbled through the solution for 20 min. Then 2,4dimethylpyrrole (1.08 mL, 10.5 mmol) and trifluoroacetic acid TFA (0.1 mL) were added. The mixture was stirred for 5 hours. Then chloranil (1.03 g, 4.2 mmol) was added and the reaction was stirred for 15 minutes. After the addition of Et 3 N (4.7 mL, 33.6 mmol), the solution was stirred for 15 minutes, then boron trifluoride etherate (6.7 mL, 54.6 mmol) was introduced to the flask. The mixture was then stirred for 4 hours at room temperature. The DCM was evaporated. After purification by column chromatography on silica gel (DCM/Et 2 O 95/5), a yellow-orange solid was obtained (R= 35%). 1 H NMR (300 MHz, CDCl 3 ) δ 1.42 (s, 6H; -CH 3 ), 2.19 (bs, 1H; -OH), 2.55 (s, 6H; -CH 3 ), 3.99-4.04 (m, 2H; -CH 2 -OH), 4.14 (t, J = 6.4 Hz, 2H; -CH 2 -O-), 5.97 (s, 2H; -CH), 7.02 (d, J = 8.6 Hz, 2H; H arom ), 7.17 (d, J = 8.6 Hz, 2H; H arom );

19 F NMR (282 MHz, CDCl 3

  

) δ -146.11 (q, J = 34.4 Hz);

11 B NMR (96 MHz, CDCl 3 ) δ

  2.21 (t, J= 34.5 Hz);

13 C NMR (75 MHz, CDCl 3 ) δ

  14.71 (-CH 3 ),61.5 (-CH 2 -OH),69.3 (-CH 2 -O-), 115.2 (C BDParom ), 121.2 (-CH), 127.6, 129.4 131.9, 141.7, 143.2, 155.4, 159.3 (C BDParom ); HRMS (ESI+) m/z calcd for C 21 H 23 BF 2 N 2 O 2 Na: 407.1718 [M + Na + ], found: 407.1717. To a 50 mL flask was added Compound 3.13 (60 mg, 0.16 mmol) in anhydrous DCM (15 mL). A solution of N-iodosuccinimide (35 mg, 0.155 mmol) in 5 mL DMF was added drop wise at 0 o C. The mixture was stirred overnight at room temperature. The solvent mixture was evaporated. After purification by column chromatography on silica gel (Chloroform/Et 2 O 5%), an orange solid was obtained (R= 70%). 1 H NMR (300 MHz, CDCl 3 ) δ 1.43 (s, 6H; -CH 3 ), 2.14 (bs, 1H; -OH), 2.55 (s, 3H, -CH 3 ), 2.62 (s, 3H, -CH 3 ), 4.03 (bs, 2H; -CH 2 -OH), 4.15 (t, J = 6.4 Hz, 2H; -CH 2 -O-), 6.04 (s, 1H; -CH), 7.04 (d, J = 8.6 Hz, 2H, H arom ), 7.16 (d, J = 8.6 Hz, 2H; H arom ); 19 F NMR (282 MHz, CDCl 3 ) δ -145.90 (q, J = 34.4 Hz);

	Compound 3.14

11 B NMR (96 MHz, CDCl 3 )

  δ 2.21 (t, J= 34.5 Hz); 13 C NMR (75 MHz, CDCl 3 ) δ 13 C NMR (75 MHz, CDCl 3 ) δ 14.9 (-CH 3 ), 15.9 (-CH 3 ), 16.9 (-CH 3 ), 61.5 (-CH 2 -OH), 69.3 (-CH 2 -O-), 84.3 (C-I), 115.3 (C BDP-arom ), 122.3 (-CH), 127.4 , 129.27 , 131.4, 132.3, 141.5, 143.3, 145.2, 154.5, 157.8, 159.5 (C BDP-arom ); HRMS (ESI+) m/z calcd for C 21 H 22 BF 2 IN 2 O 2 Na: 533.0685 [M + Na + ], found: 533.0685. To a 50 mL flask was added Compound 3.13 (70 mg, 0.18 mmol) in anhydrous DCM (12 mL), then N-iodosuccinimide (165 mg, 0.73 mmol) was added. The mixture was stirred for 12 hours at room temperature. The DCM was evaporated. After purification by column chromatography on silica gel (DCM/Et 2 O 95:5), a red solid was obtained (R= 90%).1

	Compound 3.15

H NMR (300 MHz, CDCl 3 ) δ

  1.44 (s, 6H; -CH 3 ), 2.05 (t, J = 6.02 Hz, 1H; -OH), 2.64 (s, 6H; -CH 3 ), 4.02-4.06 (m, 2H; -CH 2 -OH), 4.17 (t, J = 6.4 Hz, 2H; -CH 2 -O-), 7.06 (d, J = 8.6 Hz, 2H; H arom ), 7.15 (d, J = 8.6 Hz, 2H; H arom );

19 F NMR (282 MHz, CDCl 3

  

) δ -146.11 (q, J =

34.4 

Hz);

11 B NMR (96 MHz, CDCl 3 ) δ

  2.21 (t, J= 34.5 Hz);

13 C NMR (75 MHz, CDCl 3 ) δ

  16.6 (-CH 3 ),17.3 (-CH 3 ),61.5 (-CH 2 -OH), 69.4 (-CH 2 -O-), 85.8 (C-I), 115.5 , 127.3, 129.3 , 131.8, 141.8, 145.4, 156.7, 159.7 (C BDParom ); HRMS (ESI+) m/z calcd for C 21 H 21 BF 2 I 2 N 2 O 2 Na: 658.9650 [M + Na + ], found: 658.9663.

  15 mL, 1.078 mmol) and n-butyllithium solution1.6 M in hexane (0.73 mL,1.18 mmol) at -78 o C. The mixture was stirred for 30 minutes at -78 o C. The obtained solution was added drop-wise to a solution of tetrathiafulvalene TTF (200 mg, 0.98 mmol) in THF (7mL) at -78 o C. The mixture was then stirred at the same temperature for one hour. Then, 1,2-diodoethane (360 mg, 1.3 mmol) was added to the mixture at -78 o C and the reaction was stirred overnight at room temperature. After purification by column chromatography on silica gel (cyclohexane), an orange solid was obtained (R= 58%). 1 H NMR (300 MHz, CDCl 3 ) δ 6.33 (s, 2H; H TTF ), 6.41 (s, 1H; H TTF ).

  ), Pd(PPh 3 ) 4 (35 mg, 0.03mmol), DIPA (0.31 mL, 2.2 mmol) and TTF-I (180 mg, 0.55 mmol) in THF (12 mL). Argon was bubbled through the solution for 30 min. Trimethylsilylacetylene (0.46 mL, 3.3 mmol) was then added to the solution. The mixture was stirred overnight at room temperature under argon. After purification by column chromatography on silica gel (cyclohexane), an orange solid was obtained (R= 91%).

1 H NMR (300 MHz, CDCl 3 ) δ 0.19 (s, 9H, H TMS ), 6.31 (s, 2H; H TTF ), 6.50 (s, 1H; H TTF ).

19 F NMR (282 MHz, CDCl 3

  To a 25 mL flask under argon was added CuI (2 mg, 0.010 mmol), Pd(PPh 3 ) 4 (6 mg, 0.005mmol), and TTF-tributylstannane (73 mg,0.148 mmol) in THF (6 mL). Argon was bubbled through the solution for 30 min. Compound 3.14 (50 mg, 0.098 mmol,) was added. The mixture was refluxed for 48h at 80 o C under argon. The mixture was cooled to room temperature and concentrated under reduced pressure. After purification by column chromatography on alumina gel (AcOET/EP 1/1), a dark mauve solid was obtained (R= 55%). 1 H NMR (300 MHz, CDCl 3 ) δ 1.42 (s, 3H; -CH 3 ), 1.44 (s, 3H; -CH 3 ), 2.04 (bs, 1H; -OH), 2.57 (s, 3H; -CH 3 ), 2.58 (s, 3H; -CH 3 ), 4.03 (bs, 2H; -CH 2 -OH), 4.15 (t, J = 6.4 Hz, 2H; -CH 2 -O-), 5.96 (s, 1H; H TTF ), 6.04 (s, 1H; -CH), 6.31 (s, 2H; H TTF ), 7.04 (d, J = 8.6 Hz, 2H; H arom ), 7.17 (d, J = 8.6 Hz, 2H; H arom ); 11 B NMR (96 MHz, CDCl 3 ) δ 2.15 (t, J= 34.5 Hz); HRMS (ESI+) m/z calcd for C 27 H 25 BF 2 N 2 O 2 S 4 : 586.0860 [M +. ], found: 586.0869. To a 50 mL flask was added Compound 3.15 (80 mg, 0.12 mmol) in anhydrous DCM (4 mL). Toluenesulfonyl chloride (36 mg, 0.19 mmol), Et 3 N (0.06 mL, 0.43 mmol) and DMAP (0.1 mg, 0.005 mmol) were added at 0°C. The mixture was stirred overnight at room temperature. The DCM was evaporated. After purification by column chromatography on silica gel (DCM), a red solid was obtained (R= 85%). 1 H NMR (300 MHz, CDCl 3 ) δ 1.41 (s, 6H; -CH 3 ), 2.48 (s, 3H; -CH 3 -tosyl), 2.64 (s, 6H; -CH 3 ), 4.23-4.26 (m, 2H; -CH 2 -O-tosyl), 4.40-4.43 (m, 2H; -CH 2 -O), 6.95 (d, J = 8.6 Hz, 2H, H arom ), 7.13 (d, J = 8.6 Hz, 2H; H arom ), 7.39 (d, J = 8.6 Hz, 2H; H arom ), 7.86 (d, J = 8.6 Hz, 2H; H arom ). CH 3 ), 17.3 (-CH 3 ), 21.9 (-CH 3 -tosyl), 65.7 (-CH 2 -O-tosyl), 68.0 (-CH 2 -O), 85.8 (C-I), 115.5 (C BDParom ), 127.6 (C BDParom ), 128.2 (C arom-Tosyl ), 129.3 (C BDParom ), 130.1 (C arom-Tosyl ), 131.8, 132.9, 141.3, 145.3, 145.4, 156.9, 159.1 (C BDParom ); HRMS (ESI+) m/z calcd for C 28 H 28 BF 2 I 2 N 2 O 4 S : 790.9920 [M + H + ], found 790.9926. To a 25 mL flask under argon was added CuI (1.2 mg, 0.0063 mmol), Pd(PPh 3 ) 4 (3.6 mg, 0.0032 mmol), and TTF-tributylstannane (93 mg, 0.19 mmol) in THF (5 mL). Argon was bubbled through the solution for 30 min. Compound 3.18 (50 mg, 0.063 mmol,) was added. The mixture was refluxed for 24 hours at 80 o C under argon. The mixture was cooled to room temperature and concentrated under reduced pressure. After purification by column chromatography on silica gel (AcOEt/EP 5/6), a dark mauve solid was obtained (R= 65%). -CH 3 ), 2.47 (s, 3H; -CH 3 -tosyl), 2.59 (s, 6H; -CH 3 ), 4.21-4.23 (m, 2H; -CH 2 -OH), 4.40-4.42 (m, 2H; -CH 2 -O-), 5.99 (s, 2H; H TTF ), 6.31 (s, 4H; H TTF ), 6.94 (d, J = 8.6 Hz, 2H; H arom ), 7.14 (d, J = 8.6 Hz, 2H; H arom ), 7.38 (d, J = 8.6 Hz, 2H; H aromtosyl ), 7.85 (d, J = 8.6 Hz, 2H; H aromtosyl );

	Compound 3.16
	Compound 3.19
	Compound 3.18

). 1 H NMR (300 MHz, CDCl 3 ) δ 3.22 (s, 1H, H alkyne ), 6.32 (s, 2H; H TTF ), 6.58 (s, 1H; H TTF ). ) δ -145.63 (q, J = 34.4 Hz); 11 B NMR (96 MHz, CDCl 3 ) δ 2.23 (t, J= 34.5 Hz); 13 C NMR (75 MHz, CDCl 3 ) δ 16.2 (-1 H NMR (300 MHz, CDCl 3 ) δ 1.41 (s, 6H;

19 F NMR (282 MHz, CDCl 3

  

) δ -145.72 (q, J = 34.4 Hz); 11 B NMR (96 MHz, CDCl 3 ) δ 2.08 (t, J= 34.5 Hz);

13 C NMR (75 MHz, CDCl 3 )

  δ13.3 (-CH 3 ),17.7 (-CH 3 ),21.9 (-CH 3 -tosyl),65.7 (-CH 2 -OH),68.0 (-CH 2 -O-),115.6 (C BDParom ),118.3, 119.1, 119.3, 124.4,127.2 (C TTF ),127.3 (C BDParom ),128.2 (C arom- Tosyl ),129.3 (C BDParom ),130.1 (C arom-Tosyl ),131.7, 132.9, 142.4, 143.0, 145.3, 155.7, 159.0 (C BDParom ); HRMS (ESI+) m/z calcd for C 40 H 33 BF 2 N 2 O 4 S 9 : 941.9988 [M .+ ], found 942.0021. To a 25 mL flask under argon was added Compound 3.14 (50 mg, 0.098 mmol) in THF/water 9/1 (5 mL), then K 2 CO 3 (50 mg, 0.36 mmol) and phenylboronic acid (27 mg, 0.22 mmol) were added. Argon was bubbled through the solution for 30 min, then Pd(PPh 3 ) 4 (12 mg, 0.010 mmol) was added and the mixture was refluxed overnight at 85 o C under argon. The mixture was cooled to room temperature and concentrated under reduced pressure. The crude product was extracted into Et 2 O (3 x 10 mL) after treating with 3 mL of water then dried over MgSO 4 . After purification by column chromatography on silica gel (DCM/Et 2 O 100:4), an orange solid was obtained (R= 80%). 1 H NMR (300 MHz, CDCl 3 ) δ 1.35 (s, 3H; -CH 3 ), 1.44 (s, 3H; -CH 3 ), 2.04 (bs, 1H; -OH), 2.51 (s, 3H; -CH 3 ), 2.58 (s, 3H; -CH 3 ), 4.02 (t, J = 4.2 Hz, 2H; -CH 2 -OH), 4.14 (t, J = 4.4 Hz, 2H; -CH 2 -O-), 6.00 (s, 1H; -CH), 7.04 (d, J = 8.6 Hz, 2H; H arom ), 7.15 (d, J = 8.6 Hz, 2H; H arom ), 7.22 (d, J = 8.7 Hz, 2H; H arom ), 7.30-7.40 (m, 3H; H arom ); 19 F NMR (282 MHz, CDCl 3 ) δ -146.10 (q, J = 34.4 Hz); 11 B NMR (96 MHz, CDCl 3 ) δ 2.33 (t, J= 34.5 Hz); 13 C NMR (75 MHz, CDCl 3 ) δ 13.0, 13,5 (-CH 3 ), 14.8 (-CH 3 ), 61.5 (-CH 2 -OH), 69.3 (-CH 2 -O-), 115.3 (C BDParom ), 121.4 (-CH), 127.1, 127.8, 128.4, 129.5, 130.3, 131.5, 132.2, 133.7, 133.8, 139.2, 142.0, 143.4, 154.0, 155.7, 159.3 (C BDParom ); HRMS (ESI+) m/z calcd for C 27 H 27 BF 2 N 2 O 2 : 460.2134 [M .+ ], found 460.2140.To a 25 mL flask under argon was added Compound 3.15 (55 mg, 0.086 mmol) in THF (6 mL), then K 2 CO 3 (60 mg, 0.43 mmol) and phenylboronic acid (64 mg, 0.50 mmol,) were added. Argon was bubbled through the solution for 30 min, then Pd(PPh 3 ) 4 (20 mg, 0.017 mmol) was added and the mixture was refluxed overnight at 85 o C under argon. The mixture was cooled to room temperature and concentrated under reduced pressure. The crude product was extracted into Et 2 O (3 x 10 mL) after treating with 3 mL of water then dried over MgSO 4 . After purification by column chromatography on silica gel (DCM/Et 2 O 100:4), an orange solid was obtained (R= 50%). 1 H NMR (300 MHz, CDCl 3 ) δ 1.37 (s, 6H; -CH 3 ), 2.02 (bs, 1H; -OH), 2.54 (s, 6H, -CH 3 ), 4.02 (bs, 2H; -CH 2 -OH), 4.14 (bs, 2H; -CH 2 -O-), 7.05 (d, J = 8.6 Hz, 2H, H arom ), 7.17 (dd, J = 8.6 Hz, 4H; H arom ), 7.31-7.42 (m, 8H; H arom );

	Compound 3.21
	Compound 3.20

19 F NMR (282 MHz, CDCl 3

  ) δ -145.98 (q, J = 34.4 Hz); 11 B NMR (96 MHz, CDCl 3 ) δ 2.44 (t, J= 34.5 Hz); 13 C NMR (75 MHz, CDCl 3 ) δ 13.1 (-CH 3 ), 13.5 (-CH 3 ), 61.5 (-CH 2 -OH), 69.3 (-CH 2 -O), 115.4, 119.0, 123.3, 127.2, 128.1, 128.4, 128.5, 129.5, 129.9, 130.2, 130.3, 131.8, 133.8, 139.3, 142.1, 154.2, 159.4 (C BDParom ); HRMS (ESI+) m/z calcd for C 33 H 31 BF 2 N 2 O 2 : 536.2447 [M .+ ], found 536.2450. To a 25 mL flask under argon was added CuI (2 mg, 0.010 mmol), Pd(PPh 3 ) 4 (6 mg, 0.005 mmol), and Compound 3.14 (50 mg, 0.098 mmol) in THF (4 mL). Argon was bubbled through the solution for 30 min. Phenylacetylene (0.04 mL, 0.392 mmol,) and 1mL of DIPA were added. The mixture was refluxed overnight at 80 o C under argon. The mixture was cooled to room temperature and concentrated under reduced pressure. After purification by column chromatography on silica gel (DCM/Et 2 O 100:5), a red solid was obtained (R= 70%). -CH 3 ), 1.56 (s, 3H; -CH 3 ), 2.09 (bs, 1H, -OH), 2.58 (s, 3H; -CH 3 ), 2.70 (s, 3H; -CH 3 ), 4.03-4.05 (m, 2H; -CH 2 -OH), 4.16 (t, J = 6.4 Hz, 2H; -CH 2 -O-), 6.03 (s, 1H ; -CH), 7.06 (d, J = 8.6 Hz, 2H; H arom ), 7.19 (d, J = 8.6 Hz, 2H; H arom ), 7.30-7.33 (m, 3H; H arom ), 7.44-7.47 (m, 2H; H arom );

	Compound 3.24

1 H NMR (300 MHz, CDCl 3 ) δ 1.45 (s, 3H;

19 F NMR (282 MHz, CDCl 3

  

) δ -146.23 (q, J = 34.4 Hz); 11 B NMR (96 MHz, CDCl 3 ) δ 2.12 (t, J= 34.5 Hz);

13 C NMR (75 MHz, CDCl 3 ) δ

  13.6, 13,7 (-CH 3 ),14.9 (-CH 3 ),61.5 (-CH 2 -OH),69.4 (-CH 2 -O-),82.1, 96.0 (C alkyne ),115.3 (C BDParom ), 122.1 (-CH),123.7, 127.1, 128.3, 128.5, 129.4 130.8, 131.4 (C BDParom ),132.9, 142.1, 142.8, 144.8, 156.6, 157.6, 159.5 (C BDParom ); HRMS (ESI+) m/z calcd for C 29 H 27 BF 2 N 2 O 2 : 484.2134 [M .+ ], found 484.2133. To a 25 mL flask under argon was added CuI (3 mg, 0.016 mmol), Pd(PPh 3 ) 4 (9 mg, 0.0078 mmol), and Compound 3.15 (50 mg, 0.078 mmol) in DMF (4 mL). Argon was bubbled through the solution for 30 min. Phenylacetylene (0.05 mL, 0.468 mmol,) and 1mL diisopropylamine were added. The mixture was heated overnight at 85 o C under argon. The mixture was cooled to room temperature and concentrated under reduced pressure. After purification by column chromatography on silica gel (DCM/Et 2 O 100:4), a red solid was obtained (R= 55%). 1 H NMR (300 MHz, CDCl 3 ) δ 1.58 (s, 6H; -CH 3 ), 2.06 (bs, 1H; -OH), 2.72 (s, 6H; -CH 3 ), 4.05 (bs, 2H; -CH 2 -OH), 4.18 (t, J = 6.4 Hz, 2H; -CH 2 -O-), 7.08 (d, J = 8.6 Hz, 2H; H arom ), 7.21 (d, J = 8.6 Hz, 2H; H arom ), 7.29-7.36 (m, 6H; H arom ), 7.45-7.48 (m, 4H; H arom ); 19 F NMR (282 MHz, CDCl 3 ) δ -146.30 (q, J = 34.4 Hz);

	Compound 3.25

11 B NMR (96 MHz, CDCl 3 )

  δ 2.05 (t, J=34.5 Hz);13 C NMR (75 MHz, CDCl 3 ) δ 13.8 (-CH 3 ),61.5 (-CH 2 -OH),69.4 (-CH 2 -O-),81.7,96.6 (C alkyne ),115.5, 116.2, 123.5, 127.1, 128.3, 128.5, 129.4 131.5, 131.7, 142.6, 144.1, 158.5, 159.7 (C BDParom ); HRMS (ESI+) m/z calcd for C 37 H 31 BF 2 N 2 O 2 : 584.2447 [M .+ ], found 584.2468 To a 50 mL flask under argon was added CuI (22 mg, 0.11 mmol), Pd(PPh 3 ) 4 (66 mg, 0.06 mmol), Et 3 N (0.6 mL, 3.48 mmol) and 3.14 (300 mg, 0.58 mmol) in THF (20 mL). Argon was bubbled through the solution for 30 min. Trimethylsilylacetylene (0.32 mL, 2.35 mmol) was then added to the solution. The mixture was stirred overnight at room temperature under argon. After purification by column chromatography on silica gel (DCM/Et 2 O 100:4), an orange solid was obtained (R= 91%). HRMS (ESI+) m/z calcd for C 26 H 31 BF 2 N 2 O 2 Si: 480.2216 [M + . ], found 480.2228.Strategy 1: To a 25 mL flask under argon was added copper(I) iodide CuI (1.6 mg, 0.008 mmol), Pd(PPh 3 ) 4 (5 mg, 0.004 mmol), and ethynylTTF (30 mg, 0.132 mmol) in THF (6 mL). Argon was bubbled through the solution for 30 min. Then DIPA (0.07 mL, 0.53 mmol), and Compound 3.14 (45 mg, 0.088 mmol,) were added. The mixture was refluxed for 2 days at 60 o C under argon. The mixture was cooled to room temperature and concentrated under reduced pressure. After purification by column chromatography on alumina gel (AcOEt/EP 3/2), a dark mauve solid was obtained (R= 30%). Strategy 2: To a 25 mL flask containing degassed THF (12 mL) was added Compound 3.28 (90 mg, 0.18 mmol) under argon. TBAF solution 1.0 M in THF (0.1 mL, 0.30 mmol) was added dropwise at -78 o C. The reaction temperature was then brought to room temperature, and the mixture was stirred for 1 h. Then, CuI (4 mg, 0.02 mmol), Pd(PPh 3 ) 4 (12 mg, 0.01 mmol), and TTF-I (205 mg, 0.62 mmol). The mixture was heated overnight at 60 o C under argon. The mixture was then cooled to room temperature and concentrated under reduced pressure. After purification by column chromatography on silica gel (DCM/Et 2 O 100:4), a mauve solid was obtained (R= 56%). CDCl 3 ) δ 1.45 (s, 3H; -CH 3 ), 1.47 (s, 3H; -CH 3 ), 2.04 (bs, 1H; OH), 2.57 (s, 3H; -CH 3 ), 2.61 (s, 3H; -CH 3 ), 4.03 (bs, 2H, -CH 2 -OH), 4.16 (t, 2H, -CH 2 -O-), 6.05 (s, 1H; -CH), 6.32 (s, 2H; H TTF ), 6.44 (s, 1H; H TTF ), 7.05 (d, J = 8.6 Hz, 2H; H arom ), 7.17 (d, J = 8.6 Hz, 2H; H arom ); 19 F NMR (282 MHz, CDCl 3 ) δ -146.19 (q, J = 34.4 Hz);

	Compound 3.28
	Compound 3.26

1 H NMR (300 MHz,

11 B NMR (96 MHz, CDCl 3 )

  δ 2.06 (t, J= 34.5 Hz); 13 C NMR (75 MHz, CDCl 3 ) δ 13 C NMR (75 MHz, CDCl 3 ) δ13.5, 13,7 (-CH 3 ), 15.0 (-CH 3 ), 61.5 (-CH 2 -OH), 69.4 (-CH 2 -O-), 86.6, 86.8 (C alkyne ), 115.4 (C BDParom ), 116.4, 119.0, 119.2 (C TTF ), 122.6 (-CH), 123.4 (C TTF ), 127.1 , 129.3, 130.6, 133.3, 142.3, 142.8, 145.5, 156.2, 158.6, 159.6 (C BDParom ); HRMS (ESI+) m/z calcd for C 29 H 26 BF 2 N 2 O 2 S 4 : 610.0860 [M + H + ], found: 610.0880. To a 25 mL flask under argon was added CuI (17 mg, 0.09 mmol), Pd(PPh 3 ) 4 (35 mg, 0.05 mmol), and Compound 3.15 (280 mg, 0.44 mmol) in THF/DIPA (12 mL/ 1:1). Argon was bubbled through the solution for 30 min. Trimethylsilylacetylene (0.24 mL, 1.76 mmol,) was then added to the solution. The mixture was stirred overnight at room temperature under argon. After purification by column chromatography on silica gel (DCM/Et 2 O 100:5), a red solid was obtained (R= 70%). 1 H NMR (300 MHz, CDCl 3 ) δ 0.20 (s, 18H; H TMS ), 1.50 (s, 6H; -CH 3 ), 2.08 (bs, 1H; -OH), 2.63 (s, 6H; -CH 3 ), 4.03 (t, J = 6.4 Hz, 2H; -CH 2 -OH), 4.15 (t, J = 6.4 Hz, 2H; -CH 2 -O-), 7.04 (d, J = 8.6 Hz, 2H; H arom ), 7.14 (d, J = 8.6 Hz, 2H; H arom ); 19 F NMR (282 MHz, CDCl 3 ) δ -146.39 (q, J = 34.4 Hz);

	Compound 3.29

11 B NMR (96 MHz, CDCl 3

  TMS ),13.7 (-CH 3 ),61.5 (-CH 2 -OH),69.4 (-CH 2 -O),97.3, 101.8 (C alkyne ),115.4, 116.4, 127.0,129.3, 131.5, 142.8, 145.0, 158.8, 159.6 (C BDParom ); HRMS (ESI+) m/z calcd for C 31 H 39 BF 2 N 2 O 2 Si 2 : 577.2689 [M + H + ], found 577.2682. To a 25 mL flask containing degassed DCM (8mL) was added Compound 3.29 (45 mg, 0.077 mmol) under argon. TBAF solution 1.0 M in THF (0.1 mL, 0.31 mmol) was added dropwise at -78 o C. The reaction temperature was then brought to room temperature, and the mixture was stirred for 1 h. After the addition of water (20 mL), the mixture was extracted with DCM, the organic phase was then dried with MgSO 4 and filtered through a cotton plug, and finally concentrated under reduced pressure. Then a degassed mixture of THF/Et 3 N (10/1 mL) was added to the flask, followed by CuI (3 mg, 0.0154 mmol), Pd(PPh 3 ) 4 (9 mg, 0.0077 mmol), and TTF-I (101 mg, 0.308 mmol). The mixture was heated overnight at 60 o C under argon. The mixture was then cooled to room temperature and concentrated under reduced pressure. After purification by column chromatography on silica gel (DCM/Et 2 O 100:7), a mauve solid was obtained (R= 30%). 1 H NMR (300 MHz, CDCl 3 ) δ 1.53 (s, 6H; -CH 3 ), 2.00 (t, 1H, -OH , J = 6.02 Hz), 2.63 (s, 6H; -CH 3 ), 4.03-4.07 (m, 2H; -CH 2 -OH), 4.16-4.19 (m, 2H; -CH 2 -O-), 6.32 (s, 4H; H TTF ), 6.47 (s, 2H; H TTF ), 7.06 (d, J = 8.6 Hz, 2H; H arom ), 7.16 (d, J= 34.5 Hz); 13 C NMR is missing due to the insolubility in solvents; HRMS (ESI+) m/z calcd C 37 H 27 BF 2 N 2 O 2 S 8 : 835.9899 [M

	Compound 3.27

) δ 1.95 (t, J= 34.5 Hz); 13 C NMR (75 MHz, CDCl 3 ) δ 13 C NMR (75 MHz, CDCl 3 ) δ 0.2 (C J = 8.6 Hz, 2H; H arom ); 19 F NMR (282 MHz, CDCl 3 ) δ -146.17 (q, J = 34.4 Hz); 11 B NMR (96 MHz, CDCl 3 ) δ 1.94 (t,

11 B NMR (96 MHz, CDCl 3 )

  ). 1 H NMR (300 MHz, CDCl3) δ 0.98 (t, J = 7.5 Hz, 6H; -CH 2 -CH 3 ), 1.32 (s, 6H; -CH 3 ), 2.07 (bs, 1H; -OH), 2.30 (q, J = 7.6 Hz, 4H; -CH 2 -CH 3 ), 2.52 (s, 6H; -CH 3 ), 4.03 (t, J = 4.5 Hz, 2H; -CH 2 -OH), 4.16 (t, J = 4.4 Hz, 2H; -CH 2 -O-), 7.03 (d, J = 8.6 Hz, 2H; H arom ), 7.18 (d, J = 8.6 Hz, 2H; H arom ); 19 F NMR (282 MHz, CDCl 3 ) δ -145.76 (q, J = 34.4 Hz). δ 2.25 (t, J= 34.5 Hz).To a 25 mL flask under argon was added Compound 3.30 (100 mg, 0.22 mmol), formylferrocene (291 mg, 1.3 mmol), and piperidine (0.37 mL, 2.2 mmol) in dry acetonitrile (8 mL). Argon was bubbled through the solution for 30 min. The mixture was refluxed overnight at 100 o C under argon. The mixture was cooled to room temperature and concentrated under reduced pressure. After purification by column chromatography on silica gel (chloroform/Et 2 O 100:5), a blue solid was obtained (R= 60%).

	Compound 3.31

1 H NMR (300 MHz, CDCl3) δ

  1.15 (t, J = 7.4 Hz, 6H; -CH 2 -CH 3 ),1.36 (s, 6H; -CH 3 ), 2.16 (bs, 1H; oh), 2.58 (q, J = 7.3 Hz, 4H; -CH 2 -CH 3 ), 4.03 (bs, 2H; -CH 2 -OH), 4.13-4.18 (m, 2H; -CH 2 -O-), 4.23 (s, 10H; H Fc ), 4.40-4.43 (m, 4H; H Fc ), 4.63-4.66 (m, 4H; H Fc ), 7.03 (d, J = 8.6 Hz, 2H; H arom ), 7.12 (d, J = 16.5 Hz, 2H; H vinyl ), 7.20 (d, J = 8.6 Hz, 2H; H arom ), 7.38 (d, J = 16.5 Hz, 2H; H vinyl );19 F NMR (282 MHz, CDCl 3 ) δ -138.70 (q, J = 34.4 Hz); 11 B NMR (96 MHz, CDCl 3 ) δ 90.64 (t, J= 34.5 Hz); 13 C NMR (75 MHz, CDCl 3 ) δ 11.8 (-CH 3 ), 14.4 (CH 2 -CH 3 ), 18.4 (-CH 2 -CH 3 ), 61.5 (-CH 2 -OH), 68.0 (C Fc ), 69.3 (-CH 2 -O-), 69.8 (C Fc ), 70.3 (C Fc ), 83.4 (C vinyl ), 115.1 (C BDP- arom ), 117.8 (C styryl ), 129.0, 130.0, 133.3, 133.3 (C BDP-arom ), 135.9 (C vinyl ), 137.0, 138.3, 150.0, 159.1 (C BDP-arom ); HRMS (ESI+) m/z calcd for C 47 H 47 BF 2 Fe 2 N 2 O 2 : 832.2397 [M + . ], found: 832.2405. To a 10 mL flask under argon was added Compound 3.30 (60 mg, 0.14 mmol), 4-[(trimethylsilyl)ethynylbenzaldehyde] (200 mg, 0.55 mmol), and piperidine (0.13 mL, 1.3 mmol) in dry acetonitrile (5 mL). Argon was bubbled through the solution for 30 min. The mixture was refluxed overnight at 100 o C under argon. The mixture was cooled to room temperature and concentrated under reduced pressure. After purification by column chromatography on silica gel (DCM/Et 2 O 100:4), a green solid was obtained (R= 52%). TMS ), 1.10-1.21 (m, 6H; -CH 2 -CH 3 ), 1.38 (s, 6H; -CH 3 ), 2.51-2.68 (m, 4H; -CH 2 -CH 3 ), 3.96-4.01 (m, 2H; -CH 2 -OH), 4.10-4.21 (m, 2H; -CH 2 -O-), 7.06 (d, J = 8.0 Hz, 2H; H arom ), 7.14-7.29 (m, 4H; H styryl, H arom ), 7.49 (d, J = 7.7 Hz, 4H; H arom ), 7.55 (d, J = 7.7 Hz, 4H; H arom ), 7.79 (d, J = 16.7 Hz, 2H; H styryl );

	Compound 3.36

1 H NMR (300 MHz, CDCl3) δ 0.28 (s, 18H; H

19 F NMR (282 MHz, CDCl 3

  

) δ -138.56 (q, J = 34.4 Hz); 11 B NMR (96 MHz, CDCl 3 ) δ 2.63 (t, J= 34.5 Hz);

13 C NMR (75 MHz, CDCl3) 0

  .1 (C TMS ),11.9 (-CH 3 ),14.2 (-CH 2 -CH 3 ),18.5 (-CH 2 -CH 3 ),61.6 (-CH 2 -OH),69.4 (-CH 2 -O-),95.9, 105.4 (C alkyne ),115.3 (C BDP-arom ), 121.0 (C styryl ), 123.2 (C alkyne ), 127.2 (C BDP-arom ), 128.5 (C BDP-arom ), 129.9, 132.5 (C BDP-arom ), 133.9, 134.3 (C BDP-arom ), 135.0 (C styryl ), 137.6, 139.0, 139.4, 150.1, 159.4 (C BDP-arom ); HRMS (ESI+) m/z calcd for C 49 H 55 BF 2 N 2 O 2 Si 2 : 808.3863 [M+ . ], found 808.3899.To a 25 mL flask containing degassed dry THF (15 mL) was added Compound 3.36 (160 mg, 0.2 mmol) under argon. Then TBAF (0.17 mL, 0.60 mmol) was added dropwise at -78 o C. The reaction temperature was then brought to room temperature, and the mixture was stirred for 1 h. CuI (8mg, 0.04 mmol), Pd(PPh 3 ) 4 (23 mg, 0.02 mmol), and TTF-I (246 mg, 0.75 mmol) were added to the reaction mixture followed by triethylamine (0.17mL, 1.2 mmol). The mixture was refluxed overnight at 75 o C under argon. The mixture was cooled to room temperature and concentrated under reduced pressure. After purification by column chromatography on silica gel (DCM/Et 2 O 100:4), a mauve solid was obtained (R= 40%).

	Compound 3.37

1 H NMR (300 MHz, CDCl3)

  δ 1.17 (t, J = 7.4 Hz, 6H; -CH 2 -CH 3 ), 1.39 (s, 6H; -CH 3 ), 2.02 (t, J = 6.2 Hz, 1H; -OH), 2.61 (q, J = 7.3 Hz, 4H; -CH 2 -CH 3 ), 4.01-4.09 (m, 2H; -CH 2 -OH), 4.13-4.21 (m, 2H; -CH 2 -O-), 6.34 (s, 4H; H TTF ), 6.58 (m, 2H; H TTF ), 7.07 (d, J = 8.6 Hz, 2H; H arom ), 7.16-7.20 (m, 4H; H styryl , H arom ), 7.48 (d, J = 8.2 Hz, 4H; H arom ), 7.59 (d, J = 8.2 Hz, 4H; H arom ), 7.81 (d, J = 16.9 Hz, 2H; H styryl );

19 F NMR (282 MHz, CDCl 3

  

) δ -138.37 (m, J = 34.4 Hz);

11 B NMR (96 MHz, CDCl 3 )

  δ 1.22 (t, J=34.5 Hz);13 C NMR is missing due to the insolubility in solvent; HRMS (ESI+) m/z calcd for C 55 H 43 BF 2 N 2 O 2 S 8 : 1068.1151 [M+ . ], found 1068.1167. To a 25 mL flask containing degassed dry THF (10 mL) was added Compound 3.36 (70 mg, 0.08 mmol) under argon. Then TBAF (0.1 mL, 0.34 mmol) was added dropwise at -78 o C.The reaction temperature was then brought to room temperature, and the mixture was stirred for 1 h. CuI (4mg, 0.01 mmol), Pd(PPh 3 ) 4 (10 mg, 0.008 mmol), and iodobenzene (0.05 mL, 0.51 mmol) were added to the reaction mixture followed by triethylamine (0.05 mL, 0.51 mmol). The mixture was heated overnight at 60 o C under argon. The mixture was cooled to rt and concentrated under reduced pressure. After purification by column chromatography on silica gel (DCM/Et 2 O 100:4), a mauve solid was obtained (R= 60%). Hz, 6H; -CH 2 -CH 3 ), 1.40 (s, 6H; -CH 3 ), 2.04 (t, J = 6.1 Hz, 1H; -OH), 2.63 (q, J = 7.3 Hz, 4H; -CH 2 -CH 3 ), 4.00-4.09 (m, 2H; -CH 2 -OH), 4.12-4.26 (m, 2H; -CH 2 -O-), 7.06 (d, J = 8.4 Hz, 2H; H arom ), 7.14-7.24 (m, 3H; H styryl , H arom ), 7.30-7.40 (m, 6H; H arom ), 7.51-7.68 (m, 12H; H arom ), 7.82 (d, J = 16.7 Hz, 2H; H styryl );

	Compound 3.38

1 H NMR (300 MHz, CDCl3) δ 1.18 (t, J = 7.4

19 F NMR (282 MHz, CDCl 3

  

) δ -138.58 (q, J = 34.4 Hz);

11 B NMR (96 MHz, CDCl 3

  

) δ 2.67 (t, J= 34.5 Hz);

13 C NMR (75 MHz, CDCl 3 ) δ

  11.9 (-CH 3 ),14.2 (-CH 2 -CH 3 ),18.5 (-CH 2 -CH 3 ),61.6 (-CH 2 -OH),69.4 (-CH 2 -O-),89.9,91.3 (C alkyne ),115.3 (C E or C F ), 121.9 (C styryl ),123.4 (C alkyne ),127.4, 128.4, 128.5, 128.6, 130.0, 131.8, 132.1, 133.9, 134.3 (C arom-BDP ), 135.1 (C styryl ), 137.4, 139.40, 139.41, 150.2, 159.4 (C arom-BDP );; HRMS (ESI+) m/z calcd for C 55 H 47 BF 2 N 2 O 2 : 816.3699 [M + . ], found: 816.3718.prepared catalyst solution (3 mL, 0.25 eq) was added and the reaction mixture was stirred at room temperature for 9 hours with exclusion of light. Then, the solution was washed twice with 20 mL of an aqueous solution of EDTA (0.05 M), then with 20 mL of water. The organic phase was dried over anhydrous MgSO 4 , then filtered, and finally concentrated under reduced pressure. After purification by column chromatography on silica gel (DCM/MeOH 8/0.5) a green solid was obtained in 70 % yield. 1 H NMR (300 MHz, C 5 D 5 N) δ 1.11 (t, J = 7.4 Hz, 6H; H B ), 1.44 (s, 6H, H D ), 1.46-1.95 (m, 34H, CH 3 Ala, CH 3 Aib, H 10' H 7 , H 3 , H 6 , H 8 ), 2.02-2.70 (m, 13H, H C H j , H 2 , H 5 , H d , H 10'' ), 2.97-3.20 (m, 6H, H 11 , H c , H k ), 3.31-3.77 (m, 4H, H 4, H 9 ), 4.30-4.38 (m, 9H, H Fc ), 4.40-4.55 (m, 8H, CHAla, H 1 , H Fc ), 4.56-4.72 (m, 3H, CHAla, H H ), 4.71-4.89 (m, 7H, H e , H i , H Fc ), 4.91-5.06 (m, 4H, CHAla, H G ), 7.24-7.39 (m, 4H; H arom, NH), 7.50 (d, J = 16.5 Hz, 2H, H vinyl ), 7.71-7.84 (m, 1H, NH), 7.91-8.22 (m, 7H, NH, H a , H m , H vinyl ), 8.61 (d, J= 6.0 Hz, 1H, NH), 9.21-9.34 (m, 1H, NH), 9.50 (s, 1H, NH); 19 F NMR (282 MHz, C 5 D 5 N) δ -135.51(q, J = 34.4 Hz); 11 B NMR (96 MHz, C 5 D 5 N) δ 4.47 (t, J= 34.5 Hz).
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CHAPTER 2 Design of Novel Methanofullerene Building Blocks for the Elaboration of Complex BODIPY-[60]Fullerene -Based

Donor-Acceptor Conjugates Abstract

The synthesis of a methanofullerene platform bearing on one side an alkyne and on the other a protected alkyne is reported. This clickable fullerene building block was functionalized by two distinct BODIPY azido derivatives using a 1 st CuAAC/alkyne deprotection /2 nd CuAAC, sequence, through either stepwise or one-pot processes in an efficient manner. Semi-empirical calculations showed that the triad formed adopts a folded geometry, in which the BDP, C60 and DSBDP partners are located in close proximity to each other. Importantly, DFT calculations also showed that the HOMO-1, HOMO and LUMO are exclusively localized on the BODIPY, the entire BODIPY-styryl and C60 entities, respectively. These computational results are perfectly consistent with the electrochemical data. Finally, the triad displays strong absorption from 300 to 700 nm. The strong fluorescence quenching observed for the two BODIPYs within the triad are probably due to photo-induced energy and/or electron transfer events.

BDP-C 60 dyad 2.2 in 85% yields. Then, the TMS-alkyne function within this dyad was subjected to deprotection using TBAF in dichloromethane. The resulting deprotected intermediate 2.2' was isolated in 75% yield. Finally, the oxidative homo-coupling of the latter intermediate under Glaser-Hay coupling conditions, using copper (I) chloride (CuCl) and N,N,N′,N′-tetramethylethylenediamine (TMEDA) in dichloromethane under an oxygen atmosphere for 3 hours, afforded the target tetrad 2.5 in 50% yield (Scheme 2.2). the two fullerene entities within the dyad. The selected parameter is the dihedral angle  defined by C 74 -C 77 -C 102 -C 103 atoms (Figure 2. 15). In addition, we have performed the computational calculations on the bis-fullerene without taking the BDP entities into consideration to reduce the calculation time. The PESs were then scanned as a function of the selected dihedral angle to find remarkable conformers when rotating the C 60 entities. Figure 2. 16 shows the calculated energy profiles of the tetrad. The obtained global minimum corresponding to the cis-conformer is more stable than the trans-conformer. The most stable conformer is characterized by a contorted geometry in which both fullerenes are positioned in the same direction. The estimated center-to-center distances between both C 60 for the most stable conformer was found to be around 23 Å, which explains the poor electronic communication between both fullerene entities at the ground state.

CHAPTER 3 Synthesis and Characterization of TTF-BDP and Fc-BDP Conjugates: Towards the Design of Extended-BDP-[60]Fullerene Architectures with Cascade PET Processes.

ethynylferrocene under Sonogashira cross coupling reaction conditions (Scheme 3.3). [33,34] The same strategy allowed the synthesis of the reference compounds -mono-ethynylphenyl BDP 3. 24 and -bis-ethynylphenyl BDP 3. 25 in 70% and 55 % yields respectively. [44] Scheme 3. 3. Synthetic strategies for the formation of compounds 3.22-3. 25.

In order to apply this strategy for the synthesis of the TTF-BDP conjugates, an ethynylTTF derivative was synthesized in three steps reaction starting from the TTF according to a published procedure (Scheme 3. 4). [45,46] It is noteworthy to mention that deprotected ethynylTTF derivative should be engaged immediately in the following reaction due to their very high instability.

Therefore, the attempts to synthesize the desired -mono-ethynylTTF BDP 3.26 by reacting the corresponding iodo BDP precursor 3.14 with ethynylTTF under Sonogashira conditions only provided the isolation of the target compound 3.26 in 30%. However, only traces of the target bis-ethynylTTF BDP 3. 27 have been isolated when the bis-iodo BDP precursor 3. 15 was reacted with ethynylTTF under the same conditions. In fact, in addition to the low stability of the ethynylTTF derivative, the low efficiency can be also attributed to the low reactivity of such compounds as a result of competitive side reactions (oxidative homocoupling reactions). Scheme 3.9. Synthesis of compounds 3.36-3. 38.

All the target and reference compounds were characterized by NMR spectroscopy and by electrospray mass spectrometry (see experimental section in chapter 5). However, some 13 C NMR spectra were not recorded due to the insolubility of some compounds (including 3.27, 3.35, and 3.37) in deuterated solvents. Luckily, the grown single crystals, obtained for all the novel assemblies, have been analyzed by X-ray diffraction to confirm their chemical structure with additional information regarding the molecular arrangement and packing in the solid state (see following section).

X-ray diffraction. Single crystals of compounds 3.26, 3.27, 3.35, and 3.37 suitable for X-ray diffraction were obtained by slow evaporation from a CH2Cl2/Et2O solution. In general, the crystal structure analyses of the assemblies 3.26, 3.27, 3.35, and 3.37 showed that the BDP framework is likely planar in all the cases, like any other BDP dyes. Closer inspection of the BDP core parameters showed that the two fluoride atoms from boron are equidistant (average bond length around 1.40 Å), and present above and below the plane of the pyrrolic moieties.

The F-B-F angle was found around 109°. Moreover, the average bond length of the B-N bonds lies in the range of 1.53 Å. Finally, the dihedral angle between the BDP framework and the meso-substituted phenyl ring was found around 90°, which is mainly a due to the steric hindrance caused by the dimethyl substituents at the '-position (positions 1, and 7).

Crystal structure analyses showed that the -mono-ethynylTTF BDP 3.26 crystallizes in a triclinic system, P-1 space group, with one independent molecule in the unit cell (Figure 3.8).

The central C=C bond and internal C-S bond distances were found around 1.336 and 1.754 Å respectively, which are characteristic bond lengths of the neutral TTF. [45] The BDP and the boat-(Fc + )2 and the BDP +• radical cation. In addition, the reduction of the BDP into the radical anion specie BDP -• appeared at -1.54 V (vs Fc + /Fc), respectively. The electrochemical behavior of this derivative is in accordance with those obtained with similarly published BDP structures. [32,36] 3.3). Besides, the reversible one-electron oxidation process corresponding to the formation of ferrocenium units appeared at 0.1 V with no splitting of the Fc + oxidation waves. These findings suggest the weak electronic communication between the terminal Fc units Fc-Fc). Additionally, the oxidation of the BDP entity is not anodically shifted, as in the case for compounds 3.31 due to Coulombic effect, owing to the more important distance between the BDP and the Fc units. Finally, the recorded CV in THF on the target assembly 3.37 containing the TTF donor entities revealed a quasi-reversible one-electron reduction process in the cathodic region at -1.31 V (vs Fc + /Fc) corresponding to the BDP radical anion specie (Figure 3.19, Table 3.3). Interestingly, the half-wave potential is increased by 70 mV, rendering the BDP entity a bit easier to be reduced than in the case of 3.35. On the other hand, in the anodic region, two reversible and concerted two-electron oxidation processes appeared at 0.04 V and 0.32 V (vs Fc + /Fc) corresponding to the formation of [TTF [a] DCM, [b] THF

Compound

Potential (V vs. Fc + /Fc) BDP 0/+ TTF +/2+ TTF 0/+ Fc 0/+ BDP 0/- 3.13 [a] +0.76 ----1.66

[a]

+0.76 ----1.45

[a]

+0.72 ----1.45

[a]

+0.97 --0.17 -1.51

[a]

+0.97 --0.12 -1.51

3.26

+1.00 [a] +0.42 [a] +0.26 [b] +0.00 [a] +0.00 [b] ---1.52 [a] -1.55 [b] 3.27 +1.21 [a] -+0.45 [b] +0.00 [b] ----1.44 [b] 3.30 [a] +0. band in the NIR region with a maximum absorption around 900 nm appeared in both TTF-BDP compounds and was more significant in the case of compounds 3.27. This broad signature can be assigned to formation of stacked complex, namely the radical cation -dimers (TTF .+ )2. [59] These changes in optical signature continued until 2 and 3 molar equivalents of Fe(ClO4 Starting with the Fc-BDP assemblies, the reaction of -mono-ethynylFc BDP 3. 22 

CuAAC reaction

Once the azido-TTF-BDP and azido-Fc-BDP precursors have been successfully synthesized, the CuAAC reaction of these latter derivatives with the fullerene C60 platform II have been considered under our previously reported CuAAC click chemistry conditions. [63,64] Regarding the Fc-BDP -based assemblies, the reaction of the azido-Fc-BDP derivative Concerning the TTF-BDP -based conjugates, the reaction of the azidoBDP derivative 3. 44 with the platform II under the same CuAAC mild conditions resulted in the formation and isolation of the target -mono-ethynylTTF-BDP-C60 3.51 in excellent yields (scheme 3.14). However, the yields dropped to 30% and 50% respectively when the bis-TTF-BDP 3.45 and 3. 46 were reacted with the C60 building block II under the same conditions. Again, the low efficiency of (TTF)2-BDP-C60 -based (D'--D-A tetrad can be associated with their low solubility and high affinity of the resulting TTF-based assemblies to the silica gel. The detailed synthetic procedures, in addition to the assignment of the proton 1 H and carbon 13 C NMR signals of each compound of this novel Fc-BDP-C60 and TTF-BDP-C60 -based family of molecules are provided in the experimental chapter of this dissertation (chapter 6).

Photophysical studies

UV-VIS:

The recorded UV-Vis spectra of the target Fc-BDP-C60 and TTF-BDP-C60 -based assemblies 3.47-3.53, along with their corresponding Fc-BDP and TTF-BDP precursors, are displayed in figures 3. 35 section 3.2) and the fullerene building block II (see section 2.3). This suggests the weak electronic communication between the fullerene and the donor counterparts (BDP, TTF, or Fc).

Starting with the -substituted Fc-BDP-C60 3. 47 Regarding the -bis-ethynylFc-BDP-C60 3.48, the recorded CV under the same conditions displayed the reversible two-electron oxidation of the Fc units into (Fc + )2 in the anodic region, also at 0.11 V (vs. Fc + /Fc), whereas the oxidation of the BDP entity into BDP +• radical cation was not well-defined. In the cathodic region, two reduction waves appeared at -1.04 and -1.46 V (vs. Fc + /Fc) (Figure 3.38, Table 3.8). The first wave is attributed to the formation of fullerene radical anion C60  while the second quasi-reversible signature is assigned to two overlapping reductions corresponding to the dianion C60  and BDP  species.

Concerning the -mono-ethynylTTF-BDP-C60 3.51 and the -bis-ethynylTTF-BDP-C60 3.52, the CVs were carried out in THF for the same mentioned above reasons regarding the poor solubility of these compounds in DCM. The displayed CV of conjugate 3.51 in figure 3.38 showed three one-electron oxidation waves in the anodic region. The reversible oxidation processes at low potentials (0.00 and 0.46 V vs. Fc + /Fc) corresponds to the stepwise oxidation of TTF into TTF +• and TTF 2+ species, respectively (Figure 3.38, Table 3.8). The quasi-irreversible oxidation at higher potentials (0.80 V vs. Fc + /Fc) was attributed to the formation of BDP +• radical cation. The first reversible one-electron reduction wave at -1.02 V (vs. Fc + /Fc) corresponds to the formation of C60  whereas the second reversible reduction around -1.45 V is the sum of the formation of C60  and BDP  species (Figure 3.38, Table 3.8).

The performed CV on the conjugate 3.52 under the same conditions showed two quasi-reversible two-electron concerted oxidation waves at 0.00 and 0.37 V (vs. Fc + /Fc) that corresponds to the formation of C60  while the second irreversible signature is assigned to formation of the dianion C60  and BDP  species (Figure 3.39, Table 3.8).

The recorded CV on the -bis-styrylFc-BDP-C60 assembly 3.50 displayed in the anodic region a reversible oxidation wave at 0.13 V (vs. Fc + /Fc) that corresponds to the formation of (Fc + )2 and another reversible one-electron oxidation wave at 0.51 V (vs. Fc + /Fc), which is assigned to the formation of BDP +• (Figure 3.39, Table 3.8). In the cathodic region, two well-defined reduction waves appeared at -1.03 and -1.38 V (vs. Fc + /Fc). The former signature is attributed to the formation of C60   and the latter reduction is associated with the formation of the dianion C60  and BDP  species (Figure 3.39, Table 3.8).

Finally, the voltammogram of the -bis-styrylTTF-BDP-C60 assembly 3.53 in THF showed two reversible concerted two-electron oxidation waves at 0.00 and 0.29 V (vs. 

CHAPTER 4 Synthesis and Characterization of BODIPY-[60]Fullerene -Based Assemblies Containing Helical Peptide and their Immobilization on Gold Surfaces through the Formation of Self-Assembled Monolayers

Self-assembled monolayer formation and characterization

The C 60 -peptide and C 60 -alkyl were self-assembled on gold surfaces by exposing a gold coated glass substrate to a solution of C 60 -peptide and C 60 -alkyl in dichloromethane. To determine the contribution of the peptide to the quality of the fullerene SAM, the SAMs were characterized in depth.

Cyclic voltammetry (CV).

The molecular packing of the fullerene SAMs was evaluated by CV (blocking) experiments using bare and modified gold substrates as the working electrode. Fig. 5 shows the CV responses of K 3 [Fe(CN) 6 ] aqueous solution on different substrates. The peaks for the ferricyanide/ ferrocyanide redox signal are clearly observed for the naked gold while these peaks are nearly abolished for the gold surface functionalized with C 60 -peptide molecules, highlighting the compactness of the C 60 -peptide SAM. In contrast, in the case of the C 60 -alkyl SAM the signal is lower than that of naked gold but is still present. The gold surface is accessible to the redox probe which implies that the C 60 -alkyl molecules formed a less dense monolayer than C 60 -peptide molecules. 30 Quartz crystal microbalance (QCM). To monitor the assembly of fullerene derivatives on gold surfaces, QCM measurements were performed in situ using dichloromethane as a solvent (Fig. 6). The amount of C 60 -peptide and C 60 -alkyl in the SAMs was calculated from the frequency shifts by applying the Sauerbrey equation. After rinsing the quartz diskette with dichloromethane, the measured f r e q u e n c yv a r i a t i o n sa r e4 7 5n gc m À2 and 301 ng cm À2 , corresponding to densities of 2.6 Â 10 À10 and 2.15 Â 10 À10 mol cm À2 , which are close to the reported values for fullerene compounds. 7,31 These results suggest a higher density of molecules adsorbed on the surface with the C 60 -peptide.ThelowerC 60 -alkyl SAM coverage compared to the C 60 -peptide SAM is consistent with the less dense monolayer observed by cyclic voltammetry which shows clearly that the peptide moiety allows the formation of a more densely packed layer.

X-ray photoelectron spectroscopy (XPS). The C 60 -peptide and C 60 -alkyl SAMs on gold were characterized using XPS to assess the SAM composition and the bonds with the gold surface. The XPS spectrum of the hexapeptide reference molecule 15 adsorbed on gold was also recorded to determine how the fullerene moiety influences the organization of the SAM. For the three samples, after SAM formation, the Au4f peak decreased in intensity while the C1s, O1s, N1s and the S2p peaks appeared, indicating the presence of an additional layer on the surface. High resolution N1s and S2p XPS signals are 
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XPS

XPS analyses were collected on a Thermo Scientific ESCALAB 250 Xi and Omicron Argus X-ray photoelectron spectrometers. The X-ray source was Al Kα radiation (1486.6 eV) monochromatized radiation with a pass energy of 20 eV. The emissions of photoelectrons from the sample were analyzed at a take-off angle of 90° under UHV conditions. After collection, the binding energies (BE) were calibrated against the Au4f7/2 BE at 84.0 eV. The accuracy of the reported binding energies can be estimated to be ± 0.1 eV. The XPS peak areas were determined after subtraction of a background. Element peak intensities were corrected by Scofield factors. 10 All spectrum processing was carried out using Thermo Scientific™ Avantage Data System software or Casa XPS v. 2.3.15 (Casa Software Ldt., UK). The spectral decomposition was performed by using Gaussian-Lorentzian (70%/30%) functions. Herein, we describe the synthesis of these two BDP-C60-peptide assemblies T1 and T2 that will be grafted on gold surfaces via the formation of SAMs using the direct approach (Figure  BDP-C60-alkyl R1 derivative in order to compare the self-assembly properties with their peptide analogs;

QCM-D measurements

 "BDP free" C60-peptide derivative R2 and "Fullerene free" BDP-peptide assembly R4

to investigate their photon-to-electron conversion behavior and their self-organization within the monolayers when one of the photoactive components is absent.

Note that the reference compounds C60-peptide R2 and C60-peptide R3 represents the same molecules described in the previous section of this chapter (section 4.2, publication #3).

After the surface modification by direct approach of these target and reference molecules, the resulting SAMs were characterized by surface analysis, ultrafast electrochemical studies and photoelectrochemistry in order to evaluate the potential of such assemblies in the generation of photocurrent in PEC cells.

Synthesis and characterization of target and reference molecules

Synthesis. The chemical structures of the target and reference molecules are presented in Figure 4. 13. All these assemblies were obtained in the last step using our previously reported copper-catalyzed alkyne-azide cycloadditions CuAAC conditions using copper (I) bromide

CuBr and (hexabenzyl)tren as a bulky ligand in dichloromethane. [67] The synthetic procedure of each molecule is presented in Scheme 4.1. Note that the helical hexapeptide 4.1, the C60peptide R2, and the C60-alkyl R3 were prepared in a similar manner to our published procedure described in the section 4.2 of this chapter. [67] The target BDP-C60-peptide T1 was synthesized and isolated in 80% yields by mixing the corresponding BDP-C60 2.1 precursor with the azido-hexapeptide 4.1 in DCM under CuAAC conditions. Likewise, the reaction of 2.1 with an azido-alkyl derivative 4.2 provided the corresponding BDP-C60-alkyl R1 in 78% yield. The target BDP-C60-peptide T2 was obtained in a two-steps one pot approach. In fact, the corresponding BDP-C60 2.2 dyad precursor bearing a protected alkyne was first deprotected using TBAF in DCM, followed by the addition of the peptide 4.1 in the presence of [Cu(I)ligand(hexabenzyl)tren]Br complex. The desired target molecule T2 was isolated with 68% yield. Finally, the reference derivative BDP-peptide R4 was synthesized and isolated in a 98% yield by reacting the corresponding BDP-alkyne 4.3 precursor [70] with the Despite the structural complexity of this family of molecules, all the derivatives were isolated in good to excellent yields after purification by column chromatography on silica gel (Scheme 1 H NMR studies. The proton NMR analyses of the reference and target assemblies were conducted in the first place in CDCl3. The obtained spectra allowed the identification of proton resonance except those belonging to the amide protons corresponding to the peptidebased assemblies; as some were too close to provide a complete assignment of the signals.

Therefore, we decided to perform the analyses in deuterated pyridine C5D5N since it is well-

Self-assembled monolayer formation and characterization

Direct approach

For the immobilization of our target and reference assemblies on surfaces, we used in all the terminated-peptide assemblies (see table 4.2) confirming that the helical conformation is retained on the SAMs. These results are in accordance with those obtained in our previous study (section 4.2, publication #3), and with helical peptide-based SAMs reported in the literature. [61,66] Additional bands that are characteristic of the C=O C60 malonate in T1, T2 and R2 SAMs appears around 1740 cm -1 . In addition, a band characteristic of C=O of the maleimide functions present in T1 and R2 appeared at1699 cm -1 .

This indicates that the SAMs grown by the former assembly are more densely packed than those formed by the latter molecule, which is in accordance with the blocking effect experiments by CV. The three times higher density in the assembly R2 is undoubtedly attributed to the cooperative effect of the fullerene and peptide manifested by intermolecular interactions between the assemblies (C60-C60 and helix-helix interactions) that forces a vertical tendency of the monolayers on the gold substrate resulting in a better coverage of the surface.

In other terms, the lower surface coverage values of the assembly R4 in comparison with R2

and the reported helical-peptide based SAMs in the literature [53,64] could be assigned to the loosely packed monolayers brought by: 1) the presence of the BDP that disorganizes the monolayers by folding toward the surface (Figure 4. 26).

On the other hand, the calculated surface coverage of the target molecule T1 and T2, estimated around 3.05×10 -11 and 2.15×10 -11 mol cm -2 respectively, appeared to be lower than the one corresponding to the C60-peptide assembly R2 and slightly higher than the one corresponding to R4. This can be explained by the additional BDP entity on the assemblies that might slightly disrupt the organization within the monolayers (Figure 4. 26).

All these surface coverage values are consistent with the estimated molecular packing and tilt angles obtained by CV (blocking effect) and PM-IRRAS, respectively. Finally, the surface coverage of the BDP-C60-alkyl R1 was also calculated and then compared to its BDP-C60-peptide T1 analog. The surface density of R1 by integrating of the area under the C60 first reduction peak, was estimated around 1.77×10 -11 mol cm -2 , and was found to be two times lower than the one corresponding to the T1 assembly confirming the contribution of the helical peptide rigid conformation in the formation of more densely packed monolayers in addition to the helix-helix intermolecular interactions. In addition, by integrating the area under the BDP first oxidation peak of the reference R1 assembly, an estimated surface [18] , 3 C60* [18] , BDP and AsA [18] ; b, c) Schematic mechanisms of the anodic photocurrent generated by T1 or T2-SAM.

Summary and future direction

In summary, we have described in this part of chapter 4 the synthesis and characterization of two novel BDP-C60-peptide assemblies (T1 and T2) that were immobilized on gold surfaces through the formation of SAMs using the direct approach. The complete characterization of the SAMs formed by these assemblies, using a combination of surface analyses and cyclic voltammetry, allowed us to draw some conclusion regarding their conformation, composition, and organization within the monolayers:

1) All the assemblies (reference and target) were successfully immobilized on gold surfaces through the formation of SAMs. This was confirmed by the characteristic bands in PM-IRRAS (Amide I and II, C=O malonate and maleimide) and by the redox signatures obtained by ultrafast electrochemistry (C60 and BDP).

2) The estimation of the surface densities and calculation of tilt angles, using CV (blocking effect and Γ) and PM-IRRAS respectively, showed that the peptide-based SAMs T1 and T2 are more packed than their alkyl analogs R1. This was attributed to the rigid helicoidal conformation of the peptide that tends to force the molecules to adopt a relatively vertical orientation, whereas the flexible alkyl-SAMs resulted in the formation of loosely packed monolayers. These results are in accordance with those obtained by PM-IRRAS, QCM, and CV blocking effect for the C60-peptide (R2 in this section) and C60-alkyl, described in the section 4.2 of this chapter (publication #3). However, as clearly observed in figure 4.40, the capacitive current of T3-and T4-SAM is higher than the capacitive current of T5-suggesting that the SAM formed by the latter assembly might be more densely packed than the SAM obtained by the former assemblies.

This suggestion will be supported by the estimation surface coverage for the three target assemblies (see section below). The integration of the area under the cathodic or anodic peak that correspond to the oxidation or reduction of the redox centers allows us to estimate the surface density of our assemblies on the gold microelectrodes using the same procedure described in the previous sections of this chapter. The estimated surface coverage values Γ (mol cm -2 ) of the assemblies T3, T4, and T5 by integrating the area under the peaks of each of redox center (Fc, BDP, and C60) are listed in table 4.8. Despite the discrepancy between the calculated surface density values corresponding to each redox center of each individual assembly, these values follow nearly the same trend when it comes to comparing the three assemblies together. Indeed, the monolayers grown by the assembly T5 appeared to be more packed than those formed by the assemblies T3 and T4 (Table 4.8). Although we cannot draw clear conclusions at this stage regarding the organization of these assemblies, we can attribute the higher surface coverage of T5 to an extended and linear arrangement of the Fc entities on the gold surface. In contrast, folded conformations induced by the position of Fc could be obtained in the case of the SAMs formed by the assembly T3 and T4, leading to loosely packed monolayers. The calculation of the electron transfer rate constants kS, corresponding to the target assemblies T3, T4, and T5 on gold microelectrodes, was achieved in a similar manner to the procedure and equations provided in the section 4. 

Synthesis and characterization of target assemblies

Synthesis. The synthetic strategy for the formation of assembly T6 is detailed in scheme 4. 2.

Despite the structural similarities with the described-above reference assembly R4, the synthesis of molecule T6 necessitates an inverse strategy in order to obtain a dipole moment in the opposite direction of the former assembly. Therefore, the anchoring group of the new assembly T6 should be attached at the C-terminus while the redox entity (BDP) should be linked at the N-terminus in order to fulfill the latter condition (Figure 4. 44). This requirement was accompanied by the substitution of some synthetic steps and chemical functionalities. redox signatures for T6 and R2, respectively), which will further grant the estimation of the real T6/R2 ratio on the surface by determining the adsorbed amount of T6 and R2 within the mixed SAMs (integration of the anodic peak of BDP and cathodic peak of C60, respectively).

We have performed at the first place the CV on the single-component SAM formed by the BDP-peptide T6 in order to confirm that this assembly, bearing a thioacetate as anchoring group at the C-terminal, can be adsorbed on gold surfaces (Figure 4. individually. This result suggests the formation of more vertically-oriented and dense monolayers that could probably attributed to an antiparallel arrangement of the mixed SAMs resulting from the dipole-dipole electrostatic interactions. [48] 

Summary and future direction

Based on the preliminary results obtained from the PM-IRRAS and electrochemical analyses on the mixed SAMs formed by different molar ratios of R2 and T6, we can suggest the successful co-adsorption of both assemblies on gold surfaces through the formation of SAMs despite the poor adsorption feature of the BDP-peptide T6. Such behavior could result from the antiparallel arrangement provoked by the dipole-dipole interaction between both peptides, which is mainly the driving force that stabilizes the mixed SAM.

Further photoelectrochemical experiments should be carried out in order to study the properties of these mixed SAMs in the generation of photocurrent. Moreover, additional synthetic efforts should be considered in order to synthesize both peptides with the same anchoring group (namely dithiolane function).

We believe that this strategy can be highly promising for the development of fullerene-based PEC cells, from the fundamental and practical point of view, since it could provide more flexibility and versatility for the design and synthesis of complex supramolecular systems based on Fullerene and BDP moieties that can self-organize on metallic surfaces resulting in the enhancement of dipole-controlled photocurrent response. 

CHAPTER 5 Conclusion and Perspectives

 Estimation of the SAMs' surface coverage (Γ)

Integration of the area under the cathodic or anodic peak, owing to the reductions or oxidations of the redox counterparts, allows us to calculate the surface coverage of our assemblies on the gold microelectrodes. The surface coverage Γ (mol cm -2 ) of modified gold microelectrodes is estimated using the following equation:

Where Q (C) is the charge for oxidation of redox center calculated by integration of the area under the oxidation or reduction peak of the corresponding redox center, F is the

Compound 2.5

To a 500 mL flask under argon was added anhydrous DCM (200 mL). Argon was bubbled through the solution for 30 minutes. 

Compound 3.34

According to this procedure: Bull. Chem. Soc. Jpn., 2015, 88, 1338-1346. [10] To a 25 

Compound 3.33

According to this procedure: Tetrahedron Letters, 2003, 44, 9275-9278. [11] To a 50 mL flask under argon was added CuI (40 mg, 0.212 mmol), Pd(PPh 3 ) 4 (115 mg, 0.106 mmol), and TTF-Sn(Bu) 3 (200 

Compound T5

Catalyst preparation: a mixture of CuBr (6 mg, 0.042 mmol) and hexabenzyltren (34 mg, 0.049 mmol) in dry degassed DCM (8 mL) was stirred for 6 hours at room temperature.