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Thermodynamics is a funny subject. The first time you go through it, you don't understand it at all. The second time you go through it, you think you understand it, except for one or two small points. The third time you go through it, you know you don't understand it, but by that time you are so used to it, so it doesn't bother you any more.

Introduction

The topic of the current manuscript is included in the vast domain of nanosciences. This science is dedicated to understand, control and apply the properties of matter at a very small level. Emerged in the middle of the twentieth century, this research field has never cease to grow and diversify. Nanosciences are still very active nowadays, due to the common efforts of theoretical works, state of the art fabrication techniques and better microscope instrumentation.

In this year 2016, the Nobel committee has recognized twice the importance of mastering the structure of materials at a very small scale. The Nobel prize in Physics was attributed to David J. Thouless, F. Duncan M. Haldane and J. Michael Kosterlitz "for theoretical discoveries of topological phase transitions and topological phases of matter". Among other topics, their work highlighted the influence of the topology (1D, 2D, holes...) of an object on its intrinsic physical properties. The next day, Jean-Pierre Sauvage, Sir J. Fraser Stoddart and Bernard L. Feringa received the Nobel prize in Chemistry for their work on designing and controlling organized molecular assemblies called molecular machines. Though these two research fields are very different, they both are meant to investigate on the properties and the potentialities of nanomaterials.

The research in nanosciences regroups many complementary disciplines, such as quantum physics, organic chemistry, nanofabrication, optoelectronics. It led to technological breakthroughs in several applied sciences such as mechanics, electronics or medicine. Among the applications of nanosciences, the design of next generation photovoltaic devices is a very active domain. A new type of photovoltaic devices has emerged, based on thin layers of nanomaterials: it is called the third generation photovoltaics. With the ongoing growth of the photovoltaic industry, such thin films solar cells could be employed to build cheap, light and adaptable solar panels that would be inserted in many surfaces (windows, cars roofs, everyday objects,...). This new generation of solar cells require an intensive research on the light absorbent materials. Many research groups are working on the inclusion of organic dyes, that have the ability to efficiently absorb light and transfer it to their environment [START_REF] Hagfeldt | Dye-sensitized solar cells[END_REF]. This concept of organic solar cell was created by Graëtzel, who designed the first prototype in 1991 [START_REF] Brian | A low-cost, high-efficiency solar cell based on dye-sensitized[END_REF]. Among the many molecules tested in laboratories, the porphyrin molecule is a very popular choice [START_REF] Yella | Porphyrin-sensitized solar cells with cobalt (ii/iii)-based redox electrolyte exceed 12 percent efficiency[END_REF]. Adapted from natural dyes, these porphyrins molecules will be at the center of the present work, for their remarkable optoelectronic properties and their adaptability.

Carbon nanomaterials are also very promising candidates as materials for the next generation of solar cells [START_REF] Kim | A strong regioregularity effect in self-organizing conjugated polymer films and high-efficiency polythiophene: fullerene solar cells[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF]. Their limited cost, their carbon composition, and their remarkable electronic properties make them suitable to replace rare or expensive elements in such photoactive devices. Over the last thirty years, the carbon nanostructures have received a growing interest. This includes two nobel prizes for the discovery of fullerenes in 1996 [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF] and more recently of graphene in 2010 [START_REF] Mildred | Perspectives on the 2010 nobel prize in physics for graphene[END_REF]. These two nano-objects as well as carbon nanotubes share the same carbon sp 2 structure, but have different geometries and dimensions. Among these materials, single walled carbon nanotubes and graphene are at the center of this manuscript. While the first of these objects is a unidimensional object, the latter has a perfect two dimensional structure. Both objects have very good intrinsic electric conductivities. This explains why both elements are already used in prototypes as electrodes or flexible conductive surfaces. However, this geometric difference induces drastic differences between the objects. In particular, only some nanotubes possess an electronic gap, that allows them to emit light or to be used in transistor devices.

Controlling nanomaterials at the smaller scale offers the possibility to combine them into hybrid nanostructures. This opportunity has led to many advances, such as the creation semiconducting quantum dots [START_REF] Paul | Semiconductor clusters, nanocrystals, and quantum dots[END_REF], Van der Waals heterostructures [START_REF] Andre | Van der waals heterostructures[END_REF], or hybrid perovskites materials [START_REF] Joong Jeon | Solvent engineering for high-performance inorganic-organic hybrid perovskite solar cells[END_REF]. This mixing ability will be extensively employed in the present research work. Due to their carbon sp 2 thin structure, graphene and nanotubes are ideal candidates for such hybrid assemblies.

In this work, the porphyrins will be stacked at the surface of the carbon materials (nanotube/graphene). One major objective is to preserve the exceptional properties of these two complementary materials. The other one is to generate new effects in these hybrid structures. Between these two objects, an energy transfer process has been reported with a 100 % efficiency [START_REF] Roquelet | Quantum efficiency of energy transfer in noncovalent carbon nanotube/porphyrin compounds[END_REF]. These effects are particularly valuable for photovoltaics research, as they allow to transfer the energy from one material to another in a thin film solar cell. Yet, the mixing of the porphyrins and the nanotubes, called a functionalization process requires many improvements.

The first chapter of this thesis will describe the main physical, electronic and optical properties of the carbon nanotubes and the porphyrins molecules. Then, an introduction of the experimental techniques employed in this work will be done. Finally, the main aspects of the creation of such hybrids nanotubes/porphyrins compounds will be detailed.

In this thesis, the creation of the nanotube/porphyrin assemblies is performed in a water/surfactant environment. This surfactant materials have the ability to self-organize in water, to form micelles. These encapsulating structures are suitable to isolate and protect hydrophobic carbon nano-objects such as molecules or nanotubes. In the second chapter, the role of the surfactant environment inside the nanotube/porphyrin hybrid objects will be monitored. A comprehensive kinetic study of the functionnalization process will be performed, in connection with the stability properties of this surfactant medium. The different steps of this complex mechanism will be described and studied. The creation of assemblies of porphyrin with graphene nanosheets will also be discussed, exhibiting significant differences with the nanotube samples.

In complement to this kinetic study, the third chapter will focus on the equilibrium state of the nanotube/porphyrin compounds. The process of coverage of the nanotube surface will be described, thanks to a thermodynamic Hill model that is adapted to the adsorption processes. The ability of porphyrins to cooperate during their stacking on the nanotube will be highlighted. The presence of multilayers of porphyrins at the carbon surface will also be discussed. The thermodynamic parameters of the reaction will be extracted in various surfactant environments or for various types of nanotubes. It will be shown that the π-stacking reaction is more favored on large diameter nanotubes than on small diameters. This effect will be discussed in relation with binding energies effects. Finally, the coverage of graphene nanosheets with porphyrin molecules will also be studied thanks to this thermodynamics formalism.

Finally, an important challenge is to determine how the porphyrins are oriented on the carbon surface. They could be either totally ordered or randomly positioned. This organization is very important because it fixes the number of molecules that can stack onto the nanotube. It may also have an influence on the efficiency of the energy transfer. The last chapter of this thesis will use optical spectroscopy to demonstrate such porphyrins organization. A dipole coupling model will be developed to predict the spectroscopic effects of such molecular ordering. Different geometries of porphyrins assemblies will be analyzed, in connection with examples in literature. These results will be confronted to the experimental results, both in absorption and in polarized photoluminescence experiments.

Chapter I Theoretical and experimental physics of carbon nanotubes and porphyrin molecules

Single-walled carbon nanotubes (SWNTs) and porphyrin molecules are outstanding nanoobjects of great interest for the scientific community. The main purpose of this chapter is to describe the theoretical and spectroscopic elements at the origin of remarkable optoelectronic properties. This will be the object of the two first sections dedicated to theoretical and optical properties of single-walled carbon nanotubes and porphyrin molecules. Then, we will see how such these objects can form nanohybrid compounds, leading to an ultraefficient energy transfer phenomenon. To understand this effect, the two last parts will describe the experimental techniques that allow the fine control and monitoring of the interaction in such assemblies: one detailing the required spectroscopy experiments and the other insisting on the physicochemistry conditions to create these effects.

Physical properties of single-walled carbon nanotubes

The discovery of graphite dates back from the sixteenth century [START_REF] Strens | The graphite deposit of seathwaite in borrowdale, cumberland[END_REF]. Since then, the importance of carbon materials in science and industry never ceased to grow. The scientific knowledge on graphite increased all along the twentieth century, especially along the development of new experimental techniques to study nanomaterials (electron microscopy, X-ray diffractions,....). Working on graphite synthesis, researchers discovered the presence of new allotropic form of carbon: the fullerenes [START_REF] Harold W Kroto | C 60: buckminsterfullerene[END_REF], the carbon nanotubes [START_REF] Iijima | Helical microtubules of graphitic carbon[END_REF] ... However, carbon nanotubes may have been accidentally produced for centuries, as researchers unveiled the presence of nanotubes inside ancient damascus swords from the 17 th century [START_REF] Reibold | Materials: Carbon nanotubes in an ancient damascus sabre[END_REF].

Basic properties of carbon nanotubes

In 1991, Ijima and coworkers were the first to perfom an extensive scientific characterisation of carbon nanotubes, starting a new reseach field [START_REF] Iijima | Helical microtubules of graphitic carbon[END_REF][START_REF] Reibold | Materials: Carbon nanotubes in an ancient damascus sabre[END_REF]. As they showed on transmission electron microscope images (TEM, figure I.1 left), SWNTs are made of one to several layers of carbon rolled to form concentric tubes. The diameter of carbon nanotubes ranges between 0.4 and 30 nm, while their lengths ranges from nanometers to millimeters [START_REF] Guan | Smallest carbon nanotube assigned with atomic resolution accuracy[END_REF][START_REF] Mildred | Introduction to carbon materials research[END_REF]. With their large aspect ratio, carbon nanotubes are almost ideal 1D physical objects. Among other techniques, scanning tunneling microscopy techniques (STM) on carbon nanotubes (see figure I.1 right) were useful to reveal the honeycomb carbon structure in such tubes, proving their similarity with graphite. With their remarkable nanostructure, carbon nanotubes have been intensely studied in many research field, such as mechanics [START_REF] Jonathan N Coleman | Small but strong: a review of the mechanical properties of carbon nanotube-polymer composites[END_REF], electronics [START_REF] Javey | Ballistic carbon nanotube field-effect transistors[END_REF], thermal exchanges [START_REF] Scott T Huxtable | Interfacial heat flow in carbon nanotube suspensions[END_REF], optoelectronics [START_REF] Avouris | Carbon-nanotube photonics and optoelectronics[END_REF]. The observation by TEM of multi-wall coaxial nanotubes with various diameters, and numbers of shells N reported by Iijima in 1991 [START_REF] Iijima | Helical microtubules of graphitic carbon[END_REF]; Right: Atomic structure and spectroscopy of a isolated SWNT on a gold substrate in 1998 [START_REF] Odom | Atomic structure and electronic properties of single-walled carbon nanotubes[END_REF].

Geometrical description

Description in the direct space Each of the carbon nanotubes shell is a rolled carbon layer called graphene (monolayer graphite, [START_REF] Kostya S Novoselov | Electric field effect in atomically thin carbon films[END_REF]). The carbon nanotubes electronic characteristics are often derived from graphene properties, under a zone folding approximation [START_REF] Reich | Carbon nanotubes: basic concepts and physical properties[END_REF]. This model uses boundary conditions to respect the continuity of the carbon lattice upon folding. Hence, the preliminary study of graphene structure is essential to understand the properties of carbon nanotubes.

Graphene is a one atom thick two dimensional honeycomb carbon lattice. The unit cell of graphene is made of two different sites A and B (see figure I.2). The network of the A atoms (respectively the B atoms) forms a hexagonal lattice, with base vectors a 1 and a 2 (defined as the connection between an A atom and its two identical neighbors). In a ( e x , e y ) orthogonal base, these vectors are expressed as: The are only a limited number of manners to create a carbon nanotube out of a graphene sheet, as both edges of the sheet have to connect and superimpose to ensure the continuity of the the sp 2 carbon lattice. To predict every allowed carbon nanotube, a formalism has been developped [START_REF] Saito | Electronic structure of chiral graphene tubules[END_REF][START_REF] Jishi | Symmetry properties of chiral carbon nanotubes[END_REF]. As explained on figure I.2, a set of coordinates (n,m) is enough to define one carbon nanotube. These numbers are called the chiral indices of the tube, as they describe the symmetry of the tube. Hence, an ensemble of nanotubes having the same indices are said to belong to a common chirality (for instance the (6,5) chirality). Nanotubes are said to be achiral if they can be reproduced by a mirror symmetry. They can be classified under two forms (see figure I.2: armchair tubes with m=n and zigzag tubes with m=0. Any other (n,m) couple will create a chiral tube, that will exist in two distincts forms, called enantiomers [START_REF] Michael | Carbon nanotubes: Sorting out left from right[END_REF][START_REF] Peng | Optically active singlewalled carbon nanotubes[END_REF]. 4,2) nanotube using the edge matching rule. A given chiral vector C h is enough to single out a chirality, right armchair zigzag, chiral [START_REF] Mildred | Introduction to carbon materials research[END_REF].

a 1 = √ 3 2 b e x - 1 
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Using those two coordinates, we can build two primitive vectors T and C h that describe entirely the geometry of any tube. The translation vector T is parallel to the nanotube axis and joins the two first equivalent carbon atoms (see figure I.2). Its expression in the ( a 1 , a 2 ) base is:

T = t 1 a 1 + t 2 a 2 = 2m + n d R a 1 - n + 2m d R a 2 (I.2)
where d R is the least common denominator of 2m + n and n + 2m. The vector that is orthogonal to T and follows the circumference of the carbon nanotube is called the chiral vector C h .

C h = n a 1 + m a 2 (I.3)
On the corresponding graphene sheet, it connects the two carbon atoms that become identical once the tube is rolled. The perimeter of the tube is equal to the norm C h of the chiral vector. Thus, the diameter of the tube d N t can be expressed as a function of n and m:

d N t = C h π = b π √ n 2 + m 2 + nm (I.4)
One can define the chiral angle θ of the tube as the angle between the two vectors C h and a 1 (it is comprised between 0➦ and 30➦):

cos(θ) = 2n + m 2 √ n 2 + m 2 + nm (I.5)
Finally, we may quantify the number of hexagons per unit cell:

N = | C h ∧ T | | a 1 ∧ a 2 | = 2(n 2 + nm + m 2 ) d R (I.6)

Description in the reciprocal space

The reciprocal lattice of graphene is hexagonal with the following primitive vectors:

a 1 ⋆ = 2π √ 3b ( e x - √ 3 e y ) ; a 2 ⋆ = 2π √ 3b ( e x + √ 3 e y ) (I.7)
In the first Brillouin zone, the center is called Γ, while the two remarkable extremities of the hexagon are called K and K' (see figure I.3). As for the direct lattice, we may adapt the reciprocal lattice of graphene for carbon nanotubes. We then define the reciprocal base vectors of the nanotube as K 1 and K 2 , as a function of T and C h : with the quantization lines of a (4,2) carbon nanotube; Right: Representation of the quantization lines for a (4,2) and a (3,3) carbon nanotubes. We observe that they intersect the K point for the [START_REF] Yella | Porphyrin-sensitized solar cells with cobalt (ii/iii)-based redox electrolyte exceed 12 percent efficiency[END_REF][START_REF] Yella | Porphyrin-sensitized solar cells with cobalt (ii/iii)-based redox electrolyte exceed 12 percent efficiency[END_REF] while they do not for the (4,2).

K 1 . C h = 2π ; K 1 . T = 0 ; K 2 . C h = 0 ; K 2 . T = 2π (I.
It yields:

K 1 = 1 N (-t 2 a 1 ⋆ + t 1 a 2 ⋆ ) ; K 2 = 1 N (-m a 1 ⋆ + n a 2 ⋆ ) (I.9)
Since T and C h are orthogonal, so do K 1 and K 2 . K 1 turns to be parallel to the axis of the tube while K 2 is perpendicular. Finally, any vector of the reciprocal space can expressed as:

k = k ⊥ K 1 K 1 + k K 2 K 2 (I.10)
For an infinitely long nanotube, the k coordinate is quasi-continuous and ranges between -π/T and π/T , where T is the norm of the translational vector. However, in the diameter direction, the continuity of the tube imposes a periodic boundary condition for k ⊥ : We are now going to extend the zone folding approximation to model the electronic properties of carbon nanotubes. In a quantum chemistry model, the n=2 subshell of carbon atoms includes four electrons placed into four atomic orbitals: 2s,2p x , 2p y and 2p z . In the two dimensional graphene lattice, carbon atoms undergo a sp 2 hybridization. As a carbon atom interacts with its three first neighbors, their 2s are mixed with their 2p x and 2p y orbitals to create three in plane σ levels. A last π z orbital, lies perpendicularly to the carbon plane. Three electrons are included in this σ levels, while one additional electron occupies the π z one. These π z electrons will form the π double bonds, that are highly delocalized over the carbon networks. Moreover, the π electrons are of great importance as they will drive the noncovalent interaction with organic molecules.

k ⊥ C h = µ × 2π ; µ = - N 2 
Graphene (as for carbon nanotubes) electronic structure is commonly modeled through a one electron tight binding approach [START_REF] Richard | The band theory of graphite[END_REF][START_REF] Reich | Tight-binding description of graphene[END_REF]. In such a model, we neglect any electron-electron interaction as well as any curvature effect on the electrons. As we are dealing with low energy electronic properties (close to the 1-2 eV gap of a nanotube for instance), we may also consider that the σ levels are far enough in energy ( > 10 eV at the Γ point) to be neglected in the calculation [START_REF] Charlier | Electronic and transport properties of nanotubes[END_REF]. Hence, we may focus on one π z electron per atom, which is an easier assumption to treat with a tight binding model. Under these hypotheses, we use the Bloch formalism to express the global π wavefunction ψ k as a linear combination (LCAO) of each π z atomic orbital function Φ π [START_REF] Lin | Imaging the symmetry breaking of molecular orbitals in single-wall carbon nanotubes[END_REF]:

ψ k ( r) = 1 N N j=1
e i k. r j Φ a πz-j ( r) + e i k. AB Φ b πz-j ( r) (I.12)

where r is the position in the crystal and k is the Bloch eigenvector associated to the wavefunction. Here, j represents each unit cell, while a and b stands for the two differents type of position in the lattice. If we restrict the coupling to nearest neighbors and neglect the atomic wavefunction overlap, the energy dispersion of the π band can be written as [START_REF] Reich | Carbon nanotubes: basic concepts and physical properties[END_REF]: [START_REF] Harold W Kroto | C 60: buckminsterfullerene[END_REF] in which γ 0 ≃ 2.7 eV is the transfer integral between first neighbors. This complex formula provides the band structure represented on figure I.4, showing a sixfold symmetry with valleys around the K and K' points. The positive and negative values of energies correspond respectively to the conduction and the valence band. The two bands connect at each K/K' points, at a position called the Fermi level, in which the energy is equal to E F = 0. As a consequence, graphene has a zero gap: it is called a semi-metal. Around these positions, we can develop the energy dispersion for values of k close to k F :

E(k) = ±γ 0 1 + 4 cos √ 3k x a 2 cos k y a 2 + 4 cos 2 k y a 2 (I.
E( k F + δk) ≃ ±γ 0 √ 3a 2 |δ k| (I.14)
We see that this dispersion is linear with |δ k| around the Fermi level, whereas a parabolic behavior is commonly expected for a classical solid. This effect leads to remarkable electronic properties such as very high electrons mobility [START_REF] Charlier | Electronic and transport properties of nanotubes[END_REF][START_REF] Du | Approaching ballistic transport in suspended graphene[END_REF] or quantum fermions properties [START_REF] Ksa Novoselov | Two-dimensional gas of massless dirac fermions in graphene[END_REF][START_REF] Ks Novoselov | Unconventional quantum hall effect and berry's phase of 2π in bilayer graphene[END_REF]. Figure I.4: Left: Tridimensional band structure of graphene as a fonction of the coordinates (k x , k y ) with a π/3 rotation with respect to the formula I.13; Right: Zoom around the K point that shows the linear dispersion at the Dirac points [START_REF] Castro Neto | The electronic properties of graphene[END_REF].

Developing the zone folding approximation

For infinite size graphene, the vector k can vary continuously in the first Brillouin zone. For carbon nanotubes, we previously saw that the wavevectors were quantized perpendicularly to the tube. In the zone folding approximation, we will use the graphene band structure and restrict it to the values of k = k + k ⊥ that respect the nanotube boundary conditions. This simple method neglects the effects of curvature on electrons confinement [START_REF] Reich | Carbon nanotubes: basic concepts and physical properties[END_REF], or changes in shape of the dispersion diagram called trigonal warping [START_REF] Saito | Trigonal warping effect of carbon nanotubes[END_REF]. These effects will be studied in next sections. The dispersion relation for carbon nanotubes is expressed as a function of the µ quantification number:

1. PHYSICAL PROPERTIES OF SINGLE-WALLED CARBON NANOTUBES nanotube under the zone folding approximation; Right: Labelling of the metallic and semiconducting families of carbon nanotubes according to their chiral numbers.

E µ = E graphene k K 1 K 1 + µ K 2 ; µ = - N 2 + 1, ..., 0, ..., N 2 (I.15)
On figure I.5 left, we see the sectioning of the first Brillouin zone for a (4,2) nanotube. We see a succession of lines, each corresponding to a value of µ. Interestingly, no one of them intersect with the K point of the Brillouin zone. This tells us that the energy dispersion of the (4,2) nanotube does not include any K or K' points, that are located at the graphene Fermi level. As a consequence, [START_REF] Kim | A strong regioregularity effect in self-organizing conjugated polymer films and high-efficiency polythiophene: fullerene solar cells[END_REF][START_REF] Brian | A low-cost, high-efficiency solar cell based on dye-sensitized[END_REF] nanotubes present an energy gap: they are semiconducting. However, on the equivalent diagram for the [START_REF] Yella | Porphyrin-sensitized solar cells with cobalt (ii/iii)-based redox electrolyte exceed 12 percent efficiency[END_REF][START_REF] Yella | Porphyrin-sensitized solar cells with cobalt (ii/iii)-based redox electrolyte exceed 12 percent efficiency[END_REF] nanotube (figure I.3 right), one quantization line crosses the K point. This chirality, as any armchair tube, is metallic.

In fact, this zone folding method is a good tool to predict the presence of a gap for a given chirality of nanotube. As seen on figure I.5 right, a majority of carbon nanotubes are semiconducting. This proportion can be calculated by considering the norm of the vector k, close to the Fermi wavevector k F . We can decompose it according to figure I.5: k = k F + δk + δk ⊥ . One can derive that the quantification of δk ⊥ has to verify [START_REF] Jw Mintmire | Universal density of states for carbon nanotubes[END_REF]:

| δk ⊥ | = 2 3d N t |3µ -n + m| (I.16)
From this formula, we see that nearly one third of the chiralities of nanotubes are metallic (see figure I.5), since one of their allowed k vectors points to a K/K' point. Their chiral indices verify mod(n -m, 3) = 0. For any other combination, the nanotubes are semiconducting. The energy dispersion close to the K points can be developed into: where E = γ 0 √ 3a 2 δk varies continously with δk , while E ⊥ is quantified with µ:

E(δk , δk ⊥ ) = ± E 2 + E 2 ⊥ (I.
E ⊥ = γ 0 √ 3a 3d N t
|3µ -n + m| ; µ = -N 2 + 1, ..., 0, ..., N 2 (I. [START_REF] Jonathan N Coleman | Small but strong: a review of the mechanical properties of carbon nanotube-polymer composites[END_REF] This formula can also be used to evaluate the energy width of the gap. We see that the minimum of energy in the conduction band is reached when δk = 0 and µ is chosen to minimize the value of |3µ -n + m|. Doing the same in the valence band, one can extract the value of the energy gap: ∆E = E ⊥ (µ) -E ⊥ (-µ). From formula I. [START_REF] Jonathan N Coleman | Small but strong: a review of the mechanical properties of carbon nanotube-polymer composites[END_REF], one can see that this value is inversely proportional to the diameter of the tube.

Electronic density of states

In the quasi-continuous limit, the electronic density of states is generally expressed as an integral over the reciprocal space [START_REF] Jw Mintmire | Universal density of states for carbon nanotubes[END_REF]:

n(k) = g l BZ dkδ(k -k i ) ∂ǫ ∂k i (I.19)
where l BZ is the length of the 1D Brillouin zone in the reciprocal space and g is the degree of degeneracy. In our case, it is here equal to 2 due to the K-K ′ intervalley equivalence, or 4 if the spin degeneracy is included. The k i are the roots of the equation E -ǫ(k) = 0. For an infinitely long carbon nanotube, we can integrate easily this expression over the K 2 translational direction. Due to the quantization of µ, this leaves us with a discrete sum over the K 1 perpendicular direction: [START_REF] Scott T Huxtable | Interfacial heat flow in carbon nanotube suspensions[END_REF] with:

n(E) = 2a π 2 γ 0 d N t µ f (E, E µ ) (I.
f (E, E µ ) = |E|/ E 2 -E 2 µ , if |E| > E µ 0 , if |E| < E µ (I.21)
This density of states diverges when E gets close to any E µ value. This is a classical behaviour for electrons in unidimensional solids, that usually have a density of states in 1/ √ ∆E. These divergences are called Van Hove singularities [START_REF] Van Hove | The occurrence of singularities in the elastic frequency distribution of a crystal[END_REF]. Due to the two-fold degeneracy, the density of states is symmetrical with respect to the Fermi level. From equation I.18, the position of the p th singularity corresponds to:

E = pE 0 ; p ∈ Z * ; E 0 = (γ 0 √ 3a)/(3d N t ) (I.22)
This model predicts that the splitting between singularities is fixed by the diameter of the tube. The value of p are restricted by the nature of the tube. For metallic nanotubes: mod(p, 3) = 0, while for semiconductiong ones: mod(p, 3) = 1 or 2.

Taking advantage of their accessible sp 2 surface structure, the density of states of carbon nanotubes has been widely studied by scanning tunnelling experiments [START_REF] Lin | Imaging the symmetry breaking of molecular orbitals in single-wall carbon nanotubes[END_REF][START_REF] Castro Neto | The electronic properties of graphene[END_REF][START_REF] Jeroen | Electronic structure of atomically resolved carbon nanotubes[END_REF]. This is one the most efficient tool to study the density of states of carbon nanotube or graphene [START_REF] Kim | Electronic density of states of atomically resolved single-walled carbon nanotubes: Van hove singularities and end states[END_REF][START_REF] Berger | Electronic confinement and coherence in patterned epitaxial graphene[END_REF] They measured the derivative dI/dV of the tunneling current with respect to voltage. Under certain hypotheses, this conductance can be regarded as an indirect evaluation of the density of states [START_REF] Tersoff | Theory of the scanning tunneling microscope[END_REF]. For one metallic and one semiconducting nanotube shown in figure I.6 a) and b), these diagrams exhibit a series of resonances, for which the conductance signal increases dramatically. These divergences are found at relatively regular positions, both for positive and negative voltages. These peaks correspond to the predicted Van Hove singularities that can be found in the valence and the conduction bands. Between the two first singularities, the signal goes to zero for the semiconducting nanotube, proving the absence of available states. This allows to measure the gap of 0.5 eV for the studied nanotube. At the opposite, the conductance signal is always positive for the metallic tube. Finally, they performed a tight-binding calculation of the density of states that matches with the spectroscopy data. These experiments prove that the tight binding model is relevant to provide a good insight into the electronic properties of carbon nanotubes.

Optical properties

Knowing the density of states, we may predict the basic interactions between photons and carbon nanotubes. We will mainly focus on the absorption and the emission of photons by semiconducting nanotubes. In general, the optical properties of a solid are linked to its electronic dispersion and density of states. To absorb a photon of energy ω, an electron has to be promoted from a filled state of the valence band to an empty state of the conduction band. In a semi-quantum formalism, the probability Γ of the photon absorption (or the symmetric emission) can be evaluated through the Fermi golden rule:

Γ(ω) = 2π k, k ′ |M ( k, k ′ )| 2 δ (E ′ -E -ω) (f v (E) -f c (E ′ )) (I.23)
where f v (E) (respectively f c (E ′ )) is the Fermi-Dirac occupation probability in the valence band (respectively the conduction band):

f (E) = 1 1 + e E-E F k B T (I.24)
The (E ′ , k ′ ) values are assigned to the final state while the bare ones correspond to the initial state. The probability Γ is a sum over all the combinations of wavevectors: it will strongly depend on the joint density of states in the valence and in the conduction band. This is the reason why the optical properties of carbon nanotubes are governed by the multiple Van Hove singularities.

The matrix elements |M ( k, k ′ )| 2 = | v| H dip |c | 2 take into account the lightmatter interaction. This dipolar matrix includes the optical selection rules, as it only couples a restricted number of quantum states [START_REF] Le | Physique quantique-Fondements: Fondements[END_REF]. In particular, such transitions have to respect the conservation of energy, E ′ = ω +E and of momentum, k ′ ≃ k. Here, we have neglected the wavevector of photons (∼ 10 7 m -1 ) with respect to the one of involved electrons (∼ π/a ∼ 10 10 m -1 ): we call such event a vertical transition. In the following experiments, the light-matter interaction will be treated with the dipole approximation [START_REF] Grüneis | Inhomogeneous optical absorption around the k point in graphite and carbon nanotubes[END_REF][START_REF] Malić | Analytical approach to optical absorption in carbon nanotubes[END_REF]. [START_REF] Reibold | Materials: Carbon nanotubes in an ancient damascus sabre[END_REF][START_REF] Brian | A low-cost, high-efficiency solar cell based on dye-sensitized[END_REF] nanotube when the incident light has a parallel or perpendicular polarization with respect to tube axis; Right bottom: PL intensity versus polarization angle of the laser excitation. Data taken at S 22 (blue) and S 12 (red) transitions. The gray lines are cos 2 (θ) functional form. Top and bottom figures are adapted from the reference [START_REF] Lefebvre | Polarized photoluminescence excitation spectroscopy of single-walled carbon nanotubes[END_REF].

However, the dipolar interaction strongly depends on the polarisation of the light electric field. For a polarization along the tube axis, the electronic transition can only take place between symmetrical singularities, having the same µ quantum number: µ ′ -µ = 0. The strongest transition will occur when the electric field is parallel to the nanotube axis [START_REF] Lefebvre | Polarized photoluminescence excitation spectroscopy of single-walled carbon nanotubes[END_REF]. However, for a perpendicular polarization, the transition must involve non symmetrical bands: µ ′ -µ = ±1. The optical transitions are called S ii ′ for semiconducting nanotubes and M ii ′ for metallic ones, where i refers to the i th Van hove singularity in the valence band, while i' corresponds to the conduction band.

All of these opto-electronic properties can be assessed by several experimental techniques including absorption or photoluminescence experiments [START_REF] Grüneis | Inhomogeneous optical absorption around the k point in graphite and carbon nanotubes[END_REF][START_REF] Lefebvre | Polarized photoluminescence excitation spectroscopy of single-walled carbon nanotubes[END_REF]. The photoluminescence of a (15,2) nanotube has been studied by Lefebvre and coworkers in figure I.7 right. These experimental techniques will be broadly detailed in the following sections. When they modify the excitation energy, they exhibit different luminescence resonances that correspond to the allowed transitions between the nanotube's Van Hove singularities (see figure I.7 left). Moreover, when they use a polarized excitation beam, they can selectively activate some of these transitions. The symmetrical transitions S ii can be triggered by a light parallel to the tube axis, while the crossed ones S ii±1 require a perpendicular polarization. This is a direct consequence of selection rules. Furthermore, one may easily notice that the intensity of the parrallel transition S 22 is one order of magnitude larger that the perpendicular one S 12 [START_REF] Lefebvre | Polarized photoluminescence excitation spectroscopy of single-walled carbon nanotubes[END_REF][START_REF] Uryu | Exciton absorption of perpendicularly polarized light in carbon nanotubes[END_REF].

According to the precedent discussion, the electronic transitions that can be triggered by photons can be sorted as:

S ii =
6γ 0 a √ 3d N t p ; i ∈ N * ; p(i) = {1, 2, 4, 5, 7, ...} (I. [START_REF] Saito | Electronic structure of chiral graphene tubules[END_REF] for semiconducting tubes, while for metallic:

M ii = 18γ 0 a √ 3d N t i ; i ∈ Z * (I.26)
In consequence, this model predicts that the energy of the optical transitions should vary in 1/d N t . In addition, the energies of the transitions for a metallic tube are three times larger than for a semiconducting one with a similar diameter. A plot of the accessible optical transitions as a function of diameter has been first established by Kataura et al. (see figure I.8 left, [START_REF] Kataura | Optical properties of single-wall carbon nanotubes[END_REF]), and tends to verify roughly those predictions. [START_REF] Kataura | Optical properties of single-wall carbon nanotubes[END_REF]; Right: Effect of the trigonal warping on the position of transition energies for two nanotubes of similar diameters but with different values of q = mod(n -m, 3); freely adapted from [START_REF] Berciaud | Alloptical structure assignment of individual single-walled carbon nanotubes from rayleigh and raman scattering measurements[END_REF].
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Beyond the zone folding approximation

In a closer look on the figure I.8 left, the Kataura plot exhibits significant deviations from the 1/d N t master curve, with the presence of branches of chiralities. More precisely, semiconducting nanotubes can be sorted in two categories, according to the value +1 or -1 of their number q = mod(n -m, 3). To study this phenomenon, one should take into account the trigonal shape of the dispersion curve around K points, instead of the circular symmetry that we have assumed implicitely [START_REF] Saito | Trigonal warping effect of carbon nanotubes[END_REF][START_REF] Berciaud | Alloptical structure assignment of individual single-walled carbon nanotubes from rayleigh and raman scattering measurements[END_REF]. As seen on figure I.8 right, this effect will shift the S ii transitions of a nanotube in different directions and proportions.

Excitons and self-energy

Another point that we have neglected until now is the electron-electron interaction. Indeed, the tight-binding formalism is based on the hypothesis of independent electrons. Due to the one dimensional structure of a nanotube, the electrons are strongly confined [START_REF] Giamarchi | Quantum physics in one dimension oxford science publications[END_REF][START_REF] Zhao | Electron-electron interaction effects on the optical excitations of semiconducting single-walled carbon nanotubes[END_REF], and this will amplify the correlation between them. Even if we cannot detail the many body quantum effects in such manuscript, we can single out the two main types of electronic interactions that will influence the optical properties of carbon nanotubes. They can be easily explained using a simple Coulomb interaction picture. The first effect is due to the electrostatic repulsion between electrons, which is called Coulombic self-energy [START_REF] Zhao | Electron-electron interaction effects on the optical excitations of semiconducting single-walled carbon nanotubes[END_REF][START_REF] Kane | Electron interactions and scaling relations for optical excitations in carbon nanotubes[END_REF]. This phenomenon tends to destabilize the global system and thus increase the required optical transitions energies of around 1 eV for small diameter nanotubes. The second dynamic effect takes place upon photonic excitation of the material. When one electron is promoted into the conduction band, it leaves a vacancy, called a hole, into its initial quantum state. The promoted electron and the remaining hole can be treated as pair of opposite charge quasiparticles that will attract each other. Such a hydrogen-like couple of quasiparticles is called an exciton [START_REF] Frenkel | On the transformation of light into heat in solids[END_REF]. In small carbon nanotubes this charged pair has a binding energy of around 400 meV, that is around 100 times larger than in usual inorganic semiconductors [START_REF] Kübler | The exciton binding energy of iii-v semiconductor compounds[END_REF]. This excitonic energy contribution is of the same order of magnitude as the calculated gap for independent electrons, that is around 1.5 eV. Thus, the exciton behavior is dominant, and the optical properties of nanotubes have to be understood as transitions between excitonic levels. As a consequence of this attractive interaction, the excitonic states are located below (respectively above) the continuum of states in the conduction band (respectively the valence band). In conclusion, self-energy and excitonic effects are large but contribute in opposite directions (see figure I.9) to the global transitions energies. This is a reason why the tight binding model provides relatively accurate transitions energies despite the importance of the correlation effects [START_REF] Lin | Many-body effects in electronic bandgaps of carbon nanotubes measured by scanning tunnelling spectroscopy[END_REF].
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Thermodynamical growth conditions

The first batch of nanotubes discovered by Ijima [START_REF] Iijima | Helical microtubules of graphitic carbon[END_REF] was produced through arc discharges onto graphite electrodes in both high pressure and high temperature conditions. Their relatively uncontrolled method gave birth to a variety of carbon structures, including amorphous carbon. As the interest for carbon grew over the years, numerous research groups put a lot of effort into improving and diversifying the synthesis techniques. One can cite the work of Thess et al. that first managed in 1996 to create ropes of aligned single walled carbon nanotubes, with a small diameter distribution, through a LASER vaporization technique [START_REF] Thess | Crystalline ropes of metallic carbon nanotubes[END_REF]. [START_REF] Thess | Crystalline ropes of metallic carbon nanotubes[END_REF]; Right: SEM image of a square of suspended SWNT bridges produced by CVD [START_REF] Cassell | Directed growth of free-standingsingle-walled carbon nanotubes[END_REF] Similarly to other carbon materials, the synthesis of carbon nanotubes requires three things: a source of carbon atoms, favorable thermodynamics conditions [60],

1. PHYSICAL PROPERTIES OF SINGLE-WALLED CARBON NANOTUBES and a catalyst particle (at least for single walled carbon nanotubes). Here, the catalyst has to be of nanometric size, as its very structure has a great influence on the final material geometry. As for the thermodynamics conditions, they consist in bringing the adequate pressure and temperature to turn the carbon source into carbon nanotubes. These required thermodynamics conditions may be reached by physical or chemical growth process. The two examples presented above are physical routes: an electric (Arc discharge) or a powerful light source (LASER radiations) is used to vaporize graphite. Those high energy sources are able to reach very high local temperatures (3000 ➦C for at the surface of the arc electrode [START_REF] Sulabha | Nanotechnology: principles and practices[END_REF]) that provide a very good crystallinity [START_REF] V Ardizzone | Strong reduction of exciton-phonon coupling in single-wall carbon nanotubes of high crystalline quality: Insight into broadening mechanisms and exciton localization[END_REF]. However, they are only able to synthesize large diameter nanotubes, with a bandgap below 0.9 eV.

Then, chemical methods based on classical Chemical Vapor Depostions techniques (CVD) have been developed [START_REF] Kong | Chemical vapor deposition of methane for single-walled carbon nanotubes[END_REF]. In CVD, transition metal catalysts nanoparticles are exposed to a carbon-rich gas phase under the proper pressure and temperature conditions. The gaseous carbon-rich molecules will then turn into nanotubes at the surface of catalyst particles. Along with nanotubes bundles, CVD allows the direct fabrication of single nanotubes that can be readily used for optoelectronics studies [START_REF] Lefebvre | Bright band gap photoluminescence from unprocessed single-walled carbon nanotubes[END_REF]. This technique offers great promises in industry, as it is easily scalable and could provide large quantity of low-cost nanotubes materials.

The two most developed CVD techniques are called HiPCo and CoMoCAT. HiPCo stands for High Pressure catalytic decomposition of Carbon monoxide catalyst [START_REF] Nikolaev | Gas-phase catalytic growth of single-walled carbon nanotubes from carbon monoxide[END_REF]. This methods is particular, as both the iron pentacarbonyl catalyst Fe(Co) 5 and carbon monoxide are under gaseous form. This inexpensive technique reaches nowadays a 70 % yield of single walled nanotube production, with very small diameters between 0.7 and 1.1 nm. Moreover, the produced tubes can be several micrometers long and can be readily used without any purification step. CoMoCAT is for Cobalt Molybdenum catalyst [START_REF] Bachilo | Narrow (n, m)-distribution of singlewalled carbon nanotubes grown using a solid supported catalyst[END_REF]. Here, the catalysts are cobalt solid nanoparticles. This sample will be mostly used in this thesis, as it produces quasi monochiral samples, with a majority of 0.8 nm (6,5) nanotubes and very few other chiralities with close diameters.

However, these techniques still provide several chiralities in the same batch. This problem has been adressed by postprocessing techniques, to sort out nanotubes in liquid phases, extracting one chirality at a time [START_REF] Michael S Arnold | Sorting carbon nanotubes by electronic structure using density differentiation[END_REF][START_REF] Liu | Largescale single-chirality separation of single-wall carbon nanotubes by simple gel chromatography[END_REF][START_REF] Fagan | Isolation of 1 nm diameter single-wall carbon nanotube species using aqueous two-phase extraction[END_REF]. Some of these techniques are now advanced enough to be used at the preindustrial stage. However, they are still consuming too much time and money to offer low cost monochiral material for optoelectronics. Indeed, several groups are still working on selecting the good catalyst alloys in order to produce monochiral samples. In 2014, two groups [START_REF] Yang | Chirality-specific growth of singlewalled carbon nanotubes on solid alloy catalysts[END_REF][START_REF] Ramon Sanchez-Valencia | Controlled synthesis of single-chirality carbon nanotubes[END_REF] independently achieved that goal for two chiralities of nanotubes.

Tetraphenyl porphyrin molecules are widely used artificial dyes that have been inspired by nature. Due to its very efficient light absorption and emission, it has been massively used in this Phd. In a very similar manner to the previous section, this one starts with a general introduction of the general chlorophyll class of molecules. Then, a progressive description of the structural, electronic and optical properties of tetraphenyl porphyrin will be done in order to understand the origin of such remarkable optoelectronic characteristics.

Generalities on natural dyes and chlorophyll derivatives

The name porphyrin comes from the Greek word porphura which means purple, as a reference for their intense colour. In fact, porphyrin and similar molecules are very common in living organisms. These molecules belong to the large class of dye molecules or fluorophores, that have the ability to efficiently harvest the visible light energy and turns it into usable electronic energy. The first parent of porphyrin to be isolated was the chlorophyll in 1817 by Caventou and Pelletier that were looking for the origin of colour in vegetal organisms. The first research interests in the porphyrins date back from the nineteeth century [START_REF] Nencki | Über das hämatoporphyrin[END_REF][START_REF] Gamgee | On the relations of turacin and turacoporphyrin to the colouring matter of the blood[END_REF]. Among other occurences, porphyrins derivatives were discovered as a pigment in Turaco bird feathers [START_REF] Rimington | A reinvestigation of turacin, the copper porphyrin pigment of certain birds belonging to the musophagidae[END_REF] or in human's blood (as heme, a component of red hemoglobin) [START_REF] Agarwal | Text book of Biochemistry[END_REF]. One can notice that chlorophyll gives its green colour to leaves (chloro in Greek), that hemoglobin is red, while porphyrin is purple. Despite their similarities (seen in figure I.11), these molecules present a large chemical tunability, that makes them very interesting for research and applications. Even now, the chemical research on porphyrins is still very active, in subject such as photodynamical therapy [START_REF] Bonnett | Photosensitizers of the porphyrin and phthalocyanine series for photodynamic therapy[END_REF] and organic solar cells [START_REF] Mathew | Dye-sensitized solar cells with 13% efficiency achieved through the molecular engineering of porphyrin sensitizers[END_REF].

In vegetal organisms, the chlorophyll derivatives play an important role in the photosynthetic process. The figure I.12 displays the example of photosynthetic subunit LH 2 , present in the Rhodopseudomonas acidophilia bacteria. This large molecular cluster is composed of two types of chlorophylls derivatives B800 and B850 along with another classical dye called caroten. Each of these molecules is designed to collect specific wavelenghts [START_REF] Weis | Quantum efficiency of photosystem ii in relation to 'energy'-dependent quenching of chlorophyll fluorescence[END_REF], turning light energy into electronic excitation. By ultrafast experiments, Herek and others researchers evidenced a complex energy pathway [START_REF] Herek | Quantum control of energy flow in light harvesting[END_REF]. Every chromophore absorbs a part of the incident photons, generating excited electrons. These electrons are then transferred from the host molecule to its neighbor within a few picoseconds, to be eventually extracted from the LH 2 structure (see figure I.12). At the end of the cycle, the LH 2 is ready to absorb new incident photons. One can observe the very precise ordering of the different dye molecules in order to optimize the energy transfer cascade. After a series complex steps, this electronic energy reaches the biochemical reaction center where it will be stored for later bacteria's development. [START_REF] Herek | Quantum control of energy flow in light harvesting[END_REF] and [START_REF] Tachibana | Artificial photosynthesis for solar water-splitting[END_REF].

The complexity of this mechanism along with the wide tunability of the chlorophylls properties inspired numerous researchers [START_REF] Tachibana | Artificial photosynthesis for solar water-splitting[END_REF][START_REF] Gust | Mimicking photosynthesis[END_REF][START_REF] Michael R Wasielewski | Photoinduced electron transfer in supramolecular systems for artificial photosynthesis[END_REF]. Furthermore, it demonstrates the natural ability of porphyrins to efficiently harvest light and transfer its energy to its neighboring environment. This justifies the choice of tetraphenyl porphyrin to create organized nanoassemblies with carbon nanotubes.

Structural and geometrical properties of porphyrins

The base element of the tetraphenylporphyrin (TPP), called the porphine core, is made of four symmetric pyrrol subunits that are linked by methyne bridges. As its derivatives presented above, the tetraphenylporphyrin has the ability to form a chelate complex by including a large metal atom (zinc, platinum, iron...) inside its macrocycle (see figure I.11). In absence of a metal, the porphyrin is called free-base porphyrin as it macrocycle only includes two hydrogens atoms. The porphyrin does not exist in the tetraphenyl form in nature: it is an artificial compound designed for chemical purposes. The first synthesis of meso-tetraphenylporphyrin was reported in 1941 [START_REF] Rothemund | Porphyrin studies. iv. 1 the synthesis of α, β, γ, δ-tetraphenylporphine[END_REF], where the authors mixed the required pyrrols with benzaldehydes in order to get the phenyl substituents. The centre macrocycle is a conjugated structure, with delocalized π bonds. This conjugation forces the porphyrin structure to be planar.

In principle, the phenyls groups should also be included in the molecules plan in order to participate in the conjugation stabilization. However, phenyls are quite large substituents and their hydrogens are likely to be sterically repulsed by the pyrroles neighboring hydrogens [START_REF] Ss Eaton | Rotation of phenyl rings in metal complexes of substituted tetraphenylporphyrins[END_REF]. Hence, the phenyls groups tend to oscillate very rapidly, forming an angle between 40 and 70➦ with respect to the macrocycle (as represented on figure I.14 a). This combination of a rigid electron-rich macrocycle and of flexible phenyls groups gives some adaptability to the TPP molecule. As a consequence, it is an ideal candidate for stacking on all kind of surfaces. Over the past forty years, researchers have studied the interaction of porphyrins with metal layers [START_REF] Maximiliane S Boeckl | Self-assembly of tetraphenylporphyrin monolayers on gold substrates[END_REF][START_REF] Auwärter | Porphyrins at interfaces[END_REF], DNA branches [START_REF] Robert F Pasternack | A nonconventional approach to supramolecular formation dynamics. the kinetics of assembly of dna-bound porphyrins[END_REF], liquid-liquid interface [START_REF] Schick | Spectroscopic characterization of porphyrin monolayer assemblies[END_REF][START_REF] Johannes M Kroon | Self-organization of amphiphilic porphyrins at the air-water interface[END_REF], carbon materials ...

Electronic properties of porphyrins

Simplified Hückel model

Similarly to graphene, a simple Hückel model, using a Linear Combination of Atomic Orbitals (LCAO) [START_REF] Hoffmann | An extended hückel theory. i. hydrocarbons[END_REF], is quite convenient to get a first insight into the porphyrin energy levels. As early as 1950, reseachers employed such a molecular orbital LCAO formalism to develop an extensive model of the porphyrin electronic structure [START_REF] William T Simpson | On the theory of the π-electron system in porphines[END_REF][START_REF] Hc Longuet-Higgins | Molecular orbital calculations on porphine and tetrahydroporphine[END_REF]. The porphyrin macrocycle possesses 20 carbons, 2 nitrogens and 22 2p z electrons. However, only 18 of these electrons participate to the conjugation, as the nitrogens double bonds correspond to a cross-conjugation [START_REF] Karl M Kadish | Handbook of porphyrin science[END_REF]. If we set aside the influence of the nitrogen atoms and the coupling with the phenyls, the porphyrin structure can be modeled as a cycle of 20 carbon atoms with 18 delocalized electrons (see figure I.13 below). According to Hückel theory, the i th level of such cyclic system has an energy of:

E i = α + 2β cos 2πi N ; i = 0, 1, ..., N -1 ; β = -2.62 eV (I.27)
with N the number of involved carbon atoms and β the electron exchange integral associated to a carbon-carbon bond. The number i can be regarded as the quantum number associated to the corresponding level. As seen on figure I.13, this allows to set up the porphyrin energy diagram and to place the 18 available π z electrons. Particularly, this determines the Highest Occupied (HOMO) and the Lowest Unoccupied (LUMO) Molecular Orbitals. The gap between these two states can be estimated with the formula [START_REF] Norinder | Hückel theory applied to large linear and cyclic conjugated π-systems[END_REF]:

∆E = 2β cos 2π|i| LU M O N -cos 2π|i| HOM O N (I.28)
where |i| is the norm of the corresponding level number. This formula indicates that the gap gets smaller as N increases, with the HOMO and the LUMO levels getting closer. This general behavior explains why the most efficient dye molecules commonly have a large chemical structure with many delocalized π bonds (as for the carotene on figure I.11). Indeed, as the the HOMO and the LUMO levels get closer, the allowed optical transitions move to lower energies and the molecule starts to absorb light in the visible region. For the N=20 carbon atoms and the 18 electrons to be placed, this simple model provides |i| HOM O = 4 and a gap value of 1.62 eV, which is not so far from the real TPP optical bandgap of around 1.95 eV. NANOTUBES AND PORPHYRIN MOLECULES Extensive independent electron calculation However, this Hückel calculation is too simplified to explain the complex electronic density of states and absorption properties (position, amplitude and width of the energy bands) of TPP. Among other considerations, the influence of the nitrogen atoms and of the phenyls groups should be considered. Over the years, many attemps to calculate the porphyrin electronic levels have been performed [START_REF] William T Simpson | On the theory of the π-electron system in porphines[END_REF][START_REF] Sheldon | An lcao mo study of the structure of chlorophyll prototypes[END_REF][START_REF] Ohno | Simple molecular orbital calculations on the electronic structure of iron-porphyrin complexes[END_REF][START_REF] Chen | Pi-electron conjugation in porphyrins[END_REF][START_REF] Ej Baerends | A dft/tddft interpretation of the ground and excited states of porphyrin and porphyrazine complexes[END_REF]. On figure I.14 c), we can see one example from Palumno et al. [START_REF] Palummo | Ab initio electronic and optical spectra of free-base porphyrins: The role of electronic correlation[END_REF] of a more extensive model. Instead of Hückel LCAO model, they used an independent electron Density Functional Theory (DFT) to find the energy levels. We see on I.14 c) inset, that their level diagram presents a degenerate LUMO / LUMO +1 level and two separated HOMO and HOMO -1 levels. From these levels, the evaluated TPP bandgap is of 1.7 eV. However, there is still a debate on the value of the independent electron TPP bandgap, as other models recently predicted much higher values (up to 4 eV) [START_REF] Palummo | Ab initio electronic and optical spectra of free-base porphyrins: The role of electronic correlation[END_REF]. In a Fermi golden rule description, the authors of the article [START_REF] Palummo | Ab initio electronic and optical spectra of free-base porphyrins: The role of electronic correlation[END_REF] calculated the interaction matrix elements to determine the allowed optical transition. As seen on figure I.14 c), their calculated absorption spectrum of TPP exhibits two main optical transitions in the visible region: the HOMO→ LUMO/LUMO+1 at 1.75 eV and the HOMO-1→ LUMO/LUMO+1 at 2.2 eV. These large bands lying just above the gap are very similar to the experimental ones, presented on the spectra of functionalized porphyrins (such as chlorophyll, see figure I.12). However, we will see that tetraphenylporphyrin spectrum exhibits large deviations from this independent electron absorption diagram.

Finally, as for carbon nanotubes, the independent electron energy levels description can be confronted with the experimental data from scanning tunelling spectroscopy. On I.14 b) and d), we see the work from Pham et al. [START_REF] Van Dong Pham | Electronic interaction between nitrogen-doped graphene and porphyrin molecules[END_REF], where the authors scanned over a single tetraphenylporphyrin on a gold surface. The density of states extracted from tunneling conductance measurement shows a large LUMO band and a sharp HOMO band that present similarities with the previous DFT predictions.

Importance of the electron correlation and its optoelectronic consequences

Absorption spectra of porphyrins On figure I.15 left is represented the absorption spectrum of the free base TPP (H 2 TPP) and of its complex (ZnTPP). H 2 TPP exhibits four weak transitions in the visible part, while the ZnTPP presents only two bands. Those bands are very common in chlorophyll derivatives and are called the Q bands [START_REF] Gouterman | Study of the effects of substitution on the absorption spectra of porphin[END_REF]. In 1956, Platt remarked that the geometry of H 2 TPP has a two-fold symmetry while the metallic porphyrin has a four-fold one. Using a semi-empirical model, he demonstrated that the symmetry breaking could explain the splitting of the Q bands in H 2 TPP. Thus, he called the two lowest ones Q x (0,0) and Q x (1,0), and the upper Q y (0,0), Q y (1,0) [START_REF] Platt | Radiation biology[END_REF] (more details on figure I. [START_REF] Guan | Smallest carbon nanotube assigned with atomic resolution accuracy[END_REF]). This set of numbers (α,β) represents the different vibronic levels [START_REF] Marilyn H Perrin | Vibronic coupling. vi. vibronic borrowing in cyclic polyenes and porphyrin[END_REF] associated to each transition. For H 2 TPP, in dichloromethane, the respective energy position of these four bands are 1.91, 2.09, 2.25 and 2.40 eV.

Yet the main optical transition, called the Soret (or B) band occurs in the near UV region at 2.95 eV. The Soret band of TPP has a molar extinction coefficient of 4.10 5 cm -1 mol -1 L, which is very large. It is higher than the value for most classical dye molecules, that usually ranges between 10 3 and 10 5 cm -1 mol -1 L. For example, anthracene has a value of 9000 while phthalocyanine reaches 1.6.10 5 cm -1 mol -1 L (among others, [START_REF] Jeanette | Crc atlas of spectral data and physical constants for organic compounds[END_REF]). As for the Q bands, this transition is splitted in two contributions, B x and B y [START_REF] Palummo | Ab initio electronic and optical spectra of free-base porphyrins: The role of electronic correlation[END_REF], but they are nearly degenerate.

Historical four orbital's model

We can see that the precedent independent electron models could not explain the amplitude and the position of such optical transitions, especially in the UV range. Absorption energy (eV) However, Gouterman stated that his model was not able to predict the relative position of B x (and Q x ) with respect to B y (and Q y ) [105]. In 1957, Weigl demonstrated by polarization spectroscopy [START_REF] Weigl | The polarization of the fluorescence of tetraphenylporphine[END_REF] that the actual energy positions of the bands verify Platt's attributions [START_REF] Platt | Radiation biology[END_REF]: Q x , Q y , B x , B y (in the ascending order).

H 2 TPP exctinction coef�icient (cm -1 mol -1 L) Soret band B x , B y Q bands Q y Q x B y B x Q y b c b c Q x E HOMO-1 HOMO LUMO+1 LUMO

Full model including of electron correlations

A few decades later, Palumno and coworkers explained the success of such semiempirical theory by an extensive complex calculation [START_REF] Palummo | Ab initio electronic and optical spectra of free-base porphyrins: The role of electronic correlation[END_REF]. By including the electron correlations effects into a DFT calculation, they managed to reproduce the symmetry considerations from Gouterman and explain the tetraphenylporphyrin excitation spectrum. As for carbon nanotubes, the consideration of electron-electron and electron-hole interactions are essential to understand the interaction between light and tetraphenyl porphyrin molecules.

Excited states relaxation of tetraphenylporphyrin

Photoluminescence properties

Upon high energy optical excitation, the TPP has the ability to re-emit light at a lower energy. This process is called photoluminescence. On figure I.16, we detail the photoluminescence (PL) spectrum of the TPP, superimposed with its absorption spectrum. The PL diagram presents two broad lines at 1.72 and 1.90 eV, that correspond to the Q x (0,1) and the Q x (0,0) bands. No sensible PL signal originates from the Q y or the B band, at higher energies. Upon light excitation, the PL diagram of a molecule is deeply connected to the electronic relaxation kinetics. In 2002, Baskin and coworkers performed an extensive time resolved study of the TPP electronical dynamics [START_REF] Spencer Baskin | Ultrafast dynamics of porphyrins in the condensed phase: I. free base tetraphenylporphyrin[END_REF]. They established the diagram presented on figure I.16 right. Upon excitation on the B state at 3.1 eV, they showed that the system relaxes to the Q y levels in less than 50 fs and in the Q x band within 150 fs. At the end of the relaxation, the return to the ground state can be done by two competitive processes. The first one is the direct emission of a photon (fluorescence) from the Q x states, while the second is a nonradiative decay through the triplet (T) states. Time resolved photoluminescent experiments allowed to show an exponential luminescence decay of around 10 ns [110,[START_REF] Kikuchi | Triplet yields of some tetraphenylporphyrins and octaethylporphyrins[END_REF], limited by the competition with the triplet pathway. For TPP in organic solvents, the fluorescence yield Φ f has a value around [START_REF] Paul | Porphyrins: Xiii: fluorescence spectra and quantum yields[END_REF]:
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Φ f = N photon-emitted N photon-absorbed ≃ 10 % (I.29)

Polarized response of TPP

As we mentioned above, the TPP has a two-fold rotational symmetry, due to the presence of two hydrogen atoms on the pyrrole groups, at the center of the macrocycle. The two directions, Ox and Oy, are defined as shown on figure I.17 left. They are respectively parralel and perdicular to the hydrogen axis. This symmetry is the reason of the coexistence of the x and y states for the B and the Q bands. Indeed, we can see on figure I.17 left that Palumno's many-body DFT calculations [START_REF] Palummo | Ab initio electronic and optical spectra of free-base porphyrins: The role of electronic correlation[END_REF] managed to reproduce the symmetry discrimination of each state. Experimentally, this orientation splitting has consequences on the polarization resolved absorption and photoluminescence properties of TPP. On figure I.17 center, one can see the excitation diagram of TPP expressed as excitonic transitions, instead of electron levels. According to the selection rules of the dipolar interaction, there is a strict correspondence between the optical polarization and the allowed excitons transition. Whatever the excitation level, it was shown before that the TPP emission was essentially done on the Q x energy levels. Hence, if TPP is excited using Oy polarized photon at 2.91 eV, the B y created exciton would have to lose its symmetry before collapsing and emitting a Ox polarized photon [START_REF] Joseph R Lakowicz | Principles of fluorescence spectroscopy[END_REF].

This effect has been evidenced as early as 1957 by Weigl, using polarized photoluminescence spectroscopy [START_REF] Weigl | The polarization of the fluorescence of tetraphenylporphine[END_REF] (see I.17 right, the details of such experiments will be discussed in the next section). When TPP was excited on a B x or Q x transition, he observed that the polarization of light was partially conserved through the process (i.e. the value of polarization is positive). However, when exciting on Oy transitions, the orientation was lost (the value of polarization was close to zero). These results contributed to understand the symmetry and the energies of the different optical transitions of TPP. These effects will be extensively discussed in the chapter 4.

Employed experimental techniques

Optical absorption spectroscopy

The absorption spectroscopy is a very common technique in material physics and analytical chemistry. As explained before, it gives a rapid access to the allowed optical transitions and consequently to the energy levels of the studied materials. The experiment consists in directing a monochromatic light beam onto the sample and measuring the intensity of light I that passes through the sample. This intensity is then compared to the initial intensity I 0 , to measure the proportion of photons that were absorbed by the material. The physical quantity that is studied is called the Optical Density (O.D.):

O.D. = -log(T ) = -log I I 0 (I.30)
Repeating the procedure over a set of different wavelengths allows to obtain the spectroscopic response of the sample. One may as well repeat the absorption experiment over times to obtain kinetic information during a chemical reaction.

In our laboratory, we use a Lambda 950 spectrometer from Perkin-Elmer that is equipped with two opical lines. As seen on figure I.18, it allows a parallel measurement of I, on the line containing the real sample and I 0 , measured after passing across the reference line (see figure I.18). This spectrometer possess several lamp sources and several photodetectors to scan from the UV (300 nm) to the near infrared (1600 nm) region. In most of this work, we use L = 1 mm suprasil quartz cuvettes (see I.18 right) that are designed to have a minimum absorption. This material is also quite useful for luminescence experiments as its purity guarantees that it does not emit light. 

CHAPTER I. THEORETICAL AND EXPERIMENTAL PHYSICS OF CARBON NANOTUBES AND PORPHYRIN MOLECULES

According to the classical electromagnetism laws, when an electromagnetic wave propagates through a dielectric medium its intensity is decreases exponentially with the optical path L:

I = I 0 exp -4πκL λ ; O.D. = 4πκL λ (I.31)
where κ is the imaginary part of the medium refractive index. For a dilute solution (i.e.for optical densities smaller than 1), the refractive index is proportional to the concentration c of the studied nanoobjects, and the optical density follows the Beer-Lambert's law:

O.D. = ε 0 Lc (I.32)
where ε 0 (λ) is the molar extinction coefficient (expressed in cm -1 µmol.L -1 ). Thus, the amplitude of the absorption peaks is a indirect measurement of the nano-objects concentration. As we will see later, the position and the width of the peaks also provide valuable information: on the environment of the objects and their possible aggregation.

Photoluminescence spectroscopy

The photoluminescence (PL) is a powerful technique that is widely employed in semiconductor physics, even for bulk opaque samples for which any absorption measurement is prevented. It is also a common tool in analytical chemistry. As already mentioned before, the process of photoluminescence is deeply connected to the electron dynamics of the photomaterials. It starts with the absorption of a high energy photon and ends with the emission of a low energy photon. In between, the absorbed photon promotes the electron (or the exciton) to a an empty state. Then, this electron loses energy and falls into the bottom of the conduction band. As for absorption, it provides a useful insight into the electronic properties of a material and its environment. However, it is more restrictive than absorption, as it is limted to ligth emitting materials. As described for carbon nanotubes, PL signal is very sensitive to aggregation, that usually modifies the relaxations pathways and decreases (quenching) or increases (enhancement) the photoluminescence quantum yield [START_REF] Zhang Yuan | Changing the behavior of chromophores from aggregation-caused quenching to aggregationinduced emission: Development of highly efficient light emitters in the solid state[END_REF].

Figure I.19 left details the homebuilt setup that is used to study photoluminescence. In order to excite resonantly different nanoobjects, several lasers sources can be used (at 405, 532, 635 and 905 nm). If an extensive spectral response of a material is required, we may also use a 1000 W white xenon lamp coupled to a monochromator (spectrapro 2150i , Roper Scientific). This configuration allows to pump the sample with a continuous set of wavelentghs between 350 and 800 nmn, with a resolution of 3-5 nm and a spectral power density of 50 µW/nm (against several mW for a LASER source). Monitoring PL signal as a function of the pumping wavelength is called photoluminescence excitation (PLE) spectroscopy. To collect the light emission from the sample, we use a spectrometer that combines a monochromator and a photodetector. If we want to monitor light in the visible region (such as TPP emission), a Peltier cooled CCD camera is employed (Pixis, Roper scientific). When an infrared signal is studied (such as nanotubes luminescence), we use a liquid nitrogen cooled InGaAs photodetector (Oma V, Roper scientific). On figure I.19 top right, one can see the superimposition of the absorption spectrum (black) of a TPP solution in sodium cholate and its PLE signal recorded on the Q x (0,1) band emission at 1.72 eV. On a PLE spectrum, the intensity measured by the photodetector is normalized by the incident light power (or number of photons) at each excitation wavelength. We see that the PLE signal exhibits the same resonances as the absorption response, at corresponding energies. Being able to confront both signals on the same sample is important to control the sample quality and its evolution (over time or upon functionalization). Finally, one can display the PL and the PLE response of a sample on the same graph (see figure I.19 bottom right). This is called a photoluminescence excitation map, and presents itself as a 2D contour plot. The colour scale corresponds to the normalized number of photons, while the x and y axes are respectively the emission and excitation energies. This tool turns to be very practical to study the correlation between the absorption and emission properties of a sample. We will see in the next section that is is commonly used to single out the different chiralities of nanotubes.

Time resolved Photoluminescence

In this work, we also studied the dynamics of light emission, especially from porphyrins. This technique is particularly sensitive to the aggregation behavior of molecules. Due to the proximity of aggregated molecules, the electronic excitation may relax through different relaxation pathways (either radiative or non radiative). As a consequence, the quantum yield and the luminescent dynamics of the dye will be modified. Such processes are monitored through a time resolved photoluminescence experiment (TR-PL, detailed on figure I.19 right). It consists in an adaptation of the PL setup to work on pulsed synchronisation regime. A supercontinuum picosecond laser (Fianium), coupled to a monochromator is used to excite the sample. The photodetector is replaced by a fast avalanche photodetector that will monitor the delay between the trigger pulse the emitted photon. An acquisition card (picoquant) is then used to create the statistical diagram of photon impacts as a function of time delay (see figure I.20 right). In the present case, the experiments has a temporal resolution of 70 ps. For organic fluorescent dyes, the TR-PL response often exhibits an exponential behaviour, with a lifetime between one and a few tens of nanoseconds [START_REF] Joseph R Lakowicz | Fluorescence lifetime imaging[END_REF]. This monoexponential behaviour is indicative of single radiative pathway. Hence, the measurement of multiexponential components gives information on the aggregation state of the sample [START_REF] Nakul C Maiti | J-and h-aggregates of porphyrin-surfactant complexes: time-resolved fluorescence and other spectroscopic studies[END_REF].

EMPLOYED EXPERIMENTAL TECHNIQUES

Anisotropy measurement

As mentionned ealier, the optical selection rules may induce a direct connection between the polarization of light and the electronic absorption spectrum of a nanobject. If this correlation is lost during the electron relaxation, the final emitted photon may have each polarization with equal probability: this is called an isotropic emission. However, if the correlation is maintained through the process, it will induce an anisotropic emission diagram (such as in figure I.7). Hence, measuring the correspondence between the absorption and emission polarization gives information on the relaxation mechanism.

The measure of anisotropy is performed with a polarization resolved photoluminescence experiment (detailed in figure I.21 from [START_REF] Joseph R Lakowicz | Principles of fluorescence spectroscopy[END_REF]). Starting from the classical PL setup, one should add two polarizers, one before and one after the sample. Each of them is set up to have a vertical (V) and horizontal (H) position (i.e. 0 and 90➦) with respect to the plane of the experiment. The anisotropy is the normalized difference between the parallel (I ) and the perpendicular (I ⊥ ) polarized intensities. However, these two quantities are inaccessible with a simple experiments.

Instead, we actually measure the four PL intensities, corresponding to every possible configuration of the two polarizers: VV, VH, HH, HV. The two last components are measured to evaluate the parasite polarization contribution induced by the optical components (lenses, cuvette, diffraction gratings, optical filters, photodetectors...). Thus, the anisotropy has to include a correction factor G = I HV /I HH . We can then evaluate the experimental anisotropy r:

r = I V V -GI V H I V V + 2GI V H ; p = 3r 2 + r (I.33)
This measure can be repeated for a series of excitation (PLE) or emission (PL) wavelengths. The total emitted intensity is expressed as I T = I V V + 2GI V H . The polarization P is a physical value equivalent to the anisotropy (only used in figure I.17 right). This experimental anisotropy is not exactly the intrinsic value of each monitored nanoobjects. Indeed, when such experiment is performed on a bulk liquid sample, we need to take into account all of the orientations of the studied objects in their 3D environment. If the absorption and emission dipoles are fully parallel, it yields only r =0.4, due to the isotropic distribution of angles. If they are fully orthogonal, the anisotropy will be r ⊥ =-0.2. In a general case, the value lies between those extremities. From the value of r, one can have an indirect access to the intrinsic anisotropy and to the parallel and perpendicular intensity I and I ⊥ . They can be extracted from the formulae [START_REF] Miyauchi | Cross-polarized optical absorption of single-walled nanotubes by polarized photoluminescence excitation spectroscopy[END_REF]:

I (λ) = r(λ) -r ⊥ r -r ⊥ I T ; I ⊥ = r -r(λ) r -r ⊥ I T (I.34)
Many interesting effects can influence the value of anisotropy, such as optical diffusion, near field effects [START_REF] Roquelet | Local field effects in the energy transfer between a chromophore and a carbon nanotube: A single-nanocompound investigation[END_REF], aggregation [START_REF] Ohno | J-aggregate formation of a water-soluble porphyrin in acidic aqueous media[END_REF], radiative or non radiative energy transfer, and finally rotation of the nanoobjects. Particularly, the Brownian rotation of the studied objects can be an important source of depolarization for nanometric size objects. For a spherical objects of radius r in a medium of viscosity η, the rotational time is estimated to [START_REF] Nakul C Maiti | Dynamics of porphyrin molecules in micelles. picosecond time-resolved fluorescence anisotropy studies[END_REF]:

τ r = 4πηr 3 3kT (I.35)
For a porphyrin of r ≃ 1.4 nm in dichloromethane (of η = 4.1 10 -4 Pa.s) at 20 ➦C, the rotational time is estimated to τ r ≃ 1 ns. It follows that a TPP molecule can revolve 10 times around itself during its fluorescence lifetime (10 ns), losing the anisotropy information. To deal with this issue, one may use a very viscous solvent: the historical polarization experiments on TPP were performed in castor oil (η = 0.65 Pa.s) [START_REF] Weigl | The polarization of the fluorescence of tetraphenylporphine[END_REF]. As we will see in chapter 4, another solution is to perform timeresolved polarization measurements and to look at the initial value of the anisotropy.

For carbon nanotubes, the high aspect ratio (length of around 500 nm) and the very short luminescence lifetimes (100 ps) allow to neglect the rotational depolarization. Hence, the polarization results that are shown on single carbon nanotube on figure I.7 right can also be performed on a bulk sample of nanotubes, as shown first by Miyauchi [START_REF] Miyauchi | Cross-polarized optical absorption of single-walled nanotubes by polarized photoluminescence excitation spectroscopy[END_REF]. On figure I.22, we see the polarization resolved PLE spectrum of an ensemble of [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] carbon nanotubes, where we can clearly single out the parallel and perpendicular polarized transitions. Similar studies on nanotube/porphyrins complexes will be detailed in the chapter 4. We already showed that graphene and carbon nanotubes have very remarkable structural and electronic properties. As many forms of carbon, they are also interesting for their ability to adsorb physical or chemical elements. The research on adsorbtion abilities of carbon materials dates back from more than three centuries [START_REF] Dm Kehl | Observations et journal sur la physique[END_REF][START_REF] Dabrowski | Adsorption-from theory to practice[END_REF].

More recently, people started to massively study the storage of gases and liquid into active carbon and coal derivatives [START_REF] Bartell | Adsorption by activated sugar charcoal. i1[END_REF] around 1920. Among the many topics studying the physicochemistry of carbon surfaces, one can also cite the removal of organic pollutants from waste water [START_REF] Robert | Role of surface acidity in the adsorption of organic pollutants on the surface of carbon[END_REF][START_REF] Dierichs | Adsorption of polyvalent phenols from industrial waste water[END_REF][START_REF] Namasivayam | Removal of congo red from water by adsorption onto activated carbon prepared from coir pith, an agricultural solid waste[END_REF][START_REF] Mailler | Traitement des eaux résiduaires urbaines par charbon actif en poudre -étude du procédé carboplus➤ pour les polluants prioritaires et émergents[END_REF].

Figure I.23: Three example of adsorption on nanocarbon allotropes; Left: Hydrogen storage in a carbon nanotube from [START_REF] Smith | Fuelling the future: Solid phase hydrogen storage[END_REF]; Center: Biocompatible functionalized nano diamond from [START_REF] Romanova | Grafting nitroxide radicals on nanodiamond surface using click chemistry[END_REF]; Right: Electron transfer triad based on a modified fullerene. [START_REF] Ohkubo | A 'two-point'bound zinc porphyrin-zinc phthalocyanine-fullerene supramolecular triad for sequential energy and electron transfer[END_REF] Bringing new functionalities to carbon nanoobjects

Covering carbon surfaces with molecules to bring new chemical functionnalities is a very developped research field. The functionalisation techniques can be based upon two phenomen: the physisorption or the chemisorption process. The first one is Van Der Waals interaction between the adsorbate and the carbon surface, with an energy below 1 eV. The second consists in a creation of a chemical bond between the two reactants, with an energy above 5 eV. These techniques offer wide possibilities of material improvement. It may enhance their isolation (as surfactant for carbon nanotubes [START_REF] Michael | Band gap fluorescence from individual singlewalled carbon nanotubes[END_REF]) or favor their biocompatibility (as for nanodiamond [START_REF] Vadym N Mochalin | The properties and applications of nanodiamonds[END_REF] and fullerenes nano-onions [START_REF] Arno S Rettenbacher | Preparation and functionalization of multilayer fullerenes (carbon nano-onions)[END_REF]). Finally, numerous researchers have used functionnalization to modify the electronic properties of sp 2 carbon materials (as for fullerenes [134] or graphene quantum dots [START_REF] Tan | Atomically precise edge chlorination of nanographenes and its application in graphene nanoribbons[END_REF]). For instance, it can amplify the electron transfer properties of fullerenes in organic solar cells (see figure I.23 right, [START_REF] Ohkubo | A 'two-point'bound zinc porphyrin-zinc phthalocyanine-fullerene supramolecular triad for sequential energy and electron transfer[END_REF]). All of these historical adsorption techniques have inspired the recent physical and chemical research of functionalization of carbon nanotubes and graphene.

Covalent functionalization

Covalent functionalization is the most intuitive way to modify carbon surface properties. Indeed, it is based upon the classic organic chemistry reactions: ozonation, hydrogenation, alkylation, halogenation.... SWNTs have a large sp 2 carbon surface that is an ideal platform for molecules to adsorb and interact. [START_REF] Balasubramanian | Chemically functionalized carbon nanotubes[END_REF]. Most of the reactions consist in breaking some of the double bonds to replace them by another chemical function (see figure I.24 left). This covalent technique has been employed very early to increase the solubility of nanotubes in solvents [START_REF] Chen | Solution properties of single-walled carbon nanotubes[END_REF][START_REF] Christopher | Overcoming the insolubility of carbon nanotubes through high degrees of sidewall functionalization[END_REF]. [START_REF] Anup | Aqueous Solution Surface Chemistry of Carbon Nanotubes[END_REF]; Right: Example of click chemistry that allows a minimal defects creation, from [START_REF] Palacin | Efficient functionalization of carbon nanotubes with porphyrin dendrons via click chemistry[END_REF] However, this technique induces the replacement of the sp 2 double bonds by sp 3 carbons bonds, destroying the periodicity of the carbon lattice and the electronic properties of carbon nanotubes or graphene. This provokes a fall of the electron mobility and of the electronic absorption transitions. Thus, this technique cannot be used whenever the intrinsic properties of electrons are required. It remains of great interest for composite materials, for heat conduction or mechanical purposes.

For optoelectronics applications, one way to cope with this problem is to keep the number of sp 3 defects to the minimum. Techniques such as click chemistry [START_REF] Palacin | Efficient functionalization of carbon nanotubes with porphyrin dendrons via click chemistry[END_REF] are studied to reach a large covering with a very low number of binding anchors. Finally, researchers have learned to play on the funcionalization extent to control the number of defects and modify the carbon nanotubes electronic properties [START_REF] Michael S Strano | Electronic structure control of single-walled carbon nanotube functionalization[END_REF]. Instead of killing their excitonic properties, a low level of defects may enhance their luminescence properties [START_REF] Piao | Brightening of carbon nanotube photoluminescence through the incorporation of sp3 defects[END_REF] of modify their quantum emission properties [START_REF] Ma | Room-temperature single-photon generation from solitary dopants of carbon nanotubes[END_REF].

Noncovalent functionalization

The noncovalent fonctionnalization is based upon a weak Van der Waals electromagnetic interaction. It consists in a dipole-dipole interaction between the electrons of the two objects. This explains why surfactant molecules with long hydrocarbon chains couple easily to the surface of carbon nanotubes. Among candidates for non covalent fonctionalization, the large conjugated molecules (such as porphyrins) are very popular. They easily couple to the sp 2 carbon surface due to their large number of available π electrons. This process is called π-stacking [START_REF] Chelsea | Rethinking the term "pi-stacking[END_REF], as it involves an overlap between the π orbitals of the two materials, at the surface of contact. To stack molecules onto nanotubes, the weakness of this interaction is a drawback. Indeed, other effects such as nanotube-surfactant encapsulation, molecule-molecule stacking or nanotubes self aggregation will always compete with the desired noncovalent functionalization. As we will see later in this manuscript, this may limit the reaction yield. For the same reasons, the molecules-nanotubes compounds may also exhibit a poor stability over time.

On the other hand, this weak interaction has the advantage of preserving the structural and electronic properties of the nanotube. This the reason why the wrapping of nanotubes with polymers (such as PFO [START_REF] Nish | Direct spectroscopic evidence of energy transfer from photo-excited semiconducting polymers to single-walled carbon nanotubes[END_REF]) or with surfactants are the two best options to disperse them into a liquid sample, while preserving their absorption and luminescence properties. Among the many examples of noncovalent fonctionalization, the wrapping of nanotubes with DNA branches is an interesting alternative [START_REF] Sg Chou | Optical characterization of dna-wrapped carbon nanotube hybrids[END_REF]. Indeed, DNA is a biocompatible, chiral and highly tunable molecule that can be used to isolate different nanotubes chiralities [START_REF] Tu | Dna sequence motifs for structure-specific recognition and separation of carbon nanotubes[END_REF] and to include them as luminescence bioprobes [START_REF] Pantarotto | Functionalized carbon nanotubes for plasmid dna gene delivery[END_REF].

As for the covalent functions, a noncovalent coating may bring new photoactive functionalities. For instance, the excitation of a surfactant on its UV absorption may induce a photodoping effect leading to a midgap luminescence of the nanotube [START_REF] Iakoubovskii | Midgap luminescence centers in single-wall carbon nanotubes created by ultraviolet illumination[END_REF]. In addition, PFO [START_REF] Nish | Direct spectroscopic evidence of energy transfer from photo-excited semiconducting polymers to single-walled carbon nanotubes[END_REF] or porphyrin [START_REF] Clavé | Functionalization of carbon nanotubes through polymerization in micelles: A bridge between the covalent and noncovalent methods[END_REF] polymers can absorb light and non radiatively transfer their energy to the nanotubes. We can also cite the work from Ernst and coworkers that modified the structure of a surfactant to include a perylene dye inside. This molecule will also transfer its energy to the nanotube ( [START_REF] Ernst | Excitation characteristics of different energy transfer in nanotube-perylene complexes[END_REF], see figure I.25 right).

Endohedral functionnalization

Finally, a last technique to functionalize a nanotube is the endohedral insertion. As shown on figure I.24, it consists in integrating small molecules [START_REF] Campo | Enhancing single-wall carbon nanotube properties through controlled endohedral filling[END_REF] or fullerenes [START_REF] Dj Hornbaker | Mapping the one-dimensional electronic states of nanotube peapod structures[END_REF] inside a nanotube. Endohedral functionnalization is a simple technique: it happens naturally when a liquid is brought in contact with a nanotube powder [START_REF] Campo | Enhancing single-wall carbon nanotube properties through controlled endohedral filling[END_REF]. One major drawback of the endohedral technique is the limitation to small molecules and to a low coverage concentration due to the diameter of carbon nanotubes.

The inclusion of solvent molecules will modify the electronic properties of the host. Thus, the absorption resonances of the nanotube will broaden and the luminescence yield will decrease [START_REF] Wenseleers | Effect of water filling on the electronic and vibrational resonances of carbon nanotubes: Characterizing tube opening by raman spectroscopy[END_REF]. However the filling of nanotubes with hydrocarbon molecules prevents this effect and result in an intense luminescence signal from the nanotube [START_REF] Campo | Enhancing single-wall carbon nanotube properties through controlled endohedral filling[END_REF]. Recently reasearchers have used the large aspect ratio of nanotube to create linear aggregates of molecules and obtain giant scattering [START_REF] Gaufrès | Giant raman scattering from jaggregated dyes inside carbon nanotubes for multispectral imaging[END_REF] or non linear optical properties [START_REF] Cambré | Asymmetric dyes align inside carbon nanotubes to yield a large nonlinear optical response[END_REF].

Micellar suspension of SWNTS

Necessity of a noncovalent protecting layer around nanotubes

Whatever the synthesis technique, the commercial nanotubes samples are gathered into a powder. In this structure, the nanotubes are attracted to each other through Van Der Waals forces between their adjacent surfaces (see figure I.10). This attractive interaction can reach 150 eV for two tubes of around 300 nm while the thermal agitation energy is only a few tens of meV. After Ijima's discovery [START_REF] Iijima | Helical microtubules of graphitic carbon[END_REF], researchers put a lot of efforts to break apart bundles and to solubilize nanotubes, using in organic solvent and matrix polymers [START_REF] Chen | Solution properties of single-walled carbon nanotubes[END_REF][START_REF] Kevin D Ausman | Organic solvent dispersions of single-walled carbon nanotubes: toward solutions of pristine nanotubes[END_REF][START_REF] Michael | Reversible water-solubilization of single-walled carbon nanotubes by polymer wrapping[END_REF]. As seen on figure I.26, it was enough to monitor the absorption resonances predicted by tight binding calculation.

However, the first true isolation of nanotubes was achieved in water suspensions of micelles by Bachilo and coworkers [START_REF] Michael | Band gap fluorescence from individual singlewalled carbon nanotubes[END_REF][START_REF] Bachilo | Structure-assigned optical spectra of single-walled carbon nanotubes[END_REF]. They sonicated a powder of nanotubes in presence of sodium dodecyl sulfate micelles (SDS). SDS molecules are amphilic, which means that they have one hydrocarbon tail that will interact with the surface of the nanotube and one ionic head that will connect with water molecules. Upon strong sonication, they form a protective shell that efficiently compete with self bundling effects. This non covalent technique was essential to monitor the PL signal from carbon nanotubes (as seen on figure I.26 right). In our work, suspending carbon nanotubes in micelles is always the first step of the sample preparation. We either use sodium cholate (SC) or sodium dodecyl sulfate (SDS) as surfactant agents (Sigma-Aldrich). The different suspension capacities of SC and SDS have been evidenced and used very early, for instance to sort out nanotubes chiralities [START_REF] Michael S Arnold | Sorting carbon nanotubes by electronic structure using density differentiation[END_REF]. This difference can be explained by their drastically different structures (as seen on figure I.27). SC is a bile salt, designed to carry and digest very large lipid stucture inside human's intestine. It has a flat structure that will stand parallely to the carbon surface. SDS has a classical surfactant structure and is likely to form spherical or hemispherical micelles (B or C in figure I.27 right).

Our sample protocol starts with the preparation of a 2 w.t.% suspension of surfactant into a Ph=8 borate buffer (10 -2 mol.L -1 ). We add a small amount of nanotube powder, generally to reach a 0.15 mg.mL -1 concentration. Placing the sample into a 2➦ C thermostat, a strong tip sonication is applied for 1h30. This timescale is usually enough to suspend the nanotubes inside the surfactant micelles. Yet, this intense sonication breaks the long nanotubes into smaller portions of around 300 nm, due to the presence of defects in the lattice structure [START_REF] Lucas | Kinetics of nanotube and microfiber scission under sonication[END_REF]. At this stage, the suspension contains a mixture of isolated nanotubes, bundles and amorphous carbon. An ultracenfugation of 1h at 120 000 g is required to select the isolated nanotubes only. We obtain a grey solution that is stable from a few days (for SDS) to a few weeks (for SC suspensions).

Optical characterization of samples

After the preparation step, our samples are controlled with absorption and photoluminescence spectroscopy, to ensure that the suspension occurred correctly. On figure I.28 is displayed the absorption spectrum of two suspensions made with the previous protocol: one from a CoMoCAT batch (blue) and the other from a HiPCo (black) batch. On each spectrum, one can see the presence of numerous peaks that can be attributed to different chiralities, using the Kataura assignement [START_REF] Kataura | Optical properties of single-wall carbon nanotubes[END_REF]. We may also single out the S 22 transitions ( between 2.5 and 1.5 eV) from the S 11 (below 1.5 eV). Between the two samples, one can see the difference of amplitude at the same absorption energy. Indeed, the two growth techniques do not produce the same chiralities in the same proportion. Among other techniques, absorption spectroscopy can provide an estimation of the concentration of each chiral species. The second characterization employed is the photoluminescence excitation map. On figure I.29 is presented the PLE response of the CoMoCAT and HiPCo samples. As for absorbance, PLE allows to assign a S 22 → S 11 relaxation pathway to a given chirality [START_REF] Bachilo | Structure-assigned optical spectra of single-walled carbon nanotubes[END_REF]. The resolution is even finer, as we are looking at 2D resonant processes. We can clearly see that the CoMoCAT batch includes mainly (6,5) nanotubes while the HiPCo contains numerous species with diameter around 0.8 -1 nm. 

Description of the swelling method technique

Many groups have worked on the noncovalent functionalization of nanotubes with porphyrin molecules [START_REF] Chen | Noncovalent functionalization of singlewalled carbon nanotubes with water-soluble porphyrins[END_REF][START_REF] Murakami | Noncovalent porphyrin-functionalized single-walled carbon nanotubes in solution and the formation of porphyrin-nanotube nanocomposites[END_REF]. However, if many of them look at the porphyrin properties, they did not study the nanotubes luminescence. Among them two groups evidenced luminescent energy transfer from the porphyrin to the nanotubes in 2008: our team (Magadur et al., [START_REF] Magadur | Excitation transfer in functionalized carbon nanotubes[END_REF]) and Casey et al. [START_REF] John P Casey | Efficient photosensitized energy transfer and near-ir fluorescence from porphyrin-swnt complexes[END_REF]. In the first article hydrosoluble porphyrins were used to suspend nanotubes: it led to a quite poor quality of samples (low luminescence signal) due to the imperfect behavior of porphyrins as surfactant.

In the second study, the authors chose to work in a suspension of a non-ionic surfactant called Triton. However their nanotubes suspension exhibited poor stability due the incompatibility of Triton with nanotubes. They performed the functionalization by a simple mixing of the porphyrin and the nanotubes suspensions. Upon functionalization, both groups evidenced the creation of a new excitation resonance on the nanotubes luminescence. They attributed these results to an energy transfer from the molecule to the nanotube, that required a further investigation to understand its nature. However, both methods provide quite unstable samples, as TPP and nanotubes have different affinities with their environment and in particular with surfactants. These effects will be detailed in the next chapter. This proved the necessity to find an optimized micellar environment, that is at the same time suitable for the molecules and for the nanotubes.

To achieve such goal, the former student Cyrielle Roquelet in our group designed a controlled method of non covalent functionalization with higher chemical yields and better sample stability [START_REF] Roquelet | Transfert d'énergie dans des composés nanotube de carbone/porphyrine[END_REF]. The control of the functionnalization process is achieved using the sodium cholate micelle as nano-reactor. This allows to benefit from the stability of SC micelles. The porphyrin molecules are carried into the nanotube's micelle by an organic solvent. Indeed Wang et al. have shown that organic solvent could penetrate into nanotubes micelles by a mild sonication process [START_REF] Wang | Swelling the micelle core surrounding single-walled carbon nanotubes with water-immiscible organic solvents[END_REF]. Hence, our functionnalization method, represented on figure I.30 is called the micelle swelling method. It starts with the preparation of solution of TPP in dichloromethane (DCM). This solution is added to the cholate nanotube's suspension in order to respect a 10% DCM/water volume ratio. For 3 h, a mild tip sonication is applied to mix the two phases. This sonication will provide a sufficient amount of energy for the organic phase to successively get inside the micelles and evaporates. The swelling time has been chosen to be long enough for the molecule to stack onto the tube without disturbing the nanotubes suspension. Once the reaction is complete, the cholate suspension of nanohybrid compounds is stable for weeks. 

Spectroscopic monitoring of the non-covalent coupling

There are many spectroscopic evidences of the strong interaction between the porphyrin and the nanotubes. The most trivial one can be seen with bare eyes, as the color of the hybrid sample is different from the one of the TPP or the nanotubes samples. This naive signature indicates an absorption change that can be quantified on an absorption spectrum of a functionalized HiPCO sample (figure I.31). Upon functionalization, every nanotube transition is shifted a around 20 to 30 meV in the low energy direction (it is called a red-shift effect). This is indicative of a modification of the close dielectric environment of the nanotubes inside the micelles (solvatochromic effect, [START_REF] Silvera-Batista | Solvatochromic shifts of single-walled carbon nanotubes in nonpolar microenvironments[END_REF]). Such effects were also present in the swelling experiments of Wang [START_REF] Wang | Swelling the micelle core surrounding single-walled carbon nanotubes with water-immiscible organic solvents[END_REF], however they disappeared upon solvent evaporation while they are permanent in our samples. We can then conclude that these shifts are created by the presence of TPP molecules at a very short distance, inside nanotubes micelles. As both S 22 and S 11 are shifted, we can see on figure I.32, that the S 22 → S 11 transition of each chirality undergo a 2D displacement. The molecules bands are also red shifted in a large proportion. The effect is more visible on the Soret band that is splitted in two: an unchanged and a 130 meV redshifted components. The fact that two band coexist is the signature of an incomplete chemical reaction, in which some porphyrins do not stack onto the tubes. This larger redshift is too large to be explained by a mere solvatochromic effect. However, the reasons of such effects are still under investigation and will be discussed in the chapter 4. and in presence of TPP (red) and of TPP alone in SC micelles (blue), adapted from [START_REF] Vialla | Interaction between carbon nanotubes and their physico-chemical environment : towards the control of the optical properties[END_REF].

Energy transfer effect

To go further in the investigation of the molecules nanotube coupling a photoluminescence study has to be performed. On figure I.32 is displayed the PLE map of pristine and porphyrin functionalized suspension of HiPCo nanotubes. Every nanotube resonance is present after molecules attachment, which proves that the non covalent coupling did not disturb the π electrons structure of carbon nanotubes. Moreover, we observe a 2D redshift of each of these bands, as both S 11 and S 22 transitions are displaced.

Aside from the classical peaks, a new series of resonances appears on the same horizontal line corresponding to a 2.82 eV excitation energy. This is exactly the energy of the shifted component of the Soret Band. However, the emission energy of these new peaks is deeply inside the porphyrin bandgap, and every one of them matches the S 11 energy of a chirality of nanotube. As seen on the diagram of the figure I.32 left, they correspond to a complex phenomenon that starts with the absorption of a photon by the molecule and ends with emission a photon from the nanotube. This is an energy transfer mechanism in which the TPP is the donor and the nanotube the acceptor. With a closer look on the photoluminescence excitation line on figure I.32 c), one can see a similar effect upon excitation on the Qy(1,0) porphyrin band.

The fact that this energy transfer phenomenon leads to an increase of the nanotube luminescence tells us that an electron hole pair is exchanged between the donor and the acceptor. ) chiral species at a 1.20 eV emission energy, adapted from [START_REF] Vialla | Interaction between carbon nanotubes and their physico-chemical environment : towards the control of the optical properties[END_REF].

Measurement of the strong transfer efficiency

A quantitative evaluation of the transfer efficiency has been published by Roquelet et al. in 2010 [11]. Upon donor excitation, the new transfer pathway competes with the classical relaxation behaviour presented in previous sections. As a consequence, the quantity of created excitons will be splitted into the two relaxation pathways. In the article, Roquelet et al. used three different methods to measure the amplitude of this new energy transfer with respect to the classical luminescence porphyrin behaviour.

The first technique is based upon the new resonance, Soret → S 11 , on the PLE maps presented on figure I.32. We can quantify the proportion of the transfer process through the R ratio of the transfer transition intensity over the intrinsic transition S 22 → S 11 one:

R = I Soret I S 22 (I.36)
The value of such ratio can be linked to intrinsic and external parameters. The I S 22 intensity is proportional to the concentration of monitored tubes, to the nanotube absorption cross section σ S 22 and to the luminescence quantum yield of the tubes φ pl . On the other hand, the I Soret transfer peak is also proportional to the stacked porphyrin concentration, to the Soret porphyrin absorption cross section σ Soret and to the intrinsic relaxation efficiency relative to the nanotube φ rel . Finally I Soret is also proportional to the transfer efficiency between the two objects η that we want to evaluate. Under the hypothesis that the relaxation in the tube has the same efficiency in the both cases (i.e. φ pl ≃ φ relax ), we can express the transfer ratio R as:

R = N × η × σ Soret σ S 22 (I.37)
where N is the number of molecules around the nanotube. For a maximal molecule coverage on [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] enriched nanotubes sample, they showed that the measured value of R ≃ 1.1 implied that the transfer efficiency was close to 99 %. Indeed, the classical porphyrin luminescence pathway is totally quenched and every created exciton is transferred to the nanotube. Moreover, we see that this ratio R strongly depends on the quantity of molecules coupled with the nanotube. In the following work, we will monitor the intensity of this transfer peak to evaluate the capacity of molecules to stack onto the tube in various conditions.

The second method is the reference technique that reasearchers used in the first papers on nanotube/ molecules nanohybrids [START_REF] Chen | Noncovalent functionalization of singlewalled carbon nanotubes with water-soluble porphyrins[END_REF][START_REF] Murakami | Noncovalent porphyrin-functionalized single-walled carbon nanotubes in solution and the formation of porphyrin-nanotube nanocomposites[END_REF]. It is based on the molecules fluorescence evaluation, presented on figure I.33 left. We compare the PL intensity of TPP alone in micelles and TPP in presence of nanotubes upon excitation on their respective Soret resonance energy (2.95 and 2.82 eV). In presence of nanotubes, the NANOTUBES AND PORPHYRIN MOLECULES porphyrin luminescence decreases of more than 3 orders of magnitude with respect to the molecules alone. This gives a quantitative evaluation of the quenching efficiency:

η q = 1 - I d/a I d > 99.999 % (I.38)
where I d/a and I d is the donor luminescence intensity in presence and in absence of the acceptor. However, we mentioned earlier that the hybrid NT/TPP samples always contain free molecules that do no interact with nanotubes. In fact, they showed in the article that the PLE spectrum of the TPP in presence of NTs only exhibits an unshifted resonance at 2.95 eV (instead of the expected shifted energy of 2.82 eV). In conclusion, the remaining porphyrin signal on the NT/TPP totally comes from the free porphyrins and the previous evaluation of 99.999 % is an underestimate of the actual transfer efficiency. The third techniques is based on a homemade femtosecond pump/probe setup, to monitor the ultrafast relaxation behavior of the porphyrins. In a degenerate configuration, the pump and the probe beams are set at the same energy, to excite the TPP and TPP/NT samples on their respective Soret transitions (either 2.95 or 2.82 eV). By monitoring the transient absorption of the samples, one can have an access on the excitation lifetime of the Soret → ground state transition. On figure I.33 right, the lifetime of such transitions is measured to 150 fs for the NT/TPP sample, while it is five order of magnitudes larger in absence of acceptor (10 ns , [START_REF] Kikuchi | Triplet yields of some tetraphenylporphyrins and octaethylporphyrins[END_REF]). This is due to the influence of the energy transfer pathway that drain the Soret excitons on a very short timescale. According to a simple kinetic formula, this technique provides the finest evaluation of the transfer yield:

η T = 1 - τ d/a τ d = 1 -10 -5 (I.39)
All of these measurements proved that the vincinity of the nanotube surface has a great influence on the porphyrin excitation dynamics, leading to an ultraefficient energy transfer in such hybrid systems. These results are quite unexpected in regard to the weak noncovalent interaction between the molecules and the nanotubes. A few theoretical papers looked into this phenomena to understand the nature of such ultraefficient energy transfer. According to Malic and coworkers [START_REF] Malic | Försterinduced energy transfer in functionalized graphene[END_REF], we are dealing with a Förster nonradiative energy transfer, between nanoobjects on a very short distance (0.3 nm).

Conclusion

Both single walled carbon nanotubes and porphyrin molecules are hydrocarbon nanoobjects that are inspired by nature and widely studied in optoelectronics. They have remarkable quantum light absorption and excitonic properties that lead to intense luminescence abilities. Under a polarized excitation beam, they both have the capacity to emit photons with a maintained polarization. Interestingly, their flat and electron rich structures favor their coupling, through a noncovalent π-stacking interaction. A simple, controlled chemical reaction called micelle swelling has been designed using the cholate micelle as a nano-reactor. Finally, their interaction can be easily monitored, thanks to several classical spectroscopic techniques, showing an intense photoinduced energy transfer from the stacked porphyrin to the nanotubes.

In the last ten years, several groups have performed a functionalization of carbon nanotubes within a micellar environment [START_REF] Ernst | Selective interaction between nanotubes and perylenebased surfactant. physica status solidi[END_REF][START_REF] Petro Lutsyk | A sensing mechanism for the detection of carbon nanotubes using selective photoluminescent probes based on ionic complexes with organic dyes[END_REF][START_REF] Tsutsumi | Polymer synthesis inside a nanospace of a surfactant-micelle on carbon nanotubes: creation of highly-stable individual nanotubes/ultrathin cross-linked polymer hybrids[END_REF]. The surfactant coverage has to be considered carefully, as it protects the nanotube surface as much as it limits the desired chemical reaction. Many papers show very slow reactions (several hours), that only take place in certain, carefully chosen, surfactant media [START_REF] Jeffrey L Blackburn | Protonation effects on the branching ratio in photoexcited single-walled carbon nanotube dispersions[END_REF][START_REF] Andrew | Role of adsorbed surfactant in the reaction of aryl diazonium salts with single-walled carbon nanotubes[END_REF]. In this context, the following chapters will investigate on the interplay between the micellar environment and the reactants during the π-stacking reaction. We will see that the surfactant has a large influence on the kinetic and thermodynamic parameters of the stacking process.

Chapter II

Investigation into the kinetics of the reaction and the role of the surfactant environment

In order to gain control and maximize the yield of the reaction, we need a fine understanding of every effect involved in the process. In this chapter, we will try to develop our knowledge on the physical and chemical effects that favor the reaction as well as those that prevent it. One of the challenges of the functionalization in a micellar environment is to find a balance between the stabilization of the surfactant shell around reactants and their ability to couple with each other. In this context, the micelle swelling method presented above suffers from several limitations. The reaction is poorly tunable and reproducible, for instance due to the difficulty to control the intensity of the ultrasound waves. Furthermore, the presence of DCM inside the nanotubes micelles blurs the samples, preventing any in situ spectroscopy to monitor the progression of the reaction.

The first part of this chapter will detail the replacement of the swelling method by a two-steps method. Such controlled functionnalization was performed by mixing two surfactants suspensions, containing either the porphyrin or the nanotubes. Each elements of this reaction scheme will be carefully controlled (surfactant environment, porphyrins isolation,.... ). Surprisingly, this controlled techniques resulted in very long reaction timescales. The second part of this chapter is dedicated to understand the underlying reasons of such slow kinetics. A comprehensive characterization of the reaction kinetics will be performed, respectively for single surfactant and for mixed surfactant samples. The main effects that explain the observed timescale will be detailed. In the third part, the reaction mechanism will be detailed. In particular, the influence of the carbon surface characteristics (diameter, size, ....) will complete this chapter, with a comparison between carbon nanotubes and graphene nanosheets.

1 Control of the different stages of the micelle swelling 1.1 Generalities on the organization and the dynamics timescales in surfactants

Micellar equilibrium

To finely understand the reaction mechanism, one should take a great care of the physics of the surfactant environment (equilibrium, energetic paramaters, dynamics, ....). Surfactants are partially hydrophilic molecules that are only merely soluble in water. At low concentrations, the monomers are far enough from each other to be stable (see figure II.1). When the proportion of surfactant molecules reaches a certain concentration, they instantaneously form micelles. This organization is due to complex electromagnetic interactions between surfactant monomers, water molecules and other ions in solution. This dramatic change can be modelled as a physical phase transition, or an extremely cooperative chemical reaction [START_REF] Ruckenstein | Critical micelle concentration. transition point for micellar size distribution[END_REF], corresponding to the global equation:

Mo + Mo + ... + Mo Na = Micelle ; K micellization = [Micelle] [Mo] Na (II.1)
where N a is the aggregation number of monomers (Mo) inside a micelle. The larger is N a , the more cooperative is the micellization process. This equilibrium is dynamic: surfactant molecules constantly enter and leave the micelle. The monomer/ micelle equilibrium is ruled by the the equilibrium constant K micellization and the micellization Gibbs energy ∆rG = -RT ln(K micellization ). This correspond to the amount of energy that is required to break the micellar structure. For SDS, this energy is around 20 kJ.mol -1 at 300 K [START_REF] Juan | Thermodynamics of sodium dodecyl sulfate (sds) micellization: an undergraduate laboratory experiment[END_REF].

The transition threshold is called the critical micellar concentration (cmc) and depends on the properties of the surfactant. For instance, SC is relatively flat and has several hydrophilic groups spread over its structure, while SDS with has a long hydrophobic tail. Consequently, SC is more stable in water than SDS, and its cmc is higher (15 mmol.L -1 ) than the one of SDS (8 mmol.L -1 ). It also explains why the SDS molecules have to gather into large aggregates to minimize their interaction with water (N a =60), while SC can form small clusters (N a =4). SDS is often regarded as a classical surfactant. Its behavior around the cmc is presented on figure II.1 left. In a few words, the monomer concentration progresses linearly below the cmc and is constant above it. It is exactly the opposite behavior for the concentration of micelles. Being null under the cmc, it progresses linearly above the cmc according to the formula: In the following work, we are going to use mainly 2 w.t. % suspension of SC and SDS surfactants. On table II.1, one can find the principal characteristics of such suspensions of SC and SDS. Each of them is far above the cmc. Due to the smaller Table II.1: Main characteristics of SC and SDS.

c micelle = c surf actant -cmc N a (II.

Dynamic evolution of micelles

Finally, we will investigate on the interplay between the speed of the functionalization reaction and the dynamics of the micellar environment. In this chapter, we will also use different techniques (sonication, dilution, heating, ....) to influence the surfactant organization and the reaction kinetics. Hence, the dynamical properties of micelles have to be studied carefully. From this point of view, the literature states that surfactants equilibrium dynamics occur on very short timescales. As seen on figure II.3, the transition from isolated monomers to a spherical micelle occurs within a few nanoseconds. In fact, experimental investigations revealed the existence of two relaxation processes involved in micellar equilibria, with different characteristic times [START_REF] Tharwat F Tadros | Physical chemistry of surfactant solutions[END_REF]. The movement of a single surfactant molecule, entering and leaving the micelle, occurs on a short timescale τ 1 : from the nanosecond to the microsecond scale (see figure II.4). On longer times, micelle may totally collapse and reform themselves [START_REF] Patist | Kinetics of micellization: its significance to technological processes[END_REF][START_REF] Aniansson | Theory of the kinetics of micellar equilibria and quantitative interpretation of chemical relaxation studies of micellar solutions of ionic surfactants[END_REF]. Lang et al. [START_REF] Lang | Chemical relaxation studies of micellar equilibriums[END_REF] stated that τ 2 was at least three orders of magnitude bigger than τ 1 (around 1 millisecond). Both τ 1 and τ 2 are extremely dependent of the nature of the micellar medium. For instance, the presence of ionic elements, such as the counterions inside the solution, will modify the micelle lifetime [START_REF] Eag Aniansson | Theory of the kinetics of micellar equilibria and quantitative interpretation of chemical relaxation studies of micellar solutions of ionic surfactants[END_REF]. The chemical structure of the surfactant is also known to influence the micellar relaxation dynamics. The size of hydrophobic tail or the nature the hydrophilic head (such as the sulfate function of SDS) can bring additional stability to the micellar environment.

For ionic surfactants, this stability is enhanced by coulombic repulsion between adjacent monomers or even between different micelles. Due to these electrostatic forces, the monomer exhange is limited, and the collapse of the micelles is prevented. Hence, coulombic effects may both increase simultaneously the τ 1 and τ 2 relaxation times. As shown on figure II.5 left, such coulombic effects induce an exponential increase of the relaxation time τ 2 with the SDS concentration [START_REF] Oh | Effect of micellar life-time on the bubble dynamics in sodium dodecyl sulfate solutions[END_REF]. Indeed, Oh et al. proved that the proximity between adjacent micelles rises parallely to the micelle concentration, making them more stable.

The stability of a micelle is also influenced by the degree of hydrophobicity of its hydrocarbon core [START_REF] Van Stam | Tuning of the exchange dynamics of unimers between block copolymer micelles with temperature, cosolvents, and cosurfactants[END_REF]. Moreover, the encapsulation of an hydrophobic dye could modify this stability [START_REF] Alsins | Quenching dynamics and diffusion of small hydrophobic molecules in long rodlike micelles[END_REF]. Indeed, this dye would have a very unfavorable interaction with the aqueous polar environment. This will prevent the entry of water molecules and considerably slow down the collapse of the micelle. This may increase the τ 2 characteristic time by several orders of magnitudes. Bohne et al. studied the kinetics of release of hydrophobic pyrene aggregates (excimers) into empty SDS micelles and found several hours timescales, with first order dynamics (see figure II.5 right, [START_REF] Bohne | Dynamics of the redistribution of 1-dodecylpyrene aggregates in micellar solution[END_REF]). Finally, the dye/micelle stability is influenced by the position of the molecule inside the micelle. If it is located at the center, the micelle will be very stable. However, Maiti and coworkers [START_REF] Nakul C Maiti | Dynamics of porphyrin molecules in micelles. picosecond time-resolved fluorescence anisotropy studies[END_REF] showed that molecules such as porphyrins were residing at a close distance from the micelle surface. This structure will influence the micelle collapse, in which the porphyrin will remain attached to a few monomers. This unstable structure called a submicelle will be evoked in the next sections.

Design of a step by step reaction

One of the challenges of functionalization in a micellar environment is to find a balance between the stabilization of the surfactant shell around reactants and their ability to couple with each other. In this context, the micelle swelling method allows the creation of stable nanohybrid compounds leading to an intense photoinduced energy transfer. Such method is based upon the ability of sonication to break the solvent equilibrium. With the previous Phd student Fabien Vialla [108], we decided to separate the two main parts of the reaction: the suspension of the molecules in micelles and the stacking on the nanotubes. In this chapter, we will refer to this separate method as the two steps swelling method, in opposition to the direct swelling method presented in chapter 1. This new reaction scheme is done by dispersing separately the NTs and the TPP monomers in a Ph=8 borate buffer 2% w.t. surfactant suspension. The method for NTs is the one explained in the previous chapter. For the molecule, it consists in a micelle swelling method without the presence of the tubes. A DCM solution of porphyrin is mixed with the surfactant suspension in a 10% DCM/water volume ratio, and tip sonicated for 1.5 hour at 12➦C, until complete evaporation of the organic phase.

Control of the molecule suspension in surfactants

In order to maximize the yield of the reaction, the first step is to control the quality of the molecules suspensions. Indeed, if molecules are not correctly integrated in micelles, they may not be able to diffuse properly into the medium and never reach nanotubes. From previous studies from Maiti et al. [START_REF] Nakul C Maiti | J-and h-aggregates of porphyrin-surfactant complexes: time-resolved fluorescence and other spectroscopic studies[END_REF][START_REF] Nakul C Maiti | Dynamics of porphyrin molecules in micelles. picosecond time-resolved fluorescence anisotropy studies[END_REF], we know that porphyrin molecules have the tendency to self aggregate in surfactant. They can form different kinds of geometry of aggregates, with sizes ranging from a few to dozens of monomers. The surfactant has to be chosen carefully, as it may be actively involved in such aggregation, in a process called surfactant assisted aggregation [START_REF] Bai | Porous one-dimensional nanostructures through confined cooperative self-assembly[END_REF][START_REF] Guo | Porphyrin nanoassemblies via surfactant-assisted assembly and single nanofiber nanoelectronic sensors for high-performance h2o2 vapor sensing[END_REF]. From the chemical point of view, this aggregation will compete with the noncovalent reaction with Nts, limiting the reaction yield. After suspending the molecules in micelles, optical spectroscopy is performed to ensure that the molecule suspension does not include aggregates of porphyrins.

As presented on figure II.7, a combination of absorption spectroscopy and time resolved PL is employed. This figure displays the results of two samples from the swelling method, made with an overconcentrated solution of porphyrins.

On the absorption spectrum, the most visible difference between the two samples is located on the Soret band region. For the red curve, one can see a symmetric, sharp band at 2.95 eV (420 nm), with a small shoulder at 3.1 eV (420 nm), very similarly to the absorption response of monomers in DCM. It is characteristic of an isolated porphyrins sample. In aggregated samples such as the black one, this Soret band can undergo several changes from one sample to another: broadening, decrease of its amplitude, creation of a low energy shoulder at 2.88-2.85 eV (430-440 nm), increase of the high energy shoulder,.... The two last effects are particularly visible on the absorption spectrum (black) of the aggregate on figure II.7 left. According to Kasha theory on molecular aggregates, all of these spectroscopic variations are related to a dipole-dipole interaction within the aggregates [START_REF] Kasha | The exciton model in molecular spectroscopy[END_REF]. This model, and its consequences, will be detailed in the fourth chapter. In particular, it explains why the changes are more visible on the Soret band than on the Q bands: such interaction only produces important effects for optical transitions with a high absorption coefficient.

The TR-PL spectra represented on figure II.7 right provide additional information on the occurrence of aggregation. The response from the isolated TPP (red curve) presents a quasi monoexponential behavior with a characteristic time of τ = 12 ns. On the contrary, the signal from a highly aggregated sample (blue curve) presents a multiexponential behavior, including a shorter component with a timescale around 1 ns.

As explained in the previous chapter, such a variation of the PL lifetimes proves that the exciton can follow different relaxation pathways before collapsing. This multiexponential behavior indicates a dispersion of aggregate sizes inside the TPP suspension [START_REF] Nakul C Maiti | Dynamics of porphyrin molecules in micelles. picosecond time-resolved fluorescence anisotropy studies[END_REF]. As a conclusion the optical absorption and the TR-PL are two suitable experimental methods to discriminate between a suspension of monomers and a suspension of aggregates of porphyrins.

Comparison of the solubilization of porphyrins in sodium cholate and sodium dodecyl sulfate

Finally, we want to study the isolation capacity of the two main surfactants used in this work: sodium cholate and sodium dodecyl sulfate. In 1995, Maiti [START_REF] Nakul C Maiti | Dynamics of porphyrin molecules in micelles. picosecond time-resolved fluorescence anisotropy studies[END_REF] showed that the ability of a surfactant to suspend isolated porphyrins increases with the size of their micelles. This size depends on the dimension of the surfactant molecules as well as on the aggregation number N a . For such comparison, we monitor the ability of molecules to pass from the organic phase to the aqueous phase. The swelling suspension of TPP into 2 wt% SC and SDS suspensions has been performed, using a 10 % DCM/water ratio and a soft tip sonication for 90 minutes. The reaction was repeated, starting with different concentrations of TPP in DCM, to vary the maximal concentration injected inside the micelles. Here, we define the maximal concentration as the theoretical concentration that could pass into the micelle suspension if the transfer from the DCM phase was 100% efficient. After the sonication, a slight centrifugation of 10 minutes at 6300 g is applied to remove the eventual aggregates.

SC SDS

The quantity of molecules in the micellar suspension is measured by monitoring the Q bands optical density. For a maximal concentration of 392 µmol.L -1 , figure II.9 left displays the absorption in SC (red) and in SDS (black). The amplitude of the
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bands is at least seven times higher in SDS than in SC. This indicates that SDS has a higher capacity to incorporate porphyrins than SC. In a second time, the intensity of the Q y (1,0) band of TPP has been measured as a function of the maximal concentration for each surfactant (see figure II.9 right). For SC (red curve), the optical density reaches a threshold value for maximal concentrations above 100 µmol.L -1 . This behavior is very similar to the solubilization of a molecule in a classical solvent [START_REF] Nakul C Maiti | J-and h-aggregates of porphyrin-surfactant complexes: time-resolved fluorescence and other spectroscopic studies[END_REF][START_REF] Wypych | Handbook of solvents[END_REF]. At low enough concentration, the molecules are surrounded by the solvent (surfactant, water) and have a very small probability to interact with each other: this the solvation stage. When the concentration increases, the self interaction of molecules starts to be predominant: this is the precipitation (or aggregation). The concentration threshold between those two effects depends on the environment and on the structure and geometry of the molecules.

For the SDS samples, the intensity of the Q y (1,0) band of TPP evolves quite linearly. The estimated final concentration in the c max = 392 µmol.L -1 sample was around c f inal ≃ 300 µmol.L -1 , which is close to the maximal value. This experiment proved that the SDS has the capacity to suspend a large amount of porphyrins. With a larger quantity of inserted porphyrins and with a longer sonication time, final concentrations of isolated porphyrins as high as c f inal =2000 µmol.L -1 were obtained. In comparison, direct inclusion of porphyrin powders in micelles by a simple stirring method enables to reach concentration of ≃ 1µmol.L -1 [START_REF] Nakul C Maiti | Dynamics of porphyrin molecules in micelles. picosecond time-resolved fluorescence anisotropy studies[END_REF]. This proves the efficiency of the swelling method to force a large quantity of molecules into a micellar environment. On figure II.10, the TR-PL response of porphyrins is measured, both in SC and in SDS, for concentration of respectively 95 µmol.L -1 and 108 µmol.L -1 . On SDS, the curve is mainly exponential, while the SC/TPP TR-PL decay is non-exponential, with the appearance of a short component. Thus, the SDS sample is made of properly solubilized TPP, while the SC sample contains a large amount of porphyrin aggregates.

A second important point is the stability of the suspension over time. The figure II.10 right exhibits the TR-PL experiments performed both on SC/TPP and SDS/TPP suspension for c T P P = 40 µmol.L -1 . Within seven days, the SC/TPP decay becomes non-exponential, while no major change is observed in SDS. Thus, the structure of the SDS/TPP micelles is also more stable over time.

In conclusion, the stability of the TPP/surfactant structure strongly depends on the nature of the surfactant: its value in SDS is much larger than in SC. This allows to suspend more TPP inside a SDS suspension, and these molecules will remain isolated for a longer time. The exact opposite situation occurs for the nanotube/surfactant compounds: they are properly isolated inside SC micelles while they floculate within a few days in SDS. As presented before, this opposition can be explained by the small size of the TPP, that requires to be surrounded by a spherical micelle for a maximal isolation [START_REF] Wenseleers | Efficient isolation and solubilization of pristine single-walled nanotubes in bile salt micelles[END_REF]. At the opposite, the relatively flat structure of the nanotube is more stabilized by a layer of cholate molecules. As we will see in the next parts, this stability will influence the stacking reaction on nanotubes.

Study of the reaction extent using the spectroscopic evolutions

Classical steps of an adsorption reaction

Until now, the stacking reaction was referred as the π-stacking of porphyrin molecules onto the sp 2 surface of the nanotube. In the last sections, it was shown that the surrounding medium has a quite complex independent equilibrium, that should be not neglected in order to model properly the global reaction. The theoretical reaction of stacking of TPP onto nanotubes can be symbolized through the global equation:

T P P + N T = T P P/N T (II.3)
However, the actual adsorption reaction may include different substeps. In the literature, classical adsorption reactions are often treated as a succession of different stages [START_REF] Hall | Pore-and solid-diffusion kinetics in fixed-bed adsorption under constant-pattern conditions[END_REF][START_REF] Klaewkla | A review of mass transfer controlling the reaction rate in heterogeneous catalytic systems[END_REF]. We may try to adapt such scheme to the stacking reaction. The first step is always the diffusion of the adsorbate from its bulk isolated state to the adsorbent remote environment: it is called the external diffusion. In the present case, it can be seen as the movement of the porphyrin from its separate micelle to the outside of the nanotube micelle (see figure II.11 left). Then the adsorbate has to transfer from the outside environment to the adsorbent surface: it is called the internal diffusion. In our case, it consists in passing through the surfactant palisade surrounding the nanotube (see figure II.11 right). If the reaction is very complex, such steps can subdivided into several steps. In our case, we may consider separately the collision of the TPP micelle with the NT micelle, and the adsorption of the TPP into an empty space on the nanotube surface. All of these steps have their own timescale. In many reactions, at least one of these steps is much faster than the others. If the slowest one is the external diffusion step, it is called a diffusion limited (or mass transfer) reaction [START_REF] Klaewkla | A review of mass transfer controlling the reaction rate in heterogeneous catalytic systems[END_REF]. If this first step is rapid, it may be neglected. This is for instance the case for the adsorption of gases, as gases evolve rapidly in a 3D environment [START_REF] Langmuir | The adsorption of gases on plane surfaces of glass, mica and platinum[END_REF]. The reaction scheme can then be simplified to a simple statistical adsorption process, where adsorbents have to encounter available adsorption sites.

External diffusion

Internal diffusion

In the present reaction configuration, these steps are likely to be ruled by the micelle environment. At this point, one has to keep in mind that the studied samples contain mostly empty micelles. It is possible to estimate the concentration of each elements in the medium. As seen before, the 2 w.t. % surfactant suspensions contain one to several millimoles of micelles, while the injected concentration of porphyrin is around 20 to 100 µmol.L -1 .

The concentration of micelles containing nanotubes is more difficult to calculate. The optical density on the S 22 resonance at 570 nm in the samples used in this chapter is approximately of 0.033. To simplify the evaluation one can assume that every nanotube is a (6,5) one with a length of 500 nm (average length after sonication [START_REF] Huang | Sonication-assisted functionalization and solubilization of carbon nanotubes[END_REF]). The (6,5) absorption cross-section on the S 22 transition is known to be of approximately σ S 22 = 3.2×10 -17 cm 2 /atom [START_REF] Oudjedi | Metrological investigation of the (6, 5) carbon nanotube absorption cross section[END_REF][START_REF] Vialla | Chirality dependence of the absorption cross section of carbon nanotubes[END_REF]. This value can be converted into an extinction coefficient for 500 nm long (6,5) nanotubes: ε S 22 = 1.2×10 8 L.mol -1 .cm -1 . This yields a very small concentration of micelles containing nan-

otubes of c N T ≃ 2.7×10 -3 µmol.L -1 .
Hence, it is certain that the micellar environment contains a large proportion of empty micelles and a small part of filled ones, either with nanotubes or porphyrins. Knowing this, we can assume that a TPP micelle has a higher probability to shock with an empty micelle than with a nanotube.

Kinetic monitoring of the reaction 2.1 Samples in full sodium cholate

After obtaining a properly characterized suspension of isolated TPP, the second step of the reaction consists in a mix of the two suspensions: molecules and nanotubes. The first experiments were done by mixing and letting evolve two suspensions of porphyrins and HiPCo nanotubes in a 2 % w.t. SC environment. Even if it has been proved before that SDS was a better surfactant for molecules, this choice was made to be fully comparable with the one-step swelling method samples. It also ensures a maximal protection and isolation of the nanotube. To monitor the kinetics of the functionalization reaction, the shift of the S 11 nanotubes transition and the amplitude of the Soret bands have been used. On figure II.12, one can see the progressive redshift of such bands, on a week timescale. The equilibrium is reached within 5 days (120 hours). The evolution of the Soret band is displayed on figure II.12 right. The peak of the free TPP at 2.95 eV (420 nm) decreases, while the one of the stacked TPP at 2.82 eV (440 nm) increases, according to the same dynamics. The timescale of this evolution is similar to the one of the nanotubes S 11 transitions. It should be noted that this Soret band splitting exhibits an isosbestic point around 2.9 eV (428 nm), in which the absorption intensity is constant over time. This particular effect indicates the presence of an exchange between two distinctive molecular populations: the free porphyrins and the ones stacked at the surface of the tube. Finally, both contributions stabilize on the fifth day. The evolution of the optical density at 2.82 eV (440 nm) over time is plotted on figure II.13. Its increase is relatively well fitted with an exponential behavior, according to the formula:

A 2.82 (t) = A 0 + (A ∞ -A 0 ) 1 -e -t τ (II.4)
Such result evidenced a very slow kinetic, with a characteristic time τ of 8 hours. This is quite practical, as it gives enough times to collect every required spectroscopic data. However, this timescale is quite unexpected, as it is several order of magnitude larger than for the classical surfactant relaxation dynamics (according to section 1.1). At this point, the experimentalist does not have any leverage to control the efficiency or the timescale of the reaction. In particular, it is difficult to tune the concentration of isolated porphyrins due the poor solubility of the TPP in SC. Thus, there is a necessity to modify the surfactant environment. 

Effect of mixing of SC and SDS on a nanotube suspension

The next logical step was to mix SDS and SC solutions, to benefit from the qualities of both surfactants. SDS and SC mixes have been extensively employed to suspend carbon nanotubes. As seen on figure II.14, these surfactants are known to mix remarkably well, forming hybrid micelles of around 40 monomers [START_REF] Jójárt | Mixed micelles of sodium cholate and sodium dodecylsulphate 1: 1 binary mixture at different temperatures-experimental and theoretical investigations[END_REF]. For a 1:1 SDS/SC proportion ratio, Jojart and coworkers calculated a cmc of 4 mmol.L -1 [START_REF] Jójárt | Mixed micelles of sodium cholate and sodium dodecylsulphate 1: 1 binary mixture at different temperatures-experimental and theoretical investigations[END_REF]. This value is smaller than the value of both separate surfactants (see table II.1 earlier), proving the favorable interaction between them. Figure II.14 displays the modeled structure of the mixed micelle, where the SDS monomers are filling the empty spaces between the large cholate molecules.

On figure II. [START_REF] Reibold | Materials: Carbon nanotubes in an ancient damascus sabre[END_REF], one can see the results of a molecular dynamics simulation from the same study [START_REF] Jójárt | Mixed micelles of sodium cholate and sodium dodecylsulphate 1: 1 binary mixture at different temperatures-experimental and theoretical investigations[END_REF]. It shows that the transition from separated monomers to hybrid SC/SDS micelles occurs within 10 microseconds. Such timescale is very similar to the one presented in section 1.1 for single surfactant reorganization. Before mixing with porphyrins, we have tested the behavior of a 2 %w.t. SC CoMoCat nanotubes suspension upon dilution with a 2 %w.t. SDS suspension. In the following work, the quasi monochiral CoMoCat nanotubes have been chosen to avoid any disturbance of the kinetic data coming from differences between chiralities. Upon a 50:50 volume dilution, the figure II.16 displays the evolution of the S 11 maximum wavelength as a function of time. From the 982 nm initial value, the transition undergo a very fast shift to 995 nm. Then, the position is stable over time. This evolution occurs on a smaller timescale than the experiment resolution (of around 30 seconds). This redshift has already been reported by several researchers, including an article from Maruyama and coworkers [START_REF] Zhao | Mechanism behind separation of single-walled carbon nanotubes via density gradient ultracentrifugation using co-surfactant dispersions[END_REF]. The SC micelle around surrounding the tube covers only 70 % of the tube surface [203]. This redshift may be interpreted as an ability of the SDS to enter inside the SC/nanotube micelle. The larger solvatochromism effect for SC/SDS mixes than for SC alone could indicate that SDS is able to fill the available spaces inside the SC micelles, increasing the global surfactant coverage around the nanotube. Such effect proves that the mixing of the two surfactant phases occur very rapidly, in agreement with the τ 1 (respectively τ 2 ) relaxation model that predicts that SDS micelles release monomers (and eventually collapse) within less than a second in such conditions [START_REF] Oh | Effect of micellar life-time on the bubble dynamics in sodium dodecyl sulfate solutions[END_REF]. Finally, we may study this effect at different proportion of SDS. This is quantified thanks to the volume ratio: r sds = V sds /(V sds + V sc ). As seen on figure II.17, this effect appears progressively above a threshold ratio around r sds ≃ 20%: For each volume proportion, SDS monomers are always available in the suspension and should in principle be able to enter the SC/NT micelle. It proves that there is a constant equilibrium between the bulk concentration and the micelle concentration of each surfactant. At low SDS concentration, SDS monomers cannot enter the SC nanotubes micelle in a significant proportion. When the concentration of SDS monomers is high enough, they are able to pass through the SC layer and interact with the nanotube.

Chemical reaction in mixed environment

After preparing a solution of porphyrins in a 2 %w.t. SDS suspension, we mixed it with a 2 %w.t. SC CoMoCat nanotubes suspension at r sds = 50 % for a final TPP concentration of 20 µmoL.L -1 . The figure II.18 displays the spectroscopic responses of the sample once the equilibrium is reached. The results are very similar to the one for samples in single surfactants: shifted Soret band at 2.82 eV (440 nm), shifted nanotube transitions and energy transfer resonance. Thus, the presence of the SDS did not prevent the functionalization. The evolution of these features as a function of time has been monitored (see figure II. [START_REF] Javey | Ballistic carbon nanotube field-effect transistors[END_REF] ). One can follow the amplitude of the free and stacked porphyrin Soret band, as well as the transfer ratio R. We see these characteristics evolve slowly to reach an equilibrium point within two weeks. This timescale is longer than the value in full SC samples. As a conclusion, these experiments highlight the presence of two characteristic times. A short one corresponding to the filling of the nanotube micelle with SDS monomers is quasi-instantaneous. This timescale is in agreement with the literature on micellar dynamics. Then, a longer timescale is evidenced, corresponding to the entering of the TPP inside the nanotube vicinity, visible in figure II. [START_REF] Javey | Ballistic carbon nanotube field-effect transistors[END_REF]. This very slow evolution remains to be explained.

Influence of the SDS micelles stability Diffusion of dyes in micellar environment

The exchange of nanoobjects between micelles has been widely investigated [START_REF] Bohne | Dynamics of the redistribution of 1-dodecylpyrene aggregates in micellar solution[END_REF][START_REF] Rharbi | Temperature dependence of fusion and fragmentation kinetics of triton x-100 micelles[END_REF][START_REF] Rharbi | Salt effects on solute exchange and micelle fission in sodium dodecyl sulfate micelles below the micelle-to-rod transition[END_REF]. For instance, Y. Rharbi et al. reported on the exchange of pyrene dyes in diverse micellar environment [START_REF] Rharbi | Temperature dependence of fusion and fragmentation kinetics of triton x-100 micelles[END_REF]. According to such studies, three kinds of micellar processes allow the exchange of hydrophobic molecules between micelles (figure II.20).

The first one is an exit-reentry pathway where the solute (the dye) spends a significant time in close contact with water molecules. This route is highly improbable for the hydrophobic porphyrin. The second one is a simple collision between two micelles, leading to a final larger micelle. It is called the collision-fusion mechanism (that may end up with a fission of the larger micelle, see figure II.20). The third one consists in the fission of the molecule's micelle into an unstable submicelle, that will merge with another micelle. We may assume that these three pathways occur simultaneously upon dilution, but that their relative proportion may vary along with the stability of the micellar environment. All of these processes can be extremely slow in certain surfactants. For exchanges of dyes in SDS, Rharbi et al. have evidenced a reaction time longer than one day [START_REF] Rharbi | Salt effects on solute exchange and micelle fission in sodium dodecyl sulfate micelles below the micelle-to-rod transition[END_REF], which is similar to the present timescale for the Nt/TPP mixing process. Two probable micellar processes that would lead to the interaction between TPP and nanotubes, inspired from Rharbi 's work [START_REF] Rharbi | Temperature dependence of fusion and fragmentation kinetics of triton x-100 micelles[END_REF].

While the first one occurs between two stable micelles, the second one requires the destabilization of the molecule's SDS micelle. Moreover, large micelles have a slow diffusion dynamics, while monomers or small submicelles have larger diffusion coefficients [START_REF] Robert M Weinheimer | Diffusion in surfactant solutions[END_REF]. When the TPP are only surrounded by a submicelle, we see that they will rapidly diffuse and merge with the nanotube environment. At the opposite, they may remain isolated for a longer time if they are included in a stable SDS complete micelle. For these reasons, favoring the creation of submicelles is likely to speed up the reaction.

Evolution of the reaction timescale with SDS proportion

From the previous results, one may assume that the reaction velocity is limited by the extra stability of the TPP/SDS micelle. The simplest way to modify the organization of a surfactant phase is to create a dilution that will force a rearrangement. As a consequence, it has been decided to perform the stacking reaction using different proportions of the SDS phase (with different ratios r sds = V sds /(V sds + V sc )). The final concentration of porphyrins will be maintained to 20 µmol.L -1 and the (6,5) nanotubes concentration will be controlled via the S 11 optical density (of O.D.=0.15 after mixing). To study the influence of the micellar environment on the reaction speed, experiments as a function of the dilution ratio r sds have been performed. As r sds varies from 2 to 50 %, an exponential kinetic behavior is always observed. The variation of 1/τ as a function of r sds is displayed on figure II.22 right. An increase of the time constant is evidenced when the SDS ratio increases. From r sds = 2% to 50%, its value is tuned from 20 minutes to approximately 3 days and 6 hours. It corresponds to a variation of the reaction rate k = 1/τ from 4.5×10 -2 min -1 to 1.5×10 -4 min -1 .

A progressive decrease of the functionalization characteristic time is observed as the proportion of the SDS phase decreases. With this decrease of the SDS concentration, it has been shown in section 1.1 that the concentration of SDS micelles is reduced, to eventually become unstable and relax into monomers. As a consequence, this decrease of the reaction timescale may be correlated with the stability of the TPP/SDS micelles, that can be overcome by a large dilution.

For r sds = 10%, the evolution of the optical density of the π-stacked porphyrins as a function of time is displayed in figure II.22. A sigmoid shape is observed characteristic of auto-catalytic reactions [START_REF] Robert F Pasternack | A nonconventional approach to supramolecular formation dynamics. the kinetics of assembly of dna-bound porphyrins[END_REF][START_REF] Robert F Pasternack | Aggregation kinetics of extended porphyrin and cyanine dye assemblies[END_REF]. These processes can be divided in two parts. The first part consists in a incubation process, where the reaction does not really start, as it is limited by another phenomenon [START_REF] Robert F Pasternack | A nonconventional approach to supramolecular formation dynamics. the kinetics of assembly of dna-bound porphyrins[END_REF][START_REF] Robert F Pasternack | Aggregation kinetics of extended porphyrin and cyanine dye assemblies[END_REF]. Here, for a r sds = 10%, the incubation time is of the order of 5 minutes, with a large variability from one sample to another. A possible explanation of this behavior will be discussed in the next chapter.

The second part of the kinetics corresponds to the functionalization reaction itself. The exponential fitted time constant is τ ≃ 60 minutes which is two orders of magnitude faster than for r sds = 50%.

Beyond the information provided on the functionalization mechanisms, this proves the versatility of the method. At a r sds ratio of 2%, the time constant of 20 minutes represents an important gain of time. In addition, we already proved that SDS is able to suspend a large quantity of isolated dye molecules. Hence, we are able to perform the functionalization in a fast, controlled and reproducible manner. Such reaction is simple enough to be performed as a basic titration. Adding very small amounts of TPP/SDS, one could control very precisely the reaction extent. Such precision was impossible with the direct swelling method.

Changes in the SDS organization upon dilution

In this part, the stability of the SDS micelles will be quantitatively discussed. The initial suspension of TPP is made at 2 w.t.% of SDS, corresponding to approximately 9 times the cmc of SDS (cmc SDS = 8 mmol.L -1 ) [START_REF] Nicholas | Luminescent probes for detergent solutions. a simple procedure for determination of the mean aggregation number of micelles[END_REF]. In this situation, the concentration of SDS micelles before dilution is around 1 mmol.L -1 . Then at a r sds = 50%, the final concentration of SDS is about 4 times the cmc, while r sds = 20% leads to a concentration just above the cmc. As seen in figure II.23, the concentration of stable SDS micelles in these two configuration are respectively of 500 and 100 µmol.L -1 . Then, for lower ratios, the final SDS concentration falls below the cmc, which means that SDS micelles are no longer stable and will break into small submicellar structures. It is noteworthy that the speed of the reaction greatly increases for final SDS concentrations below the cmc.

As mentioned earlier, the value of the cmc changes when SDS is mixed with SC. This creates an uncertainty on the actual cmc value, that is likely to change with the ratio of each surfactant [START_REF] Motomura | Thermodynamic consideration of the mixed micelle of surfactants[END_REF]. Nevertheless, the value of 4 mmol.L -1 caculated by Jojart et al. [START_REF] Jójárt | Mixed micelles of sodium cholate and sodium dodecylsulphate 1: 1 binary mixture at different temperatures-experimental and theoretical investigations[END_REF] is not so far from the pristine SDS value of 8 mmol.L -1 . Therefore, the main interpretation of the dilution effects remain valid: a given proportion of SDS micelles are no longer stable and have to merge with the SC micelles. Thus, the pristine SDS cmc value will be used in the present discussion. To test the influence of the SDS concentration on the reaction speed, a suspension of TPP of c f inal = 20 µmol.L -1 in a 1 w.t.% of SDS has been prepared in the same conditions. Then, a r sds = 20% suspension has been made. The final SDS concentration after dilution is 7 mmol.L -1 , below the cmc, and the corresponding reaction speed (red dot in figure II.22 right) is approximately four times higher than for the 2 w.t.% initial suspension with the same ratio. It is actually close to the 2 wt% experiment for a 10% SDS/SC ratio, confirming the role played by the concentration of micelles before the dilution. This is consistent with the fact that these two samples provide the same quantity of SDS to the final sample.

These results show that the c sds /cmc ratio after mixing is an important parameter to understand the kinetics of such reaction. These results can be explained by considering the SDS micellar stability: as c sds /cmc varies, the quantity of stable micelles evolves, modifying the reaction speed.

Passing the cmc threshold

Additionally to this equilibrium picture, we need to consider the disintegration dynamics of the SDS micelles. In particular, one has to remember that an important proportion of micelles are empty. For each sample, the final TPP concentration after dilution is of c f inal = 20 µmol.L -1 . Consequently, the concentration of TPP in the SDS phase before dilution (c T P P -SDS ) is different for each sample: between 40 and 1000 µmol.L -1 (see table II.2). However, the SDS micelle concentration before dilution is maintained to c micelle-SDS =1000 µmol.L -1 . For the higher r sds values, the TPP concentration before dilution is very small in comparison with the global proportion of SDS micelles. Yet, when r sds decreases, the TPP concentration becomes important and a large proportion of micelles are filled with a dye. Thus, there may be a correlation between the proportion of occupied micelles before the dilution and the rate of the functionalization process. Table II.2: Characteristics of the filled and empty SDS micelles before dilution for different ration r sds : concentration of SDS micelle before dilution, concentration of TPP before dilution, ratio x of these two values, Poissonian probability for a micelle to be empty and to be filled. These numbers are calculated in order to get a 20 µmol.L -1 concentration of TPP in the final sample after dilution.

r sds (%) c micelle-SDS (mmol.L -1 ) c T P P -SDS (mmol.L -1 ) x p(0) (%) p(1) (%) p(x > 0) (%) 50 
To quantify such effect, the number of molecules per micelles in the SDS phase (before dilution) can be calculated. Maiti et al. [START_REF] Nakul C Maiti | Dynamics of porphyrin molecules in micelles. picosecond time-resolved fluorescence anisotropy studies[END_REF] suggested to evaluate the proportion p of micelles containing n molecules by a poissonian law:

p(n) =
x n e -x n! (II.5)

where x = c tpp /c micelles . This method and the data from table II.2 can be used to evaluate the proportion of empty and filled micelles in the SDS phase before mixing with the nanotubes. On table II.2, one can observe that the probability of having one or several molecules per micelle (p(x > 0)) is large below r sds = 10 %. For the other ratios, the proportion of empty micelles is predominant, with an increasing importance as r sds grows from 10 to 50 %. On figure II.24 left, one sees that the proportion of filled micelles decreases exponentially with r sds , due to the Poisson formula. The characteristic time as a function of the proportion of filled micelles p(n > 0) is plotted in figure II.24 right. For samples that pass below the SDS cmc (with high initial occupation probability) a linear tendency is observed. This proves the correspondence between the evolution of the two parameters. Hence, the proportion of empty micelles can be regarded as a limiting factor at low r SDS , that should be kept to a minimum to ensure a fast stacking process. However, at lower porphyrin occupation probability, the reaction timescale moves away from the linear behavior (see figure II.24 right). In this area, the competition between filled and empty micelles is not the relevant parameter. In this region, the porphyrin/SDS micelles remain stable, and the TPP diffusion occur through a slow micellar exchange process, involving fission growth or collision fusion events (as in figure II.21).

These effects may explain why the functionalization timescale is very long for large SDS ratios, while it decreases dramatically for r sds < 10% (see figure II.22 right). At the moment of dilution, a competition between the reorganization of empty and filled micelles will occur. If the majority of SDS micelles is empty, these ones will rapidly fill the blank spaces inside the nanotube's coverage, limiting the rate of insertion of the TPP/SDS submicelles. Additionally, a collapsing TPP/SDS micelle may shock with other empty SDS micelles, instead of merging the nanotubes SC micelles. On the other hand, if a large proportion of SDS micelles are filled, the functionalization timescale should be reduced, as the TPP/SDS will rapidly enter the nanotubes environment. This study of the filled/empty micelles competition has brought a finer insight into the evolution of the functionalization timescale when the SDS proportion is changed.

Evidence of a large activation Gibbs energy

The previous discussion showed that the stability of the surfactant environment was involved in the mechanism of functionalization. To understand this stability, a study of the reaction timescale as a function of temperature would also be valuable. In the theory of chemical kinetics, the rate k of a given reaction is fixed by the difference of energy between the initial state and the transition (or activated) state:

k reaction = k 0 exp - E a RT (II.6)
where E a is called the activation energy. A very small reaction rate is indicative of a very large activation energy E a . When a simple exponential behavior is measured, the reaction rate is the inverse of the exponential time constant k = 1/τ . On the microscopic scale, a chemical reaction only happens if the necessary reactants collide with sufficient energy. Hence, the activation energy can be pictured as a barrier to be overcome for the reaction to happen (see figure II.25). Indeed, the Arrhenius law (equation II.6) expresses the statistical rate of successful reactants collisions through a Boltzmann factor [START_REF] Richard | Principles of adsorption and reaction on solid surfaces[END_REF]. However, the reactants involved in the present reaction are not elementary molecules, but rather hybrid elements (NT+surfactants vs TPP+surfactants) including several monomers. As a consequence, these complex objects have a microscopic organization and a corresponding entropy contribution. For instance the ordering of the micellar structure may evolve during the reaction. For such cases, Bruckener and coworkers suggested an adaptation of the Arrhenius model [START_REF] Frank K Brunecker | Interaction of polymers with single-wall carbon nanotubes[END_REF], where the activation energy is replaced by an activation Gibbs energy ∆G a , that includes the entropy evolution:

k reaction = k 0 exp - ∆G a RT (II.7)
The possibility to evaluate a Gibbs energy of activation for the present reaction would bring valuable information on the kinetic mechanism. Thus, it has been decided to perform the stacking reaction as a function of temperature, for r sds =10%. On figure II.26, an exponential decrease of the characteristic time is observed between 10 and 65➦C. Once again, this brings additional tunability to the reaction, as it becomes possible to accelerate or stop the reaction by controlling the temperature. This evolution also proves that we are facing a thermally activated physico-chemical reaction, that follows Arrhenius law k = 1/τ ∝ exp( -∆Ga RT ). A Gibbs energy of activation of 80 ± 10 kJ.mol -1 is extracted from the fit. Several other exponential evolutions, with similar timescales have been evidenced for reactions involving micelles suspended nanotubes [START_REF] Andrew | Role of adsorbed surfactant in the reaction of aryl diazonium salts with single-walled carbon nanotubes[END_REF][START_REF] Hou | Photoreactivity of unfunctionalized single-wall carbon nanotubes involving hydroxyl radical: chiral dependency and surface coating effect[END_REF]. Among them, Mcdonald and coworkers [START_REF] Mcdonald | Kinetics of pl quenching during single-walled carbon nanotube rebundling and diameter-dependent surfactant interactions[END_REF][START_REF] Mcdonald | Chiral-selective protection of single-walled carbon nanotube photoluminescence by surfactant selection[END_REF] studied the dynamics of nanotubes flocculation upon dilution. They showed that it was a first order kinetics, driven by the surfactant desorption from the nanotube's surface. Upon a variation of the temperature, they found a large activation energy of the order of 50 kJ.mol -1 . In the present case, it is difficult to determine whether the activation energy corresponds to the stability of the nanotubes micelles, of the molecules micelles, or to an interplay between both effects. This activation energy is also similar to the one found for the exchange of pyrene into TX-100 micelles [START_REF] Rharbi | Temperature dependence of fusion and fragmentation kinetics of triton x-100 micelles[END_REF]. Such similarities confirm that our reaction kinetic is limited by the diffusion of the TPP inside the surfactant environment.

Influence of the electrostatic repulsion effect

Above the cmc, several elements indicate that the TPP diffusion to the nanotube takes place by collision/fusion or fission/ growth pathways. For ionic compounds, these process have been proved to be extremely slow, due to the extreme stability of the micelles. As explained in the section 1.1, a main factor of stability for ionic micelles is the presence of charged functions. Through the interaction of these ionic centers, the micelle will be tightly organized to minimize the global electrostatic energy. These Coulomb interactions will significantly hinder the fast exit/entry dynamics of the monomers, blocking the fusion or fission of the whole micelles. Rharbi and coworkers compared the dynamical exchange of pyrene molecules between micelles of various surfactants [START_REF] Rharbi | Temperature dependence of fusion and fragmentation kinetics of triton x-100 micelles[END_REF][START_REF] Rharbi | Salt effects on solute exchange and micelle fission in sodium dodecyl sulfate micelles below the micelle-to-rod transition[END_REF]. For non ionic surfactants (such as Triton X100), the timescale of such processes is close to a second, while they are drastically longer for ionic surfactant. For SDS, the authors showed that the pyrene exchange occurred on an day scale (see figure II.5 right), similarly to the dynamics observed for the Nt/TPP samples above the cmc. A protocol has been designed to test the presence of such Coulombic effects on the Nt/TPP reaction. The SDS (anionic) surfactant has been replaced by the non ionic Triton TX-100, or by the cationic CTAB. For each prepared sample, the final surfactant (Triton or CTAB) concentration was set to remain above the cmc.

Figure II.27 shows the kinetics for each surfactant of the reaction at a 50% ratio. In this situation, the concentration of Triton (or of CTAB) after dilution is much larger than the cmc. Consequently, this dilution ratio does not destabilize the TritonX100 nor the CTAB micelles. The micelles characteristics for each surfactant are presented in the table II.3. The characteristic time of the kinetics in Triton is of 8 minutes, which is three orders of magnitudes faster than the same experiments performed with SDS micelles at r SDS = 50%. Thus, the Triton micelles collapse with a much faster dynamic than SDS ones. This is consistent with the absence of electrostatic micelle metastability in a nonionic surfactant. The mixture CTAB/SC represents an intermediary situation, with a characteristic time of 40 minutes. Here, the decrease of the timescale with respect to SDS/SC samples can be explained by the presence of attractive forces between the TPP/CTAB micelles and the Nt/SC ones. Yet, the repulsive electrostatic interactions within the CTAB micelles may explain why the timescale is five time larger than for Triton. On the fundamental point of view, this result strongly supports that internal and external coulombic repulsion is a limiting factor of the kinetics when anionic micelles are used. Above the cmc, these experiments confirm that the Nt/TPP interaction occurs via fusion/fission mechanisms. Additionally, this proves the versatility of such co-surfactant functionalization technique, that can be adapted to various surfactants according to the desired chemical reaction.

Summary of the microscopic reaction mechanism

The elements presented above indicate the presence of a slow, first order reaction, that is drastically influenced by a modification of the surfactant environment. This has been evidenced by the presence of a very large activation Gibbs energy. The corresponding reaction scheme is summarized in figure II.28.

The different stages of the reaction can be understood as follows. TPP are sol-ubilized in SDS micelles and then diluted in a nanotubes suspension in cholate micelles. Then, the external diffusion of the TPP through the mixed surfactant medium starts. However, empty micelles will collapse first, limiting the diffusion rate of TPP molecules. In a second time, the SDS/TPP structure will meet with the SC/nanotube one. This is the internal diffusion step. The kinetics of the π-stacking reaction is slow, varying from days to tenths of minutes as a function of the chosen surfactant environment. Consequently, one can affirm that the external diffusion of the TPP is ruled by the high stability of SDS micelles, that limits the reaction rate. Additionally, this stability can be tuned by changing the ratio r SDS . Above the SDS cmc, this stability is driven by the electrostatic forces between SDS monomers. The porphyrins diffusion occur through very slow fusion/fission events. Below the SDS cmc, the interaction between adjacent micelles decreases and SDS micelles collapse. In this situation, the porphyrin can only be exchanged through fast fission/growth processes. Consequently, the SDS/TPP complexes are forced to merge with cholate micelles to be stabilized, speeding-up the π-stacking reaction. For these slow ratios, it has been shown that the proportion of empty micelles was the limiting kinetic factor. Despite the high binding energy of the TPP with its SDS micelle, a simple, controlled dilution can drastically raise the reaction speed. Changing the nature of the surfactant can also be a valuable alternative.

External and internal diffusion step 3.1 Hypotheses on the reaction kinetics theory

In the previous chapter, the interaction of the porphyrins with the nanotubes was presented through the equation:

T P P micelle + N T micelle = N T micelle /T P P (II.8)
This equation, symbolizing the π-stacking process, involves two different reactants. According to the kinetics theory this simple equation would not lead to first order kinetics [START_REF] Robson | Introduction to Chemical Kinetics[END_REF]. A priori, this vision is totally different from the kinetic discussion developed in the previous sections, that focused on the exchange of the porphyrins between different micelles. Therefore, there are two different visions of the studied mechanism that seem to be incompatible. These two steps can only coexist inside a more complex reaction mechanism. This mechanism can be seen as two successive steps: the external diffusion and the internal diffusion (π-stacking), accordingly to the discussion from the section 1.5. If the first step is only connected to the dynamics of micelle/TPP structures, the second will involve the nanotube and its micellar environment.

If the first step is regarded as the slowest step, the exponential behavior from the previous kinetics can be explained by a simple a diffusion model [START_REF] Tr Waite | Theoretical treatment of the kinetics of diffusion-limited reactions[END_REF]. In such situation the reaction velocity can be expressed as

V ≃ k × [T P P ],
where k is proportional to the diffusion coefficient of the TPP inside its environment. Through a simple calculation, this first order mechanism consistently leads to an exponential evolution of the reaction extent: (II.9) However, this simple models completely neglects the influence of the internal diffusion. In reality, the internal diffusion process may not be totally neglected. This section will investigate on the relative influence of the two successive steps on the reaction kinetics.

Evolution of the velocity with reactants concentrations

To look for a possible contribution of the internal diffusion step, one can study the kinetics at different reactant concentrations. In principle, the velocity of this internal step should depend both on the porphyrin and on the nanotube concentration. In this section, the proportion of SDS will be maintained to r sds = 10%. Such a small ratio ensures that the external diffusion step is fast. This can help to observe a contribution from the second internal step.

Under this two steps hypothesis, the variation of the initial stacking velocity has been measured as a function of the concentrations of either the TPP or the nanotubes. This initial velocity is a simple and classical tool to find the partial reaction orders [START_REF] Casado | The initial rate method in chemical kinetics: Evaluation and experimental illustration[END_REF] relative to each reactant. To measure this velocity, the slope ν 0 of the optical density at 440 nm was extracted, just after the incubation phase (see figure II.29). This quantity ν 0 is directly proportional to the theoretical initial velocity ν 0 = V 0 × ǫ 440 , where ǫ 440 is the molar extinction coefficient of the stacked porphyrins. We see that ν 0 increases with molecular concentration. On the first part of the curve, the evolution is quasi linear. At low concentration, the rate of destabilization/ diffusion of the SDS/TPP micelles is small and there are very few diffusing porphyrins. This behavior is consistent with the limitation of the kinetics by the external diffusion stage only.

However at high TPP concentration, the slope of the curve increases. Thus, the dependence of the velocity with the porphyrin concentration has changed. The fact that this second step is surlinear is an important result. It proves that the partial order relative to the TPP is here larger than one. Another technique to verify such result is to monitor the time evolution of a very concentrated sample (c f inal-T P P = 140 µmol.L -1 ): On figure II.31, the characteristic timescale of the absorption variation at 440 nm is very short: around six minutes. However, such evolution does not follow an exponential behavior (blue dotted line). It may be fitted by the combination of a first and a second order fitting function (red dotted line):

A 440 (t) = A 0 + A 1 e -k 1 t first order + A 2 k 2 t 1 + k 2 t second order (II.10)
Thus, these experiments are a clear evidence of two different reaction regimes with respect to the porphyrin concentration. As it will be detailed in the next sections, the π-stacking step implies the cooperation of several porphyrins that will bind to the tube simultaneously:

hT P P micelle + N T micelle = N T micelle /T P P h ; h > 1 (II.11)
From these results and the previous discussion on the mechanism, the observed cooperative regime can be attributed to the internal diffusion of the TPP inside the nanotube's micelle. At low concentration, this cooperative effect is too fast and has no impact on the initial velocity. In the high concentration region, the external diffusing rate of porphyrins becomes important. This explains why the effects of both the external and the internal diffusion are observable.

Influence of the adsorbent concentration

Following this internal diffusion hypothesis, one can postulate that the velocity should also depend on the nanotubes concentrations. Thus the final molecular concentration was fixed to 20 µmol.L -1 and several samples were prepared at different nanotubes S 11 optical densities (i.e. different concentrations). On figure II.32, the velocity diagram can also be splitted in two parts. When the nanotube concentration is high enough, velocity tends to saturate. It may eventually become constant, even if the saturation threshold seems to be at a very high concentration. This result corresponds to a regime where the adsorption site concentration is high enough, and the velocity is only limited by the TPP/SDS diffusion. Consequently, the velocity do not depend on the nanotube concentration. Unfortunately, the higher concentrations that would bring additional information cannot be reached, due to the complexity of the nanotube dispersion procedure. At low concentration however, the velocity increases quite linearly. Hence, this part corresponds to a partial order of one with respect to the nanotube. In this part of the curve, the velocity is likely to be limited by the probability for the TPP to interact with the nanotube. The separation between external and internal regions seems to be inverted with respect to the TPP concentration evolution. The global behavior may be fitted with sublinear power law of 0.7.

As a conclusion, studying the initial velocity proved to be useful to gain insight on the global mechanism. It has been proved that the nanotube concentration plays an important role into the global mechanism. Until now, the reaction velocity was assumed to be entirely ruled by the stability of the TPP inside its micellar environment. This study has highlighted that the nanotubes play also a role. It is now clear that the internal and the external diffusion steps can both influence the reaction velocity, in different regimes of concentrations. The reasons of such dependence on the reactant concentrations will be detailed in the following chapter, in regard of the thermodynamics data and of a comprehensive model.

Velocity differences among a HiPCO sample

Since the nanotubes characteristics influence the kinetics, it can be valuable to look for differences of dynamics between nanotubes chiralities. During the internal diffusion stage, the porphyrin will have to enter the SC coverage of the nanotube, force the SC to desorb from the nanotube, and eventually adsorb at the nanotube surface. One can see that such steps will be deeply connected to the ordering of the cholate around the tube. It is commonly known that energetics and the organization characteristics of the SC/Nt binding varies from one chirality to another [START_REF] Michael S Arnold | Sorting carbon nanotubes by electronic structure using density differentiation[END_REF][START_REF] Lin | Role of the bile salt surfactant sodium cholate in enhancing the aqueous dispersion stability of single-walled carbon nanotubes: a molecular dynamics simulation study[END_REF]. Performing PLE maps, they monitored the bundling velocity for several chiralities of nanotube. They showed that some chiralities reacted faster than others. Repeating the experiments at various temperatures, they found a decrease of the activation energy with the nanotube diameter (see figure II.34). Thus, they proved that the cholate removal was more favored on larger nanotubes, leading to faster desorption dynamics.

Even if the NT/TPP interaction is more complex than a mere cholate desorption, one may wonder if similar diameter effects are present. To answer to this question, the interaction between TPP and HiPCo nanotubes has been monitored, in r sds = 10% SDS/SC samples. Hence, this experiment evidences a variation of the reaction rate as a function of the nanotube chirality. In other words, the energy required for the TPP molecules to replace the nanotubes surfactant layer changes as a function of the nanotube species. This variation of velocity may correspond to differences in activation Gibbs energy :

∆G 2 -∆G 1 ≃ RT ln τ 2 τ 1 ; RT ≃ 2.5 kJ.mol -1 (II.12)
This estimation leads to variation of 2 to 3 kJ.mol -1 around the value of 80 kJ.mol -1 value for [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] nanotubes. Thus, this results present similarities with the nanotube flocculation experiment. However, the variation of the activation energy with diameter is one order of magnitude smaller than the data from Blackburn and coworkers ( [START_REF] Mcdonald | Kinetics of pl quenching during single-walled carbon nanotube rebundling and diameter-dependent surfactant interactions[END_REF], ≃ 20 kJ.mol -1 between (7,6) and [START_REF] Paul | Semiconductor clusters, nanocrystals, and quantum dots[END_REF][START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF]). In our case, it is difficult to be quantitative, as an effect from the nanotubes concentration cannot be totally excluded. Indeed, a larger velocity may also come from a larger nanotubes concentration for a given chirality. A PLE experiment, or the use of chirality sorted samples would help to quantify the speed for each species of nanotube.

Stacking reaction of porphyrin on graphene nanosheets

To go further, the results on HiPCO nanotubes will be compared with the stacking reaction on graphene nanosheets. Indeed, if there is a diameter dependence of the reaction velocity, the graphene could represent the infinitely large diameter limit (larger lateral size and larger radius of curvature). Table II.4: Proportions of layers among the graphene sheets.

The functionalization reaction has been performed with the two step reaction method presented above, in a 50% -50% volume proportion with both reactants in 2 w.t.% sodium cholate. After mixing the separated suspensions, the functionalization process was monitored by optical absorption spectroscopy (OAS) in the Soret porphyrin region. As graphene has a 2D semi-metallic electronic structure, it does not present any absorption band: its absorption is flat in the visible region. Nevertheless, it contributes to the scattering background on the absorption spectra (see figure II.37). The figure II.37 displays the optical density evolution of a sample including 8 µmol.L -1 of TPP.

At the initial time, the absorption spectrum solely displays the free porphyrins response, with its main Soret band peak at 2.95 eV (420 nm). After a few minutes, an additional 2.79 eV (444 nm) resonance grows spontaneously and reaches a saturation within 5 hours. In every sample, the final absorption shows an equilibrium, in which both shifted and unshifted populations are present. It may be assumed that the adsorption process of TPP molecules on sp 2 graphene produces similar results to the one on nanotubes. Thus, the 2.95 eV (420 nm) and the 2.79 eV (444 nm) lines can be assigned respectively to the free and πstacked porphyrin populations. In the following, the dynamics of the regular and the redshifted TPP absorption peaks will be followed. The absorption kinetics on figure II.38, of both free and π-stacked porphyrins peaks are properly fitted according to single exponential models, with characteristic times of around 60 minutes. Such exponential timescales are quantitatively faster than the previous results on HiPCO nanotubes from section 2.1, in which similar reaction conditions resulted in a timescale of around 120 hours. Since we have approximately the same carbon concentration (0.07 mg.mL -1 for HiPCO Nanotubes), we may quantitatively compare the two timescales. This would correspond to a difference in activation Gibbs energy of: ∆G a-Nt -∆G a-graphene ≃ 10 kJ.mol -1 .

(II. [START_REF] Harold W Kroto | C 60: buckminsterfullerene[END_REF] This represents a 10 to 15 % variation of the Gibbs activation energy, compared to the previously discussed activation energies for carbon nanotubes. From the discussion of the kinetic mechanism from the previous sections, one may try to explain such variation. Between graphene and carbon nanotubes, two physical parameters are changing. The first one is the size of each carbon nanoobjects: the graphene flakes have average width of 100 nm while the HiPCo nanotube's diameter is close to one nanometer. Consequently, the curvature of the carbon surface is also very different. These two parameters are likely to influence the adsorption dyanmics of both the surfactant and the TPP molecules. Indeed adsorption mechanism may strongly depend on dimensionality as well as on available adsorbent surface [START_REF] Wang | Reaction rate enhancement by surface diffusion of adsorbates[END_REF].

On the other hand, such effects could also be induced by the micelle environment itself. As it was shown in section 2.5, the reaction kinetics is influenced by the ability of the TPP to be exchanged and diffuse within the micellar environment. The fission/growth and collision fission pathways that were discussed earlier are still valid for graphene. As the dimension of the carbon surface increases, we may think that these two TPP exchange mechanisms may evolved, and probably be drastically accelerated. For instance, we may speculate that the large size of the graphene sheets has a higher capacity to break and absorb the TPP micelles. In a nutshell, a variation of the kinetics as a function of the size and curvature of the carbon surface has been evidenced. From one nanotube chirality to another or in comparison with graphene nanosheets, the reaction rate was shown to be different. Such differences are obviously linked to the microscopic functionalization mechanism. A proper model (diffusion in an electrostatic gradient) and simulation (molecular dynamics, DFT, ....) would bring an finer insight into the physical effects involved. This chapter studied the organization of surfactants (and particularly SDS and SC) into micelles and their ability to drive the Nt/TPP interaction. It has been evidenced that the ability to suspend TPP is much higher into SDS, due to its large spherical structure with a protective hydrophobic center and a hydrophilic outer part. In a second time, a two step functionalization technique has been designed to control the reaction. The reaction timescale was shown to be limited by the stability of the surfactant medium. Such reaction is very slow in single surfactant media, but can be more controlled and accelerated in a surfactant mixes.

The versatility of such surfactant mixing allowed to performed an extensive study of the TPP exchange mechanism. Driven by a large activation Gibbs energy, the reaction timescale is ruled by the stability of the TPP/SDS micellar sructure. This metastability is due to the hydrophobicity of the TPP molecule, as well as to the coulombic interaction between anionic surfactants heads. Such stability could be easily overcome by a large dilution, as the SDS micelle is forced to break.

Then, the internal diffusion was shown to play an important role into the functionalization timescale. As the reactants concentration was changed, the presence of two concentration regimes was evidenced, in which external and internal diffusion have a different influence on the reaction velocity. In addition, the diffusion speed was proved to depend on the dimensionnality (length, curvature) of the carbon surface. For complex reasons, the TPP exchange mechanism is drastically accelerated for large and flat graphene nanosheets.

Finally, this chapter has highlighted the importance of controlling the organization of the micellar environment. During a functionalization process such as the present one, it can limit or favor the interaction between the reactants. This limitation may be kinetic, but it can also impact the final state of the reaction. In complement to this kinetic study, one may wonder if the surfactant environment has an impact on the thermodynamical characteristics of this adsorption reaction.

Chapter III

Thermodynamics of the functionalization process

The previous chapter was the first step to gain a wider perspective on the noncovalent functionalization mechanism. The essential message was that the diffusion of the nanoobjects through the micellar environment was responsible for the main characteristics of the reaction dynamics. Additionally, the kinetic role of the internal diffusion step has been highlighted. Since this step occurs after the external diffusion, it is difficult to study its energetic characteristics through a kinetic study.

The following chapter will attempt to collect important information on such internal diffusion by monitoring the equilibrium state of the reaction. The associated thermodynamic parameters will be assessed by sampling a wide range of porphyrin concentrations. This will provide a fine insight into the mechanisms that lead to the full coverage of the carbon nanotube surface.

After a short introduction of the adsorption thermodynamics, the study will first focus on monochiral (6,5) nanotubes samples. The monitoring of various spectroscopic features of both the nanotubes and the porphyrins will be used to carefully study the reaction equilibrium state. Then, the impact of a surfactant mixing on these thermodynamics results will be studied. A great care will be taken to find the link between these equilibrium considerations and the kinetic results from the previous chapter. For this purpose, a simulation of the reaction process will be presented in order to understand the relative contributions of the external and the internal diffusions into the global mechanism.

As a second step, the competition of the stacking process between different nanotube species will be studied using a polychiral HiPCO nanotube sample. Energetic and ordering considerations will be detailed, and a connection of such effects with thermodynamics considerations and DFT calculations will be discussed. As the infinite diameter limit, the stacking equilibrium on graphene nanosheets will also be studied.

Finally, this chapter will discuss the ability of molecules to present a cooperative behavior during the π-stacking process. Porphyrins with slightly modified structures will be used to try to modulate this cooperative effect. Kinetic and thermodynamic studies of these samples will be performed to understand the actual impact of these structural modifications.

1 Thermodynamics equilibrium study on (6,5) nanotubes

Description of the formalism to study the reaction equilibrium

Any adsorption reaction consists in forcing a small component (the adsorbate) to leave its bulk equilibrium state to attach onto a surface (the adsorbent). Like many chemical or physical processes, such a reaction is often equilibrated [START_REF] Toth | Adsorption[END_REF]. In other words, the adsorbate has to be present in a large excess in order to fully cover the reacting surface. As any equilibrated reaction, such process has a characteristic reaction constant K, and a corresponding Gibbs energy ∆rG. Studying this equilibrium allows to understand which phenomena favor or limit the reaction extent.

In this chapter, we will elaborate a thermodynamic model to assess such values for the functionalization process. The previous kinetic discussion already proved that the reaction extent can be optically monitored as a function of time. This method will be adapted here to study the evolution of the nanotube coverage with TPP as a function of the porphyrin concentration. First, a proper formalism is required to describe the adsorption process. As presented in the previous chapter, every nanotube can be artificially cut into a series of adsorption sites, with an initial concentration c site . Then the adsorption reaction can be simplified into a simple equation: site + TPP = site/TPP (III.1) which symbolizes the attachment of a porphyrin molecule onto a carbon site. As in chapter II, the initial concentration of porphyrin is c T P P . Since this process is equilibrated any sample eventually contains interacting and non-interacting porphyrins in significant proportions. The reaction constant K associated to such a reaction can be expressed as:

K = [site/TPP] eq [site] eq [TPP] eq (III.
2)

The brackets define the concentrations values, while the eq index indicates the equilibrium values. Here, every concentration is divided by 1 mol.L -1 , to form an adimensionalized K number. This constant rules the reaction equilibrium, as the reaction extent moves forward when the K value increases. The value of K is directly connected to the reaction Gibbs energy: ∆rG = -RT ln(K) (III.3)

1. THERMODYNAMICS EQUILIBRIUM STUDY ON (6,5) NANOTUBES

The thermodynamics of an adsorption reaction is often studied through the Langmuir isotherm formalism [START_REF] Langmuir | The adsorption of gases on plane surfaces of glass, mica and platinum[END_REF][START_REF] Brunauer | On a theory of the van der waals adsorption of gases[END_REF]. It consists in plotting the reaction extent X as a function of the available adsorbate concentration (see figure III.1 left). As the concentration increases, the adsorbent surface is progressively covered. At high available concentration, the extent saturates indicating a monolayer full coverage of the adsorbent. According to the theory, the reaction extent X is supposed to follow a saturation formula:

X = K [TPP] eq 1 + K [TPP] eq (III.4)
Through this simple plot called the Langmuir isotherm, one can extract the equilibrium constant K, and the corresponding reaction Gibbs energy. One may study the evolution of such Langmuir curve as a function of different parameters to understand the reaction mechanism. For instance, varying temperature (see figure III In the previous chapter, the preliminary study of this internal diffusion step showed some cooperative features. Such effects are very common in adsorption processes [START_REF] Akgerman | Adsorption of phenolic compounds on fly ash[END_REF], particularly in biochemistry [START_REF] Adair | The hemoglobin system vi. the oxygen dissociation curve of hemoglobin[END_REF]. They can be taken into account by modifying the TPP partial order in the reaction equation:

site + hTPP = site/TPP h (III.6)
where h corresponds to the TPP partial order: it is also called the cooperativity. The Langmuir formalism can be slightly modified to account for such cooperative (or anti-cooperative) behavior. This is the Hill model [START_REF] Terrell | Statistical mechanics of multimolecular adsorption ii. localized and mobile adsorption and absorption[END_REF][START_REF] Heck | Statistical theory of cooperative binding to proteins. hill equation and the binding potential[END_REF]. A simple calculation shows that the reaction extent can be now written as:

X = K [TPP] eq h 1 + K [TPP] eq h (III.7)
Mathematically, a new degree of freedom has been inserted into the model: the Hill coefficient called h. As seen on figure III.1 right, this coefficient influences the shape of the saturation curve. From the microscopic point of view, a h>1 value indicates that the adsorption of one element on a given site of the surface favors the adsorption of other elements on the same area. This is called a cooperative behavior. On the contrary, a h<1 value means that the presence of one adsorbate on the surface will prevent the attachment of others elements: the reaction is anticooperative.

Two different microscopic models may explain such cooperative behavior [START_REF] James | The hill equation revisited: uses and misuses[END_REF]: the simultaneous and the successive mechanisms. The most trivial one, based on the global equation III.6, corresponds to the simultaneous interaction of one adsorbent site (A) and h adsorbate (B):

A + hB = K AB h (III.8)
Though it is simple, this model suffers from several limitations. Since h is directly related to a number of molecules, the model cannot account for the non-integer values of h that are evidenced in many cases [START_REF] Mandal | A glycine-dependent riboswitch that uses cooperative binding to control gene expression[END_REF][START_REF] John | Copper binding to the prion protein: structural implications of four identical cooperative binding sites[END_REF]. Secondly, this mechanism is statistically unfavorable, as it requires the gathering of h+1 reactants in the same area. In the theory of kinetic chemistry, only elementary reactions involving one or two reactants are considered probable [START_REF] Turányi | Reaction kinetics basics[END_REF]. In the alternative mechanism, a Hill coefficient greater than one is interpreted as a successive binding reaction:

A + B = K 1 AB + B = K 2 AB 2 + B = K 3 AB 3 ...... = Kn AB n .
(III.9)

Here, the K i constant gets larger as i increases. This is a form of cooperativity, as the adsorption of the first B element onto a A site will favor other adsorptions onto the adjacent sites. In this picture, the Hill coefficient h can differ from the total number of molecules n involved, as its value is an averaged consequence of the successive steps (see equation III.9). Indeed, the experimentalist has usually access to the global X extent and not to the relative contributions of each step.

For the reaction studied in this work, both simultaneous or successive scenarii have to be explored. Indeed, the first kinetic step is an external diffusion of the porphyrins, that will bring a large amount of molecules at the vicinity of the nanotube micelle. Then, the simultaneous scenario cannot be totally rejected, as TPP molecules may 1. THERMODYNAMICS EQUILIBRIUM STUDY ON [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] NANOTUBES interact together at the moment of their adsorption. As it will be detailed in this chapter, the reality may be a compromise between these two hypotheses.

Evidences of a cooperative stacking

The following section details the study of the nanotube coverage as a function of the TPP concentration. Here, a monochiral sample has been chosen, to avoid the disturbance of chirality dependence effects. The first study was made on (6,5) sorted nanotubes in a 2 w.t. % cholate suspension (purchased from Nanointegris). Several samples were prepared by mixing two SC suspensions containing the nanotubes or the porphyrins. Based on the thermodynamics theory explained before, one may want to study the evolution of the nanotube coverage as a function of the quantity of injected molecules. Thus, several samples were prepared with different final TPP concentrations, ranging between 0.5 and 15 µmol.L -1 . Note that these values are much lower than the one used in the previous chapter. This is due to the fact that the NT concentration in such sorted samples is relatively low (optical density of 0.05 on the S 11 line of (6,5)). The figure III.2 displays the absorption spectrum of the sample containing a final TPP concentration of 3.5 µmol.L -1 (red line). One can observe the usual spectroscopic evidences of the coupling of the porphyrins with the nanotubes: the shift of the S 11 line to 1000 nm and the 440 nm Soret component, coming from the π-stacked porphyrins. One can observe the presence of the unshifted Soret band at 420 nm, which proves that the reaction is equilibrated (some non-interacting porphyrins are still present).

In order to extract the thermodynamics parameters of such adsorption reaction, one may apply the Hill model formalism. Once the equilibrium is reached in each sample, the remaining free TPP concentration and the final reaction extent have to be quantified. As explained before, there are several manners to evaluate each of them. For instance, one may choose to assess the free porphyrin concentration by visible photoluminescence experiments. Indeed, the stacked porphyrin are known to be totally quenched by the nanotube [START_REF] Roquelet | Quantum efficiency of energy transfer in noncovalent carbon nanotube/porphyrin compounds[END_REF]. In addition to the TPP/ NT samples, a series of reference samples were prepared without nanotubes, using exactly the same protocol. Monitoring the TPP luminescence, one may compare the PL value with and without nanotubes. On figure III.3 left is displayed the two PL spectra corresponding to a global TPP concentration of 5.5 µmol.L -1 . The presence of the nanotube (black curve) leads to a significant decrease (≃ 75%) of the PL signal.

On figure III.3 right is displayed the integrated PL value (between 600 and 800 nm) for each global porphyrin concentration, with (red) and without (black) nanotubes. The PL signal of TPP molecules in the absence of nanotubes grows linearly with concentration, indicating that an increasing number of monomers are solubilized. The slope of this curve allows us to extract the coefficient of proportionality γ 0 :

I P L T P P = γ 0 × c tpp (III.10)
In the presence of nanotubes, the PL signal also rises with c tpp but with a threshold behavior. For c tpp < 8 µmol.L -1 , the PL signal increases with a very moderate slope, smaller than for the lone TPP samples. This indicates that an important fraction of monomers are quenched by their interaction with the nanotubes. However, for concentrations above 8 µmol.L -1 , the slope of the PL signal eventually recovers the value measured for the free TPP sample. This behavior is typical of a total chemical reaction, where the number of adsorbed TPP eventually saturates once every adsorption site is occupied. From the difference of the two asymptotes (black and red dotted lines) in figure III.3 right), one can evaluate the concentration of porphyrins that are involved in the stacking process: [T P P ] stacked ≃ 8 µmol.L -1 . As the interacting porphyrin are totally quenched, the equilibrium concentration [T P P ] eq of remaining free porphyrins can be evaluated through the formula: Energy transfer Ratio R

[TPP] eq (μmol.L -1 )

Reaction extent From the evolution of the energy transfer ratio R, one can extract an evaluation of the normalized reaction extent X R :

X R (c tpp ) = R(c tpp ) -R(c = 0) R(c ∞ ) -R(c = 0) (III.12)
This parameter will be null at very small porphyrins concentrations and equal to 1 when the concentration is high enough. Following the previous thermodynamic discussion, one can plot X R as a function of the equilibrium TPP concentration At this point of the curve, this result indicates that 75% of the porphyrins are πstacked on the nanotubes.

To go further in the thermodynamics study, the Hill fitting model has been applied to the evolution of X R (blue line in figure III.4 right). From this fit, a reaction constant of K=1.0 × 10 6 is obtained, corresponding to a free Gibbs energy of ∆rG=-34 kJ.mol -1 . The absolute value of this Gibbs energy will be commented in a next section. The Hill coefficient is found to be of h=4. From the previous discussion, this proves that the π-stacking of the porphyrins around the nanotubes is highly cooperative.

Similar cooperative effects were studied by DFT calculations by Orellana [START_REF] Orellana | Strong π-π interaction of porphyrins on (6, 5) carbon nanotubes with full surface coverage: Ab-initio calculations[END_REF][START_REF] Orellana | Single-and double-wall carbon nanotubes fully covered with tetraphenylporphyrins: Stability and optoelectronic properties from ab initio calculations[END_REF]. As shown in figure III.5 left, he first modeled a system made of one [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] nanotube and one porphyrin. He calculated the most favorable position of the porphyrin around the nanotube. Consequently, the corresponding binding energy and binding distance were evaluated. Then, the same model was applied for 2,3,4 and 8 porphyrins, to investigate on an associative effect during the binding.

For every configuration, he found a similar TPP/nanotube distance of ≃ 3 ✝ A. For a single TPP, a TPP/NT binding energy of 1.36 eV (131 kJ.mol -1 ) was evidenced. For two and three molecules, the molecules are stacking in a quite independent fashion, with a similar binding energy (per TPP molecule) of around 1.40 eV. However, there is a threshold when the nanotube is covered with 4 TPP. At this point, the molecules are very close and they start to organize, with their phenyl groups parallel to each other. In this organized structure, the binding energy has almost doubled: 2.45 eV per molecule (236 kJ.mol -1 ). This is a form of cooperative behavior during the TPP π-stacking, that the author explained by the creation of 4-TPP ring structures (see figure III.5 left). They also show that two adjacent rings of porphyrins could attract each other, forming a 8 TPP structure, with a slightly increased binding energy 2.85 eV. This effect could be the starting point of the coverage of the nanotube surface by an organized layer of porphyrin molecules. One can note the nice agreement between this 4-TPP ring structure and the Hill coefficient extracted from our previous thermodynamics results. Beyond this correspondence, these calculations cannot be directly compared to the thermodynamics results. This DFT model evaluates the binding energy of a few porphyrins onto a single nanotube, in a vacuum environment. On the other hand, the thermodynamic experiments study the replacement of the surfactant coverage by a porphyrin layer at the surface of the tubes. If these two processes present similarities, the latter is much more complex, with multiple processes involved (TPP/SC binding, SC/NT binding ...), including a variation of the collective order (entropy). These effects will be discussed in a next section.

Evaluation of the molecular coverage of the nanotube surface

From the monitoring of the porphyrin and the nanotube equilibrium state, one is able to quantitatively evaluate the number of binding sites. This will help to assess the maximum TPP coverage N on the nanotubes, that will be expressed as a quantity of molecules per unit length of nanotube. First, one may quantify the concentration of the NT suspensions. On the (6,5) highly sorted solution presented above, the NT concentration is evaluated by measuring the optical density on the S 22 resonance. The (6,5) absorption cross-section on this transition has been measured experimentally [START_REF] Oudjedi | Metrological investigation of the (6, 5) carbon nanotube absorption cross section[END_REF][START_REF] Vialla | Chirality dependence of the absorption cross section of carbon nanotubes[END_REF] to approximately σ S 22 = 3.2 ×10 -17 cm 2 /atom. This value corresponds to an extinction coefficient of ε S 22 = 2.5 ×10 8 L.mol -1 .cm -1 .µm -1 (expressed per unit length of nanotube). From the optical density value on the figure III.2, one can find a concentration of available micrometers of nanotube of c N T =1.3 ±0.3 × 10 -9 µm.mol.L -1 .

From the evaluation of the adsorption isotherm in figure III.7, one can observe that the saturation occurs for c tpp =4 µmol.L -1 , corresponding to an equilibrium concentration of noninteracting porphyrins of [T P P ] eq =1 µmol.L -1 . At this point of the Hill curve, one can assume that a compact monolayer of TPP surrounds the nanotube. Hence, the concentration of adsorption sites c site on the carbon layer can be expressed as the quantity of stacked porphyrin:

c site = [T P P ] stacked = c tpp -[T P P ] eq = 3 µmol.L -1 (III.14)
This value is significantly smaller than the concentration of stacked porphyrins obtained earlier from the TPP photoluminescence signal: [T P P ] stacked ≃ 8 µmol.L -1 . This effect will be discussed in the next section. The coverage N can then be quantified as the quantity of porphyrin per unit of nanotube length:

N = c site c N T = 2300 ± 900 porphyrins/µm (III.15)
This experimental value can be compared to a geometrical one derived from a simple calculation. A monolayer of TPP molecules can be regarded as a series of squares of lateral size L=1.25 nm, separated by a given Van der Waals distance D W DV . STM measured from Pham and coworkers [START_REF] Van Dong Pham | Electronic interaction between nitrogen-doped graphene and porphyrin molecules[END_REF] of a TPP lattice on graphene found a value of L+D W DV =1.4 nm. This value can be extrapolated to a monolayer of TPP around (6,5) nanotubes. If one assumes that TPP assemble into 4 monomers rings over the tube, this leads to a theoretical molecules density of:

N theo = 4 L + D W DV ≃ 2860 porphyrins/µm (III.16)
This predicted value is consistent with the experimental coverage calculated above. This proves that a very dense network of porphyrins is achieved around the nanotubes.

1. THERMODYNAMICS EQUILIBRIUM STUDY ON (6,5) NANOTUBES

Differences between the nanotube and the porphyrin spectroscopic features

Methods to assess the porphyrins concentration

Finally, this section will determine if all the methods to calculate the reaction extent and the equilibrium porphyrin concentration are equivalent. This discussion can start with the evaluation of [TPP] eq . In the previous discussion, it has been extracted from the TPP PL signal. Another possibility to probe the concentration of free TPP is to measure the optical density of a sample at 420 nm. The value of the equilibrium porphyrin concentration can be expressed as a function of the optical density O.D. 420 as:

[T P P ] eq = O.D. 420 ε 420 × l (III.17)
where ε 420 is the molar extinction coefficient of the porphyrin and l is the optical path within the sample cuvette. Figure III.6 displays the equilibrated porphyrin concentration calculated from this new method (red, [TPP] eq-O.D. ) as well as the results from the previous method (black, [TPP] eq-I P L ). These two methods provide very similar porphyrin concentrations for each sample. As a conclusion these two methods are equivalent to measure the value of the equilibrium porphyrin concentration. 

The reaction extent from the nanotube spectroscopy

The reaction extent can also by evaluated using many different spectroscopic features. First, many aspects of the nanotube spectroscopy can be used, such as the evolution of the energy transfer ratio (used in the previous reactions), or the energy redshift of the nanotube's S 11 and S 22 transitions. On figure III.7 left, the evolution of such calculated physical values is plotted as a function of the global porphyrin concentration c tpp . The energy position of the S 11 and S 22 transitions are shifted to lower energy values when the porphyrin concentration increases. The energy shift of the S 22 is always larger than the one for the S 11 . The final energy shift are respectively of -47 meV for the S 22 and -20 meV for the S 11 . This is consistent with the values found in a previous work [START_REF] Roquelet | Transfert d'énergie dans des composés nanotube de carbone/porphyrine[END_REF]. Globally, these two features follow the same steep tendency as the energy transfer ratio, with a threshold located around c tpp = 4 ± 0.5 µmol.L -1 and similar slopes. This proves that these three features originate from a common microscopic phenomenon. The next logical step is to plot these extents as a function of the equilibrium TPP concentration [TPP] eq . Such Hill diagrams are represented in figure III.7 right. One can see that these three evaluations of the reaction extent increase with the equilibrium TPP concentration. The three curves practically follow the same tendency, with a threshold around [T P P ] eq =1 µmol.L -1 . This supports the fact that these spectroscopic effects originate from the same microscopic phenomenon. Table III.1 shows the values of h, K and ∆rG extracted from the fit of the reaction extent from these three methods. The value in each case are very similar. A reaction constant around 10 6 is derived, that corresponds to a free Gibbs energy of -34 kJ.mol -1 .

1. THERMODYNAMICS EQUILIBRIUM STUDY ON (6,5) NANOTUBES h K ∆rG (kJ.mol -1 ) X R 4.5 ±1 1.0×10 6 -34.4 X E22 4.0 ±1 0.9×10 6 -34.2 X E11 4.5 ±1 1.0×10 6 -34.4

Table III.1: Thermodynamics parameters issued from the Hill fitting functions from the transfer ratio and the energy redshift from the (6,5) nanotube's transitions.

The porphyrins and the nanotubes reaction extents

In a second time, it would be interesting to measure the reaction extent from the molecule's point of view and to compare it to the nanotubes spectroscopy results.

The simplest way to do this is to extract X from the porphyrin luminescence in figure III.3 right. For each concentration, the value of the PL intensity is already known in absence and in presence of nanotubes (respectively I P L T P P and I P L T P P -N T ). These two values are proportional to the noninteracting porphyrin concentration in each sample:

I P L T P P = γ 0 c tpp ; I P L T P P -N T = γ 0 [T P P ] eq (III.18)

The reaction extent X P L T P P can then be assessed as:

X P L T P P = I P L T P P -I P L T P P -N T ∆I ∞ (III. [START_REF] Javey | Ballistic carbon nanotube field-effect transistors[END_REF] where ∆I ∞ is the gap between the I P L T P P and the I P L T P P -N T at large porphyrins concentration, symbolized by the two dotted asymptotic lines.

On figure III.8, the two extents X R and X P L T P P are plotted against [TPP] eq-O.D. (from the optical density method). For the energy transfer extent (red curve), the behavior is very similar to the one from figure III.7 right. However, the evolution of the X P L T P P extent is smoother, as it requires a higher porphyrin concentration to saturate. From the fitting function, the obtained values are K=0.52×10 6 for the reaction constant (∆rG=-32.7 kJ.mol -1 ) and h= 1.65 for the cooperativity. Hence, this measure provides a higher reaction Gibbs energy value (of around 1-2 kJ.mol -1 ) and a lower cooperativity than the nanotubes features. The first comment to these results is that all the methods to evaluate the reaction extent are not equivalent. From the discussion above, one knows that the h parameter is a probe of the microscopic reaction mechanism. As a consequence, measuring two different values of h is a proof of the complexity of the Nt/TPP interaction process. Secondly, there seems to be a large difference between the evolution of the nanotube spectroscopy features and the one from the porphyrins.

At this point, one can formulate the hypothesis that the nanotubes and the porphyrins spectroscopy features are not sensitive to the same physical effects. The nanotube spectroscopy may only be sensitive to effects occurring in the vicinity of the carbon layer. On the other hand, the porphyrin PL signal may depend on additional remote effects, such as the self-quenching between aggregates of molecules.

Evidence of a multilayer stacking process

To go further in the understanding of these processes, one can evaluate the nonnormalized forms of the reaction extents: ξ P L T P P and ξ R . Their values correspond to the concentration of porphyrins involved in each process. The evaluation of these concentrations will bring a finer understanding of the complex stacking mechanism. For ξ P L T P P , it can be simply extracted from the formula:

ξ P L T P P = c tpp - I P L T P P -N T γ 0 (III.20)
The ξ R value is more complicated to extract, as it comes from the nanotube spectroscopy. From the previous evaluation of the coverage, the global sites concentration has been evaluated to c site = 3 µmol.L -1 . When all these sites are occupied, the reaction extent is equal to X R = 1. Thus the energy transfer extent can be calculated as ξ R = X R × c site .

The evolution of these two non-normalized reaction extents as a function of the equilibrium TPP concentration is displayed in figure III.9 left. The two curves increase with porphyrin concentration, as it was previously shown for the normalized extents. For small TPP concentrations ([T P P ] eq < 2 µmol.L -1 ), the two curves take very similar values. However, at higher concentrations, the two extents evolve quite differently. While ξ R saturates rapidly, the ξ P L T P P extent increases slowly to reach an asymptotic value around 8 µmol.L -1 . Thus, the global behavior can be separated in two successive stages. At small TPP concentration, both the nanotubes and the porphyrin spectroscopic features are evolving, as a signature of their interaction. At higher concentrations, the nanotubes features reach an equilibrium, but the porphyrin ones are still showing evidences of the stacking process. )

[TPP] eq (μmol.L -1 )

Figure III.9: Left: Evolution of the non normalized reaction extent calculated from the porphyrin quenching and the energy transfer ratio as a function of the equilibrium porphyrin concentration; Right: Evaluation of the monolayer and the multilayer reaction extents calculated from the porphyrin quenching and the energy transfer ratio extents.

The creation of multilayers of porphyrins around the tube could be responsible for such results (see figure III.10). Such hypothesis would explain the differences in reaction extents from the nanotube and the porphyrin points of view. In such perspective, the nanotube spectroscopic characteristics could be more sensitive to what occurs at the carbon surface (see figure III.9 right). They may only depend on the first monolayer of molecules that are actually π-stacked on the nanotube. On the other hand, the extent associated to the porphyrin features may still increase as multilayers of molecules are formed (see figure III.10). Going further with this hypothesis, one can evaluate the separate extents of the monolayer and the multilayer processes using the values of ξ P L T P P and ξ R :

ξ mono = ξ R ; ξ multi = ξ P L T P P -ξ R (III.21)
These two extents are plotted as a function of the equilibrium TPP concentration in figure III.9 right. At low porphyrin concentrations, the multilayer extent ξ multi undergoes a small increase, followed by a return to zero at [T P P ] eq ≃ 1.4 µmol.L -1 , when the monolayer extent starts to grow. Even if its amplitude is within the error margin, one may try to interpret this effect. It occurs when the TPP concentration is too small to create the cooperative monolayer (ξ mono is close to zero for these points). It could indicate the presence of a disorganized TPP phase that precedes the organization into 4 TPP structures. For larger [T P P ] eq values, ξ multi keeps rising to reach values around 5 µmol.L -1 . This process happens in parallel to the saturation of ξ mono to 3 µmol.L -1 . Eventually, the multilayer process includes approximately twice as many molecules as the monolayer process. This could correspond to the creation of two additional porphyrin layers on top of the first monolayer. As a conclusion, this process can be seen as the creation of multilayers, once the first monolayer is totally packed. Even if one agrees to this multilayer hypothesis, it does not explain why the nanotube transfer resonance saturates at low TPP concentration, while the porphyrin quenching keeps increasing. In theory, these two processes are deeply connected: the energy received by the acceptor should be proportional to the one lost by the donor. As it was mentioned before, this supplementary loss of energy may be linked to the presence of molecular self aggregates in the nanotube remote environment. Such 1. THERMODYNAMICS EQUILIBRIUM STUDY ON (6,5) NANOTUBES TPP-TPP aggregation may create competitive relaxation pathways [START_REF] Nakul C Maiti | J-and h-aggregates of porphyrin-surfactant complexes: time-resolved fluorescence and other spectroscopic studies[END_REF] that induce a significant loss of excitons, and will not lead to an energy transfer. As displayed in figure III.11, the degree of organization may decrease as the number of layer raises. In the stacking process, the nanotube acts as a pattern for the molecules organization (see chapter 4 for more details on such a process). This effect may be very effective at the surface of the tube, leading to a very organized monolayer of porphyrins. This would explain why the energy transfer is maximal in the first layer of molecules.

Beyond the monolayer, the nanotube may still attract other molecules on a larger scale. However, as the distance between the porphyrins and the nanotube increases, the patterning effect may be less efficient. Thus, the porphyrins involved in the multilayer process might have a looser organization, with different orientations and the presence of TPP-TPP aggregates. Those self-aggregates are always present in a porphyrin suspension, but their proportion may be increased by the presence of the nanotube template. Other examples of template-induced aggregation [START_REF] Lauceri | From achiral porphyrins to template-imprinted chiral aggregates and further. self-replication of chiral memory from scratch[END_REF][START_REF] Guo | One-dimensional porphyrin nanoassemblies assisted via graphene oxide: Sheetlike functional surfactant and enhanced photocatalytic behaviors[END_REF] or surfactant-induced aggregation can be found in litterature [START_REF] Nakul C Maiti | J-and h-aggregates of porphyrin-surfactant complexes: time-resolved fluorescence and other spectroscopic studies[END_REF]. As a conclusion, the self aggregation and the patterning effect may explain why the energy transfer only depends on the first layer of porphyrin molecules.

Finally, the presence of this multilayer process brings some uncertainty on this thermodynamic study. Since the energetic values probed by the two different spectroscopic methods are different, one cannot define an absolute value for the Hill coefficient, or the reaction equilibrium constant. Nevertheless, it has been proven that the nanotube spectroscopic features are only affected by the monolayer process. They only evolve in the first part of the figure III.9 left, when the concentration of TPP is small and the proportion of multilayers is negligible. Thus, one can consider that the use of the nanotubes spectroscopic features gives accurate thermodynamic results regarding the assembly of the first layer of porphyrins around the nanotube surface.

Study on a CoMoCat unsorted sample

The thermodynamic experiments was then adapted to an unsorted CoMoCat sample. This can help to test the reproducibility of the thermodynamic experiment, by repeating it in the same conditions than for the (6,5) sorted sample. A two phase mixing process has been used in a 2 w.t. % SC environment. The CoMoCat batch is not totally monochiral, and the nanotube concentration is much larger than for the previous sorted sample (with an optical density for the (6,5) S 11 of 0.15).

The thermodynamic results are plotted in figure III.12. Both the reaction extent X R from the energy transfer ratio R (black dots) and X P L from the porphyrin quenching (red dots) are displayed. Both of them increase in the same fashion than for the (6,5) sorted sample in figure III.8. The Hill fitting from the nanotube spectroscopy has yielded results quite similar to the (6,5) sorted sample, with a reaction constant of 5.1×10 5 (∆rG = -32.7 kJ.mol -1 ). The obtained Hill parameter h=4.5 is very close to the value for the (6,5) sorted sample from the previous section. The value of the equilibrium constant (from X R ) is here smaller than the previously obtained value (that was of K=1.0 × 10 6 ). This effect could be due to the higher nanotube concentration in the present sample. The TPP reaction extent (red dots) leads to an equilibrium constant of K=1.9×10 5 and a 1. THERMODYNAMICS EQUILIBRIUM STUDY ON (6,5) NANOTUBES cooperativity of h=1.98. Interestingly, this confirms the difference evidenced before between X R and X P L , with a smoother evolution of X P L with respect to X R .

Impact of the surfactant mixing

The previous chapter has highlighted the significant role of the surfactant environment in the reaction dynamics. Particularly, a modification of the micellar composition was proved to influence significantly the rate of the external diffusion. Here, the evolution of the equilibrium state will be monitored as a function of the nature of the surfactant environment with different proportions of SC and SDS.

To study the influence of the surfactant composition, the experiment was repeated with a 2 w.t.% CoMoCat sample and a porphyrin suspension in 2 w.t.% SDS, with a final ratio of r sds =10%. The plot of the X R extent (red dots in figure III.13 left) and the obtained Hill fitting function are very similar to the full SC sample, with K=5.0 10 5 (∆rG = -32.7 kJ.mol -1 ) and h=4.0. Then, the same protocol was used with r sds =50% and in full SDS sample (figure III.13 right). There, the results are quite different from the reference sample. In the mixed sample (red dots), the fitting parameters are K=3.2 10 5 (∆rG = -31.6 kJ.mol -1 ) and h=1.8. Finally, the black dots correspond to the reaction scheme in full SDS samples. The reaction parameters are K=1.3 10 5 (∆rG = -29.3 kJ.mol -1 ) and h=3.3. The results for the 10% ratio are quasi identical to those for a 100 % SC environment. At such a ratio, the SDS has a very small influence into the equilibrium state. However, for a 50 % ratio, the reaction equilibrium is less advanced than for r sds =10%, and the cooperativity is lower. The decrease of the equilibrium constant is amplified for the 100 % SDS environment, whereas the cooperativity is quasi recovered.

The present results exhibit an increase of the reaction Gibbs energy with the SDS proportion. From 100 % SC to 100 % SDS, this energy increases of around 3 kJ.mol -1 , proving that the reaction is less favored in the latter conditions. As discussed earlier, the surfactant environment plays an active role into the π-stacking process. Indeed, both the surfactant desorption and the porphyrin adsorption have to be performed for the Nt/TPP interaction to be complete. Many different physical effects could explain this increase of the reaction Gibbs energy when the SC is replaced by the SDS. In absolute value |∆rG SDS | is smaller than |∆rG SC |. This means that the difference in Gibbs energy between the initial and the final state is smaller in SDS than in SC. Two possible situations are highlighted in the figure III.14. First, this effect could be due to a higher Gibbs energy in the final state. For instance, the SDS/NT/TPP complexes may be less stable than the SC/NT/TPP ones. It may also be due to a larger stability of the initial state. Indeed, it has been shown in the previous chapter that SDS/TPP micellar structures were very stable (for ratios of 100 or 50 %). Thus the additional stability of the SDS/TPP structure with respect to the SC/TPP one may be at the origin of the increase of the reaction Gibbs energy.

Finally, one has to remember that SDS and SC form very different micelles, with totally different organizations. As the surfactant changes in the initial and the final state, the entropy associated to such states is likely to evolve. Thus, the observed difference of reaction Gibbs energy may have an entropic origin. As explained in the previous chapter, this entropic effect may also come from the water environment surrounding the micelles.

Simulation of this two steps functionalization mechanism

At this point, an important amount of data has been collected on different parts of the reaction mechanism. The kinetic study revealed the presence of the porphyrin external diffusion step, while the thermodynamic data evidenced the cooperative behavior of the molecules during their π-stacking on the nanotube surface. However, the connection between those two steps remains unclear. To understand this connection, one can perform a kinetic simulation of the functionalization process. Some of the kinetic and the thermodynamic aspects of the reaction will be used to initialize this simulation. Then, this work will focus on reproducing every kinetic and thermodynamic characteristic results that have been evidenced on the samples with r sds = 10%: ❼ The cooperative behavior of the equilibrium state, with h=4 and K=0. The starting point of this simulation is the modeling of the global mechanism as the succession of two separate steps: a micellar diffusion stage and a cooperative organization of the porphyrins around the nanotube (cut in adsorption sites). Both steps will be regarded as equilibrated, leading to a total of four kinetic constants: k in , k out for the TPP diffusion and k on and k of f for the stacking. This leads to the following equations:

TPP out k in --⇀ ↽ -- kout TPP in (III.22) 4 TPP + site kon --⇀ ↽-- k of f TPP 4 /site
To develop such a simulation, the SimBiology software from Matlab has been used to model the kinetic steps of the reaction. SimBiology uses ordinary differential equations methods (ODEs) and stochastic solvers to simulate the kinetics of chemical reactions. The user has to provide the reactions parameters: the number of steps, the reactants partial orders, the reactions constants values.... For this purpose, one must fix certain parameters to be as close as possible from the experimental conditions. First, one may quantify the concentrations of both reactants in the reference sample. During the kinetic studies, the reference sample was composed of c tpp =20 µmol.L -1 and a (6,5) S 11 optical density concentration of 0.15. At such TPP concentration, the thermodynamic study proved that the full nanotube coverage is achieved. This allows to quantify the concentration of adsorption site. From the equilibrium constant K=0.5 10 5 , an evaluation of the adsorption sites concentration is deduced: c site ≃ 2.5 µmol.L -1 . In the present model, each adsorption site can accept 4 molecules. Thus, the total concentration of porphyrins that may be attached to these sites is 4 times larger than c site .

As a second step, a relationship can be found between the different kinetic constants. For instance, the ratio of k on and k of f is linked to the value of K:

K 4 = k on k of f ; k on = 6.25 10 25 × k of f (III.23)
Here, it has been assumed that the first diffusion step does not play a significant role in the final equilibrium. The fourth power comes from the fact that the real reaction constant is K ′ = K 4 , while K is the parameter used in the Hill formalism. It is a consequence of the cooperativity. Additionally, the diffusion rate of porphyrins can be assumed to be identical when they diffuse from and toward the nanotube micelle k in = k out . As a consequence, only two variable parameters remain: k in and k on . This will simplify the investigation.

Finally, the research can be restricted to the experimental timescale found in the kinetic study. For the reference sample of c tpp =20 µmol.L -1 , a reaction rate of 1/τ = 0.010 min -1 has been evidenced. This value can be used to find the initial parameters of k in and k on . As k in is directly expressed as a rate in min -1 , it can be initiated with the value:

k in-0 ≃ 1 τ = 0.010 min -1 (III.24)
The evaluation of k on-0 is more complex, as this coefficient is expressed in min -1 µmol -4 .L 4 . By transforming k on-0 into an effective rate k ′ on-0 (in min -1 ), an arbitrary initial value of this rate can still be provided: From this start, several parameters iterations have been performed in order to match with the time evolution of the optical density at r sds =10%. The best match was found for k in = 0.17 and k on = 3.12 × 10 -18 µmol 4 .L -4 .min -1 . The simulated line follows the experimental one with a nice agreement (see figure III.16 left). From the initial parameters presented above, one sees that the diffusion rate is one order of magnitude larger, while the stacking rate is one order of magnitude smaller. As a consequence, this simulation shows that the reaction dynamics is not only driven by the TPP diffusion but also by the TPP/nanotube interaction. This is particularly visible in the initial part of the time evolution, where the model nicely reproduces the incubation stage of the experimental results. The figure III.17 brings more insight into the responsible mechanism. In the first minutes, the rise of c T P P 4 /site seems to be limited by the low value of TPP in . As mentioned earlier, the porphyrin partial order of 4 of the stacking reaction makes it very difficult and improbable. In this early stage of the reaction, the number of porphyrin that have penetrated the nanotube micelle is too low for the cooperative stacking to take place. Thus, this simulation brings an explanation to the non-linearity of the first part of the curve. 

k ′ on-0 = k on-0 × (c 4 tpp ) ≃ 1 τ = 0.010 min -1 ; k on-0 ≃ 1.

Figure III.16:

Left: Time evolution of the optical density at 440 nm for the experimental sample (black) of r sds =10%, c tpp =20 µmol.L -1 and (6.5) S 11 optical density concentration of 0.15, compared to the simulated optical density evolution (red) for similar concentrations for k in = 0.17 and k on = 3.12 × 10 -18 µmol 4 .L -4 .min -1 ; Right: Experimental Hill diagram for r sds =10% (black) and its modeled equivalent (red). This comprehension could not have been possible without considering such a two step mechanism. Later on, the speed of the stacking step increases significantly and the reaction begins to be limited by the porphyrin external diffusion. Here, we see that the simulation follows accurately the exponential evolution from the experimental curve after the incubation. Figure III.17: Zoom on the incubation part of the reaction dynamics provided by the Simbiology sofwtare with k in = 0.17 and k on = 3.12 × 10 -18 µmol 4 .L -4 .min -1 In a second time, the modeled reaction may also be studied as a function of 1. THERMODYNAMICS EQUILIBRIUM STUDY ON (6,5) NANOTUBES reactants concentrations. The evolution of the reaction extent as a function of the TPP concentration is displayed in figure III.16 right (red). As the k on /k of f ratio has been previously fixed, the purpose of this graph is to check that the simulation results respect the initial parameters. As shown on figure III.15, the value of [TPP] eq is simply inferred from the final [TPP] out value, while the reaction extent is calculated from:

X eq-model = [TPP 4 /site] eq c site (III.26)
The Hill fitting parameters of the modeled curve are K=0.47 10 6 and h=4.2, which are in very good agreement with the experimental data. Such results are in agreement with the initial parameters of the simulation. Even though a diffusion stage has been introduced in the modeled mechanism, this indicates that it does not modify the final state of the reaction Finally, the evolution of the initial velocity of the second phase is monitored as a function of the injected porphyrin and adsorption site concentration. The two diagrams are displayed in figure III. [START_REF] Jonathan N Coleman | Small but strong: a review of the mechanical properties of carbon nanotube-polymer composites[END_REF]. The simulated value of V 0 has been extracted as shown in figure III.17. Here, the experimental and modeled velocity have been both normalized between 0 and 1 over the chosen range of concentrations. Globally, the simulated curves follows the experimental trends, proving that the total behavior is a mix of the diffusion and the stacking stage dynamics. Figure III.18: Left: Experimental evolution of the velocity V 0 as a function of the porphyrin concentration (black) and its modeled equivalent (red); Right: Experimental evolution of the velocity V 0 as a function of the nanotube concentration (black) and its modeled equivalent (red).

As a conclusion, one can observe that a simple simulation is sufficient to provide a simplified view of the reaction mechanism. The experimental time evolution of the reaction extent, as well as the dependence of the velocity on concentrations have been reproduced. It shows that the TPP diffusion step has no influence on the equilibrium π-stacking final state. On the other hand, it has been shown that the cooperative π-stacking was at the origin of the incubation mechanism that limits the kinetics at the beginning of the reaction. Under simple hypotheses, this simulation helped to quantify the reaction constants, and to understand the interplay between porphyrin diffusion and porphyrin/nanotube interaction. Finally, this simulation was able to describe the connection between the kinetic and the thermodynamic data.

2 Curvature dependence of the equilibrium

Evolution of the thermodynamics parameter as a function of the Nt diameter

The previous chapter evidenced kinetic variations over different nanotube chiralities. This behavior could be linked to the internal diffusion of the TPP towards the nanotube. Accordingly, one should expect to find similar effects with the thermodynamic experiments. Hence, several mixed HiPCO/TPP samples were prepared in full a 2 w.t.% SC medium, with a volume mixing ratio of 50 %. First, the equilibrium TPP concentration [T P P ] eq is assessed by comparing the TPP Q band PL intensity to that of a reference TPP micellar suspension of known concentration (see figure III. [START_REF] Javey | Ballistic carbon nanotube field-effect transistors[END_REF]). From the previous discussion, a method based on the nanotube spectroscopy was required to have a finer evaluation of the Nt/TPP interaction. For this purpose, PLE maps have been performed (see III.20), to assess the reaction extent. Additionally, this 2D method has been chosen as it allows to single out the reaction extent of 16 chiral species in a single experiment. The reaction extent X n,m for each chiral species is evaluated through the nanotube PL intensities at the shifted and unshifted resonances of the 2D plot, corresponding respectively to the pristine and covered nanotubes (see III.20):

X n,m = I shif ted-n,m I shif ted-n,m + I unshif ted-n,m (III.27)
The evolution of the reaction extent as a function of the equilibrium TPP concentration is presented in figure III.21. The displayed chiralities clearly require different amounts of TPP in order to be fully covered. The concentration threshold for [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] nanotubes is one order of magnitude larger ([T P P ] eq ≃ 5 10 -1 µmol.L -1 ) than for the (8,7) ([T P P ] eq ≃ 6 10 -2 µmol.L -1 ). The functionalization process is equilibrated for these three chiral species, but the reaction is thermodynamically more favored for (8,7) than for [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF]. The Hill fitting of the experimental data gives the reaction constants K n,m and Hill coefficients h n,m for the 16 chiral species. The provided Hill coefficients displayed in figure III.22 left are always larger than one, proving the generality of the cooperative behavior. The corresponding reaction constants K n,m range between 2.10 6 and 2.10 7 , in good agreement with reported values on monochiral functionalized compounds. To find a tendency, these constants may be plotted against the nanotubes diameter (see figure III.22 right). These reaction constants follow a monotonous increase with diameter. This means that the TPP will preferentially cover the large diameter nanotubes, as the TPP/NT interaction will be more favored. Correspondingly, the associated Gibbs energies for each chiral species present a decrease with increasing diameter (figure III.23). The obtained values range from -36 kJ.mol -1 for 0.75 nm diameters down to -41 kJ.mol -1 for 1.1 nm diameters.

Physical effects at the origin of the diameter dependence

At this point, the origin of such diameter evolution of the reaction remains unexplained. As described before, the studied mechanism corresponds to the replacement of the surfactant cover by a layer of porphyrins at the nanotube surface. This process includes many physical effects, that may all contribute to the measured Gibbs energy: TPP/ surfactant separation, desorption of the surfactant from the nanotube surface, adsorption of the TPP onto the tube... As an example, the previous sections showed that replacement of the surfactant from SC to SDS lead to an increase of the ∆rG value of 3 kJ.mol -1 . Right: Calculated values of binding energies for the TPP/Nt system, respectively adapted from [START_REF] Elton | Role of surfactants in carbon nanotubes density gradient separation[END_REF] and [START_REF] Orellana | Noncovalent functionalization of carbon nanotubes and graphene with tetraphenylporphyrins: stability and optical properties from ab initio calculations[END_REF].

First, one can easily find estimations of the binding energies for SC/Nt and TPP/Nt systems in the literature. Carvalho and coworkers [START_REF] Elton | Role of surfactants in carbon nanotubes density gradient separation[END_REF] used a molecular dynamics code to evaluate the binding energies for SC/nanotubes, as a function of diameter (figure III.24 left). They found values around -170 kJ.mol -1 , with a binding energy decreasing with diameter. The slope of such drop is of -3.95 kJ.mol -1 . ✝ A -1 . On the figure III.24 right is plotted the results from a DFT work from Orellana et al. [START_REF] Orellana | Noncovalent functionalization of carbon nanotubes and graphene with tetraphenylporphyrins: stability and optical properties from ab initio calculations[END_REF]. They have calculated the binding energy of a TPP onto different species of carbon nanotubes (neglecting the presence of the surfactant layer). They find a binding energy decreasing with diameter, with values around -140 kJ.mol -1 . The slope of this curve is of -3.5 kJ.mol -1 . ✝

A -1 .
Therefore, the affinity of both TPP and SC rises with the increase of the host nanotube diameter. If one sets aside the absolute values of such binding energies, the diameter dependence of these estimations is comparable to the one of the experimental Gibbs energy.

As seen on figure III.25, the experimental slope of ≃-2 kJ.mol -1 . ✝ A -1 lies between the positive line corresponding to the cholate desorption (≃ +4 kJ.mol -1 . ✝ A -1 ) and the negative slope for the TPP adsorption (≃ -3.5 kJ.mol -1 . ✝ A -1 ). Between the two master curves, one can observe that the experimental data are much closer to the tendency of the TPP/Nt binding process. Thus, one can suppose that the diameter dependence of the reaction Gibbs energy is essentially related to the adsorption of the porphyrins on the carbon nanotube surface. 

Discussion on the absolute value of the Gibbs energy

In this part, the absolute value of the simulated binding energies will be compared to experimental reaction Gibbs energy results. Even, if the precedent calculations have been made by different research groups, using different computing techniques, one can make here the assumption that they are quantitatively comparable. The two previous model provide very large values for the SC/Nt and the Nt/TPP binding energies. These values are one order of magnitude larger than the experimental value of ∆rG. In addition, the predicted binding energy for cholate is larger than the one for TPP: E b-T P P -E b-SC ≃ +40 kJ.mol -1 . If one considers only these two effects, the reaction becomes strongly unfavorable. This suggests that additional effects have to be invoked to account for the experimental negative value of the reaction Gibbs energy.

The unexplained negative value of the Gibbs energy may be a consequence of the cooperativity. Unfortunately, the calculations of the TPP/Nt binding energy presented above did not take account of the ability of porphyrin molecules to associate. Obviously, these cooperative effects are more complicated to compute than a simple molecule/Nt coupling. Nevertheless, Orellana has recently calculated this contribution for three chiralities in a recent article, including the (6,5) species [START_REF] Orellana | Single-and double-wall carbon nanotubes fully covered with tetraphenylporphyrins: Stability and optoelectronic properties from ab initio calculations[END_REF]. In figure III.26, these cooperative binding energies per TPP are significantly lower, with values around -200 kJ.mol -1 . For the [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] chirality, this results in a negative difference of energy E b-T P P -E b-SC ≃ -30 kJ.mol -1 . This estimation is relatively close from the experimental value of the reaction Gibbs energy. As a consequence, the ability of porphyrins to cooperate may be the missing contribution to account for the experimental negative reaction Gibbs energy. Once again, a comprehensive simulation, taking account of all of the different physical effects, would be necessary to clarify the role of the porphyrin/porphyrin association in the global thermodynamics. and the TPP/Nt system (red) with and without taking into account the cooperativity, respectively adapted from [START_REF] Elton | Role of surfactants in carbon nanotubes density gradient separation[END_REF] and [START_REF] Orellana | Single-and double-wall carbon nanotubes fully covered with tetraphenylporphyrins: Stability and optoelectronic properties from ab initio calculations[END_REF].

Until now, another important effect has not been taken into account: the entropy. Indeed, the organization of the porphyrin and the cholate molecules will undergo a massive evolution during the functionalization. In other words, the value of the entropy variation ∆rS is likely to be non negligible. However, there are very few data on this complicated topic in the literature.

To single out the enthalpy and the entropy contributions in the present experiments, the evolution of the reaction equilibrium as function of temperature has been studied. In principle, this study allows to evaluate the enthalpy contribution according to the Van't Hoff relation:

d ln(K) dT = - ∆rH RT 2 (III.28)
However, we did not observe any clear evolution of the extent with temperature. This effect can be the signature of athermic reaction (∆rH = 0), meaning that the functionalization would only be driven by disorder considerations: ∆rG ≃= -T ∆rS. The value of the ∆rH is often connected to the binding energies. From this point of view, this result would imply that the sum of every involved binding energies (Sc/Nt, Nt/TPP,...) is null. This seems highly improbable from the energies values discussed above. Another explanation would be that the TPP diffusion step before the π-stacking is somehow irreversible preventing the porphyrin to leave the nanotube micelle. Thus, any attempt to modify the reaction extent by a temperature variation would be prevented. This last hypothesis is in agreement with the probable presence of multilayers of porhyrins around the carbon nanotubes. These multilayers may lead to irreversible porphyrins aggregates. As they are not visible through the nanotube spectroscopy, they prevent the measurement of an equilibrium displacement when the temperature is modified.

Sorting effects due to TPP/ nanotube density

As the environment of the nanotube changes, so does its density. Indeed, the concentration of surfactant molecules that can bind to the nanotube surface increases with its diameter. This principle has been used to sort different nanotube species [203].

Here, the close environment of functionalized nanotubes is composed of both cholate monomers and TPP molecules. Thus, their volumetric mass density is larger than the one of unfunctionalized nanotubes. As TPP monomers have a larger molar mass (614 g.mol -1 against 430 g.mol -1 for SC), this effect might be significant.

The work of this section intents to use this effect to sort the small diameters from the large ones. As shown earlier, the TPP π-stacking process exhibits a diameter dependence, leading to the preferential functionalization of the larger diameter NTs. In addition, the cooperative character of the reaction results in steep transitions when increasing the TPP concentration that may help to create a fine separation between nanotubes.

To test such a sorting effect, HiPCO nanotubes were functionalized with a limited TPP concentration to selectively target the larger diameter species. The partially functionalized solution is then centrifuged at 120 000g for 5 hours. Due to their larger density, the functionalized NTs, would in principle be sedimented at the bottom of the tube, leaving a supernatant enriched in the lower diameter species. Two mixed samples were created with TPP concentrations of c tpp =1 µmol.L -1 and c tpp =3 µmol.L -1 . Before and after ultracentrifugation, we performed a PLE map for each sample (see figure III.27). The color scale corresponds to the normalized PL intensity. On each map, the intensity of the highest signal has been set to 1 (dark red color), while the background level as been set to 0 (dark blue color).

Figures III.27 a. and b. corresponds to the 3 µmol.L -1 sample, respectively before and after ultracentrifugation. Between these two samples, one can see that the resonances of the (9,5), [START_REF] Mildred | Perspectives on the 2010 nobel prize in physics for graphene[END_REF][START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF], [START_REF] Paul | Semiconductor clusters, nanocrystals, and quantum dots[END_REF][START_REF] Kim | A strong regioregularity effect in self-organizing conjugated polymer films and high-efficiency polythiophene: fullerene solar cells[END_REF] and [START_REF] Mildred | Perspectives on the 2010 nobel prize in physics for graphene[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] chiralities have experienced a loss of relative amplitude (inside the dotted black rectangle). On the contrary, the other chiralities have a nearly unchanged relative amplitude. The same experiments have been repeated for the 1 µmol.L -1 sample. Comparing figures c. and d., only the (9,5) and [START_REF] Mildred | Perspectives on the 2010 nobel prize in physics for graphene[END_REF][START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF] chiralities have partially lost their PL signal amplitude.

Thus the nonfunctionalized species, having the smallest diameters (usually positioned at the right of each PL maps), are less affected by the centrifugation than the functionalized ones. Hence, the hypothesis of a higher density upon TPP addition is validated. Moreover, a closer look can be taken at the intermediary chiral species (between 1.1 and 1.2 eV of emission energies). These one are fully covered with TPP in the 3 µmol.L -1 sample, while they are practically unaffected in the 1µmol.L -1 .

As a consequence, the possibility to tune the centrifugation threshold by changing the amount of TPP is validated. To properly evaluate this effect, one may quantify the relative suppression of a given species by comparing the integrated PL intensity of this species in the PLE map before and after the sorting process. This is done by measuring the relative PL suppression ρ n,m P L : where P L n,m before and P L n,m before are the PL intensity of the the (n,m) species, respectively before and after the centrifugation. The α norm is used to normalized this value to 1 for the [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF], which is a chirality that is not functionalized in the current process. This coefficient helps to separate the contribution of the porphyrins during the centrifugation, from the usual behavior of Nts in a centrifugal field. As a conclusion, this work demonstrated the possibility to perform a short pass diameter filter for carbon nanotubes. One may note that the lower diameter nanotubes are not functionalized in the end of the process, which can be valuable for applications targeting pristine nanotubes. For the larger diameter fraction, the porphyrin monomers may be easily removed using a regular rinsing process on PTFE filters with organic solvent (DCM, acetone). Thus the pristine properties of carbon nanotubes can be recovered. 

ρ n,m P L = α norm × P L n,

Equilibrium on graphene nanosheets PL quenching and energy transfer

As it has been done for the kinetic studies, the purpose of this section is to compare the thermodynamics results on nanotubes with the one on graphene nanosheets. To do this, several samples were made by mixing graphene nanosheets with TPP suspensions of different concentrations. A full SC environment has been chosen and a 50/50 mixing ratio has been used. As for nanotubes samples, we performed PL experiments to evaluate the influence of graphene on the luminescence efficiency of the chromophores. The Q bands emission signal was monitored between 2.06 eV and 1.65 eV, for samples with and without graphene nanosheets. Figure III.29 represents the integrated photoluminescence signal of TPP samples, for a monochromatic light excitation at 2.95 eV, as a function of initial concentration c tpp . In the presence of graphene sheets, the TPP PL intensity decreases significantly. This quenching of the molecule fluorescence is the signature of an energy transfer from the TPP to the graphene sheets. The proportion of quenching in a given sample can be written as: η = 1 -I T P P/gr I T P P 0 (III.30)

with I T P P/gr and I T P P 0 the emission intensity of the TPP in presence and in absence of graphene respectively. However, this proportion is just a lower limit of the energy transfer efficiency. Indeed, the presence of free porphyrins in solution limits the precision of such an estimation. On figure III.29, a quenching proportion of η = 75% is reached for an initial chromophore concentration c tpp of 8 µmol.L -1 . From this global value of quenching, it is possible to deduce a finer evaluation of the actual energy transfer efficiency. As it was shown in the previous chapter through an absorption spectrum, the final suspension of graphene/TPP contains both free and π-stacked porphyrins. Therefore, the black signal PL signal on figure III.29 (called I tot ) is the sum of two contributions: from the free porphyrin (I T P Peq ) and the porphyrin stacked on graphene (I T P P/gr ):

I tot = I T P Peq + I T P P/gr (III.31)
In order to quantify the transfer efficiency, the non interacting porphyrin contribution has to be removed to finally access the I T P P/gr value. From the absorption spectrum of the 8 µmol.L -1 reported in the previous chapter, the final proportion of free TPP can be estimated to be 30±5% of the total porphyrin concentration. Hence, one can deduce the free and interacting PL contributions within the TPP/graphene sample: I T P Peq ≃ 0.3 × I T P P 0 ; I T P P/gr = I tot -0.3 × I T P P 0 (III.32)

From these formulae, I T P P/gr is estimated to be close to 1% of I T P P 0 in this 8 µmol.L -1 sample. Hence, we can estimate that the transfer efficiency from the stacked porphyrins to the graphene sheets is of η transf er = 99 ± 5%. This near unity efficiency is comparable to the value presented earlier for nanotube/TPP samples for which a transfer efficiency of 1 -10 -5 was extracted [START_REF] Roquelet | Quantum efficiency of energy transfer in noncovalent carbon nanotube/porphyrin compounds[END_REF]. A comparable value of 99 ± 5% was found for Xu et al. for ionic porphyrin on graphene oxide sheets [START_REF] Xu | Chemically converted graphene induced molecular flattening of 5, 10, 15, 20-tetrakis (1-methyl-4-pyridinio) porphyrin and its application for optical detection of cadmium (ii) ions[END_REF]. One may also compare this result with the DFT calculation from Malic et al., who predicted a transfer efficiency above 99 %, using a Förster energy transfer model for a 0.3 nm Nt/TPP distance [START_REF] Malic | Försterinduced energy transfer in functionalized graphene[END_REF].

Thermodynamical study on graphene

To monitor the equilibrium state of the reaction, the only option is to work with the TPP spectroscopic data, as no direct evidence of the energy transfer can be extracted from the graphene sheets with our optical techniques. Hence, both the optical density and PL quenching data from the porphyrin are used to monitor the evolution of the stacking process. As shown on figure III.29 (red), the PL signal of TPP molecules in the absence of graphene grows linearly with concentration, indicating that an increasing number of monomers are solubilized. In the presence of graphene, the PL signal follows a threshold behavior identical to the one presented for [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] nanotubes. For c tpp <10 µmol.L -1 , the PL signal raises slowly, as an important fraction of monomers are quenched by their interaction with graphene. For concentrations above 10 µmol.L -1 , the slope of the PL signal progresses as the number of π-stacked TPP eventually saturates. As for carbon nanotubes samples, one may calculate the reaction extent as:

X = c tpp -[T P P ] eq c site = [T P P/gr] c site (III.33)
with c site being the initial concentration of adsorption site. Given the ultraefficient quenching from graphene, the PL intensities are directly proportional to the concentrations of free porphyrin in each samples. Hence, the reaction extent X P L can be expressed from the TPP point of view using the quantified quenching:

X P L = I T P P 0 -I T P Peq ∆I ∞ (III.34)
with ∆I ∞ being the difference of PL intensity between the two linear curves in figure III.29 at high concentrations. Figure III.30 displays the reaction extent X as a function of the free TPP concentration [T P P ] eq , extracted from the optical density measurement at 2.95 eV through the Beer-Lambert's Law. This plot yields a Hill adsorption isotherm, with fitting parameters of K = 1.3 ± 1 10 6 and h = 1.3 ± 0.3. A free Gibbs energy of ∆rG ≃ -35 kJ.mol -1 is extracted.

In the following, the values of this thermodynamic data will be discussed in regard of the values on carbon nanotubes. Indeed, it would be interesting to extend the diameter dependence of the Gibbs energy and see its consequences on the flat structure of graphene. However, a few precautions have to be taken, since the experimental methods are different. In particular, it was proven that the evaluation of the reaction extent through the TPP PL was not able to provide a precise information on the creation of the first monolayer of porphyrin (as seen in the previous chapter). 

Comparison between graphene and nanotubes thermodynamics

At this point, it could be valuable to compare the obtained thermodynamic values on graphene with the ones on carbon nanotubes. As graphene can be seen as the infinite diameter limit, it would be interesting to see if the graphene/TPP samples follow the diameter trend that has been evidenced in the Nt/TPP study. However, the evaluation of the reaction extent in NT/TPP samples was done using the nanotubes spectroscopy features. Therefore, the results of these two studies cannot be directly compared.

First, one must evaluate the probable influence of the multilayers of TPP in the graphene samples. To do this, the graphene/TPP thermodynamics values can be compared with the one extracted for TPP on sorted [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] nanotubes. Calculated with the TPP photoluminescence data, the Hill fitting values were of K=1. 3 10 6 (∆rG=-32.7 kJ.mol -1 ) and h= 1.65 for this nanotubes sample. These values are very similar to the results on graphene/TPP samples, both for the Gibbs energy and for the cooperativity. In the nanotube case, the extent X P L measured through the porphyrin spectroscopy was assumed to be sensitive to the creation of unregular porphyrin multilayers.

For the [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] nanotubes samples, the comparison of the X P L extent with the one from the nanotube spectroscopy X R led to a higher Gibbs energy of around 2 kJ.mol -1 . In the same comparison, the cooperativity was shown to be divided by a factor of 2.4. Thus, a measurement of the extent from the graphene point of view might have provided a larger estimation of the cooperativity, as well as a different Gibbs energy estimation. Nevertheless, one can still assume that the proportion of the multilayer process is similar on graphene and on nanotubes. There is no physical evidence to endorse such an assumption. Yet, it provides a simple estimation of the thermodynamic parameters corresponding to the creation of a porphyrin monolayer on the graphene surface: [START_REF] Ks Novoselov | Unconventional quantum hall effect and berry's phase of 2π in bilayer graphene[END_REF]) Those values are very close from the one found on (6,5) nanotubes using the nanotube spectroscopy. In the previous section, it has been shown that the evolution of the reaction Gibbs energy with diameter has a similar slope to the one of the Nt/TPP binding energy calculated by Orellana et al. [START_REF] Orellana | Noncovalent functionalization of carbon nanotubes and graphene with tetraphenylporphyrins: stability and optical properties from ab initio calculations[END_REF]. In other words, the relative evolution of these two physical parameters follows the same trend. It would be interesting to see if the case of graphene is consistent with this behavior, since graphene represents the infinite diameter limit. In this paper, Orellana has calculated a binding energy of E b-gr = 320 kJ.mol -1 for the porphyrin on graphene, and a binding energy of E b-(6,5) = 130 kJ.mol -1 for the porphyrin on [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] nanotubes. This corresponds to a variation in Gibbs energy of:

∆rG mono ≃ ∆rG multi -2kJ.mol -1 ≃ -37 kJ.mol -1 ; h mono ≃ h multi × 2.4 ≃ 3.1 (III.
E b-gr -E b-(6,5) E b-(6,5) = 146% (III.36)
For the measured Gibbs energy, the same ratio yields:

∆rG mono-gr -∆rG mono-(6,5) ∆rG mono-(6,5) = 35 -37 37 = 5% (III.37)
which is significantly smaller than the predicted results. If the graphene case had followed the same trend as the calculated binding energy, the measured Gibbs energy would have been of the order of -140kJ.mol -1 and the reaction could have been considered total. As a consequence, one can observe that the diameter evolution of the reaction Gibbs energy cannot be adapted to graphene. Following the precedent discussion, it is unclear how every physical effect involved in the SC/TPP replacement (SC desorption, TPP adsorption, cooperativity, entropy) changes when the carbon surface becomes flat.

Finally, one can wonder about the precision of the measure here with respect to the presence of porphyrin multilayers. For [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] nanotubes, it has been shown that that the multilayer process included approximately twice as many molecules as the monolayer process. For graphene, there is no way to evaluate the proportion of such multilayers. Due to the 2D, flat structure of graphene, the creation of these multilayers may be totally different from the nanotube case.

3 Tuning the porphyrin structure to modify the stacking ability

Adding substituent on the phenyl groups

In this chapter, the cooperative interaction between porphyrin molecules during the π-stacking step has been highlighted. In particular, DFT calculations from Orelanna and coworkers [START_REF] Orellana | Strong π-π interaction of porphyrins on (6, 5) carbon nanotubes with full surface coverage: Ab-initio calculations[END_REF], show that cooperative effects could dramatically change the value of the Nt/TPP binding energies. As displayed in figure III.5 left (p. 97), they attributed this cooperative behavior to a stabilizing interaction between the phenyl groups of adjacent porphyrins. Indeed, these phenyl groups have π electrons that can lead to π-π interactions between close molecules. In this context, it has been decided to perform the functionalization process with modified porphyrins: 5,10,15,20-Tetra-p-tolyl-porphyrin (TpTP) and with the 5,10,15,20-(tetra-4-tert-butylphenyl)porphyrin (TtbPP), having the following structure:

TPP

TpTP TtbPP These two porphyrins have been chosen to present small substituents on the phenyl groups. The idea was to try to limit the phenyl-phenyl interaction and see if it has an impact of the functionalization ability. The experiment started by performing the single step micelle swelling method with these two molecules on a 2 w.t.% SC sample. Each sample contains a similar porphyrin concentration of 30 µmol.L -1 .

Figure III.32 presents the absorption measurements on the final samples. The final position of the nanotubes S 11 transition reaches 1000 nm in presence of the TpTP (as for the TPP sample), while it is nearly unchanged for the TtbPP sample (994nm). As this shift is interpreted as a change in the surrounding environment of Nts, it would mean that the TpTP has successfully entered the SC/NT micelle, while the TtbPP has not. Hence, differences between the stacking behavior of the three molecules are starting to emerge. This effect is confirmed by a close look on the optical density on the Soret band. First, the TtbPP exhibits a single band at 420 nm, which is totally unchanged in comparison with a sample without nanotube. This would confirm the absence of TbtTP/NT interaction. For the TpTP, the amplitude of the 420 nm line has decreased (as in regular TPP samples), but the red shifted line is very broad, with a maximum at 432 nm. Thus, the nice and regular band at 440 nm relative to the TPP is not observed here. Such a broad band at 430 nm is usually attributed to a large amount of disordered porphyrin aggregates [START_REF] Nakul C Maiti | J-and h-aggregates of porphyrin-surfactant complexes: time-resolved fluorescence and other spectroscopic studies[END_REF]. Then, PLE maps of these two samples were performed (see figure III.33). For the TpTP, one observes the red shifted regular resonance of the nanotube (λ ex =580 nm and λ ex =1000 nm). Additionally, an energy transfer resonance at a larger excitation wavelength than for TPP is present (λ ex =445 nm instead of 440nm). The observed small redshift may not be due to the nanotube but to the natural position of the regular Soret band for TpTP (422 nm) with respect of TPP (420 nm). If one now looks back at the corresponding absorption spectrum (black curve on figure III.32), a small shoulder is visible at 445/450 nm. This shoulder would correspond to the porphyrins that are transferring energy to the nanotube. For the TbtPP/Nt PLE map, the unshifted regular [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] resonance is present (λ ex =570 nm / λ ex =980 nm) while no evidence of the porphyrin/nanotube interaction is visible.

Therefore, the presence of small blocking substituents seems to have a dramatic effect on the porphyrin ability to couple with nanotubes. The larger terbutyl groups totally supress the interacting capacity, while the methyl (tolyl) have an intermediary behavior. They still allow a porphyrin coverage around the nanotube, leading to a high energy transfer. Yet, the absence of a proper resonance at 440 nm tends to indicate that molecules have a more disordered organization. 

Kinetic and thermodynamic studies in different surfactants environments

There could be two explanations of the absence of organization for such molecules, both in connection with the additional substituents groups. On the one hand, it could be due to the progressive removal of the phenyl-phenyl interaction when the size of the substituent rises. On the other hand, all of these effects could be explained by a different degree of isolation of the molecules inside SC micelles. Indeed, Rharbi and coworkers have shown that the addition of subtituents on pyrene would change the exchange dynamics of such molecules between micelles [START_REF] Rharbi | Temperature dependence of fusion and fragmentation kinetics of triton x-100 micelles[END_REF]. They attributed this effect to a different stability of the surfactant/pyrene micelles as a function of the added substituent.

To address this question the solubility of the TpTP molecule both in SC and in SDS has been tested. Following the method previously used for the TPP, the intensity of the Q y (1,0) band has been measured as a function of the maximal concentration for each surfactant. The results are displayed on figure III.34, in comparison with the TPP samples. For TpTP, the optical density in both surfactants increases with concentration and eventually reaches a saturation threshold. For SC (blue dots), the optical density reaches a threshold value for maximal concentrations above 100 µmol.L -1 . This value is relatively small, but this behavior is very similar to the one of TPP in SC (red dots), that presents a very similar threshold. However, the final absorption for TpTP is lower than for the TPP samples at the same concentration. This process can be explained by the poorer solubility of TpTP in SC, compared to TPP. This loss of solubility represents 30 % of the total absorption. For TpTP in SDS (black curve), the threshold is reached at a much higher maximal concentration, above 400 µmol.L -1 . This proves the higher solubility of TpTP in SDS than in SC. A similar behavior was shown for TPP. As in SC, the final absorption of TpTP in SDS is lower than for the TPP samples in SDS (green dots) for the the same concentration. Again, this can be explained by a poorer solubility of TpTP in SDS, compared to TPP. This loss of solubility represents 50 % of the total absorption. In conclusion, the TpTP is less soluble in surfactants than the classical TPP, but its solubility is better in SDS than in SC.

In order to get more information about the difference of functionalization between TPP and TpTP, a kinetic and a thermodynamic study of the process have been performed. A mix SDS/SC environment has been chosen, with r SDS =50%. From the previous solubility study, such an important amount of SDS should allow to suspend a large quantity of TpTP in micelles. The figure III.35 displays the evolution of the transfer ratio for both samples as a function of time. Compared to the 14 days timescale of the TPP/CoMoCat sample, we see that the TpTP/CoMoCat requires a longer time (25 days) to reach the transfer peak saturation. This means that the kinetic process of transfer of the porphyrin to the nanotube surface is limited by the presence of the methyl groups. Quantitatively, this can be translated into a difference of activation Gibbs energy: In addition, an equilibrium study has also been performed. Figure III.36 displays the evolution of the transfer ratio X R reaction extent as a function of the equilibrium porphyrin concentration. A very large amount (c tptp ≃ 200 µmol.L -1 ) of TpTp was required to reach saturation, corresponding to c tptp ≃ 200 µmol.L -1 , while only c tpp ≃ 30 µmol.L -1 was enough to reach the full coverage. ). This data has to be compared to the values h=1.8 and K=3.2 10 5 (∆rG = -31.6 kJ.mol -1 ) for the TPP in the same mixing conditions. This corresponds to an increase of the reaction Gibbs energy of 6 kJ.mol -1 . Thus, the reaction for TpTP has a very small reaction constant and is less cooperative. This could indicate that the presence of the methyl groups have hindered the cooperative interaction of porphyrins, leading to a very unfavorable reaction. However, it could also be due to the poorer solubility of TpTP in surfactants with respect to TPP.

∆G a T pT P -∆G a T T P ≃ RT ln( τ T pT P τ T P P ) = 1.1 kJ.mol -1 (III.
As displayed in figure III.37 left, another consequence of the TpTP/NT interaction is an important redshift of the NT S 11 transition. Compared to the 994 nm position for the TPP/NT for r SDS =50 %, here the position can reach 1004 nm at very high TpTP concentrations (c tpp > 150 µmol.L -1 ). If this redshift is interpreted as a solvatochromism effect, this larger displacement may be due to a larger amount of TpTP around the tube than in the Nt/TPP case.

Finally, one may compare the reaction extent calculated from the S 11 redshift X S 11 and from the transfer ratio X R . On figure III.37, one can see that the S 11 position is shifted at very small TpTP concentration, while the energy transfer ratio requires a higher porphyrin amount. For the TPP, it has been shown before that both spectroscopic features follow the same evolution (and very similar reaction extents).

Here, the Hill fitting parameters for X S 11 are K=1.36 10 5 , ∆rG = -29.5 kJ.mol -1 and h=1.3. This effect can be explained as a follows. At low concentration, the TpTP enters the nanotube micelle, but fails to create an organized monolayer of porphyrins around the nanotube. At higher TpTP concentration, a very large amount of porphyrins makes the nanotube's micelle swell, and eventually the porphyrins are forced to cover the nanotube surface.

Additionally, the organization of the porphyrins may also be involved in this process. Due to the intermolecular interaction, the energy transfer efficiency may depend on the degree of organization of the molecules, while the solvatochromism would not. This organization could be weak at low porphyrins coverage due to the substituted phenyl groups. When the coverage gets higher, those porphyrins may be forced to organize (at least at the very surface of the nanotube), leading to an important energy transfer.

In a nutshell, a transition behavior has been evidenced regarding the ability of TPP, TpTP and TbtPP to stack on carbon nanotubes. This transition is summarized in figure III.38. If the TPP is able to form a regular monolayer at the surface of the nanotubes, the TbtPP has almost no observed interaction with the nanotube. One can speculate that the observed unfavorable reaction is due the decrease of the cooperativity of TpTP with respect to TPP. From Orelanna 's model [START_REF] Orellana | Strong π-π interaction of porphyrins on (6, 5) carbon nanotubes with full surface coverage: Ab-initio calculations[END_REF], the contribution of the cooperativity could lead to a decrease of -70 kJ.mol -1 of the Nt/TPP binding energy (see figure III.39). Here, the experimental observed increase of 7 kJ.mol -1 would correspond to 10 % of this cooperativity energy contribution. This order of magnitude is not surprising, as the methyl groups on the TpTP are very small chemical functions, that would only have a limited effect on the global binding energy. [START_REF] Elton | Role of surfactants in carbon nanotubes density gradient separation[END_REF] and [START_REF] Orellana | Noncovalent functionalization of carbon nanotubes and graphene with tetraphenylporphyrins: stability and optical properties from ab initio calculations[END_REF]; the Nt/TbtPP reaction Gibbs energy (with the red asterisk) is a hypothetical value and not a measured one.

Yet, one can see that this effect creates large differences in the results of the thermodynamic experiments. The tertbutyl elements on the TbPP molecules are twice as long as the methyl groups. Leading to a smaller cooperativity, one could assume that they would lead to an even bigger increase of the reaction Gibbs energy, that would be closer to zero (see figure III.39). This increase would be sufficient to explain why their stacking on the nanotubes is not observed in the present reaction conditions: this reaction would be highly unfavorable.

However, it has also been evidenced that the TpTP has a poorer solubility in the SC and the SDS environments. It is also possible that the SDS/TpTP micelles are more stable than the SDS/TPP ones, due to the additional substituents [START_REF] Rharbi | Temperature dependence of fusion and fragmentation kinetics of triton x-100 micelles[END_REF]. Consequently, the surfactant/porphyrin interaction may also explain the differences between the Nt/TpTP and the Nt/TPP samples. For instance, if the SDS/TpTP structures were extremely stable (for r SDS = 50%), the reaction would be unfavorable. To study this hypothesis, the reaction will be tested for a very small r SDS ratio to force the SDS micelles to break and release the TpTP (or the TbtPP).

Additional experiments are also planned to address this question: performing the reaction in different surfactant mixes (Triton, CTAB,..), or testing the ability of the TpTP and the TbtPP to stack on graphene nanosheets.

Conclusion

This chapter had focused on the study of the final state of the functionalization reaction. Through a careful monitoring of various spectroscopic features, we have looked at the porphyrin coverage around the nanotube surface. By modifying the porphyrin concentration, the study of the reaction equilibrium has been performed, giving access to the thermodynamical parameters of the reaction. Using a classical Hill model, this reaction was proven to be cooperative. For the [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] nanotubes, which represents one of the smallest diameter species, the reaction was proved to be the most limited, but with a significant cooperativity of 4. Differences in the fitting parameters were exhibited, depending on whether the nanotubes spectroscopy data or the porphyrin ones were employed. Such effects were attributed to two different, successive physical processes, that involved different amounts of porphyrins. The first of these processes was the Nt/TPP monolayer interaction, that can be measured trough the nanotube spectroscopy. The second process was the creation of unregular multilayers of porphyrins, that has an influence on the porphyrin spectroscopy.

Such effects were clearly linked to the diffusion processes studied in the previous chapter. To understand such connections, a thermodynamic study in various surfactant environments has been done. It has been shown that the TPP/surfactant stability could limit the functionalization extent. As a second step, a simulation of the kinetic and the thermodynamic data has helped to understand the link between the reaction dynamic and the final state. In particular, it has explained that the incubation time was due to the difficulty to gather four TPP molecules, at an early time, to cover the nanotube surface.

Then, the thermodynamic study was performed in HiPCO nanotubes. For larger nanotubes, an increase of the reaction constant with diameter was exhibited, with a lower average cooperativity than for [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] nanotubes. Consequently, it has been proven that the Gibbs energy was decreasing with diameter, since the large nanotubes were the first to be covered. This dependency was proved to be very similar to the modeled evolution of the Nt/TPP binding energy with diameter. Various energetic (binding energies) and order elements (ordering of the different molecular layers) were evoked in order to understand the value of the experimental Gibbs energy value. It has been evidenced that the association ability of TPP was essential to break the SC/Nt binding energy threshold. This effect may be the key element to favor the global reaction. Finally, the study of substituted porphyrins has brought an insight into the stacking mechanism. Even small methyl groups were enough to limit the π-stacking of porphyrins. The final spectroscopic features of the TpTP/NT interaction proved the presence of molecular random aggregates, while the thermodynamic parameters have indicated that the reaction was uncooperative and more limited than for TPP. These effects may also be linked to the surfactant/porphyrin interaction. As a conclusion, this chapter has highlighted the ability of porphyrins to interact with each other to create a stable structure to surround the nanotube surface.

Chapter IV Investigation into the self assembly of porphyrins on a sp 2 carbon surface

The three previous chapters have detailed every spectroscopic evidence of the coupling of porphyrin molecules with the nanotube. Many of them are relatively well understood, such as the energy transfer resonance, the shift of the nanotubes S 22 and S 11 transitions, or the molecule quenching. The evolution of the Soret band, with the creation of a redshifted component has also been widely mentioned in the previous discussions. However, the physical effects that lead to such redshift is still under debate. More precisely, there could be several effects that could induce such a spectroscopic modification.

The first section of this chapter will recall of the occurrences of such spectral shift for different samples. Then, every possible physical explanations of such spectroscopic shift will be described, in relation with the nanotube properties. Two main hypotheses will emerge: the molecule flattening and the molecule/molecule organization. For each case, a particular attention will be paid to predict the evolution of the two energy components of the Soret band (B x ,B y ). To get more information on such spectral effects, a polarized photoluminescence experiment will be detailed. This study will be first performed on isolated porphyrins samples. Then, it will be compared to the same experiments on Nt/porphyrins compounds by monitoring the nanotube's luminescence.

In a second part, the ability of porphyrins to self organize on a template will be discussed in regard of literature examples. Then, a model of dipole-dipole interaction between aggregated molecules will be developed. The example of the linear chain of molecules will be extensively detailed.

In a third part, this dipole coupling model will be adapted to the organization of TPP around a nanotube. Different geometries of aggregates will be studied. The effect of such organization will be confronted to experimental spectroscopy results.

The geometrical and electromagnetic influence of the nanotube will be discussed, in order to see if the experimental results are compatible with an ordering of porphyrins around carbon nanotubes.

Finally, two other types of aggregates, close to the Nt/TPP case, will be discussed. The first one is the organization of TPP on a graphene surface. An extensive study of optical absorption spectra of graphene/TPP samples will be performed. Then the dipole coupling model will be used to explore the possibility of organized multilayers of porphyrins on this carbon 2D template. The second one is the organization of diphenylporphyrins (DPP) on nanotubes. Molecular aggregates with slightly different geometries than in the Nt/TPP case will be evidenced.

1 Shifts and splittings of the Soret band During the three first chapters, the impact of the Nt/TPP interaction on the Soret Band has been presented as a low energy shift, visible on optical absorption spectra. Figure IV.1 is a summary of the main results related to this redshift effect. First, one can see this effect by comparing the TPP in cholate (red absorption curve) and the (6,5) Nt/TPP compounds in cholate (blue curve). The center of the Soret is displayed of 18 nm (120 meV), from 420 nm (2.95 eV) to 438 nm (2.83 eV) for (6,5) sorted nanotubes samples.

The same absorption spectrum has been performed on graphene nanosheets/TPP compounds. The functionalization protocol is identical to the one presented in the two previous chapters. The absorption spectrum of a graphene/TPP sample (black curve is displayed in figure IV.1. On the three curves, the unshifted Soret contribution is centered approximately at the same energy of 2.95 eV and presents the same full width at half maximum of around 80 meV.

However, the structure of the shifted component is different. On the graphene nanosheets, the center position of the Shifted component is at 2.79 eV (445 nm), which represents a -40 meV redshift with respect to the case on CoMoCat sample (2.83 eV). The former Phd student Cyrielle Roquelet [START_REF] Roquelet | Transfert d'énergie dans des composés nanotube de carbone/porphyrine[END_REF] monitored the position of the shifted Soret band upon adsorption of the porphyrin on different species of nanotubes (see IV.1). A decrease of the absorption energy of the low energy Soret band as a function of the nanotube mean diameter was found: for 2.83 eV to 2.80 eV when the average diameter changed from 0.8 to 1.2 nm. Graphene/TPP assemblies seem to follow this tendency, as a possible large diameter limit. Table IV.1: Evolution of the red shifted peak energy with mean curvature diameter in samples Though significant differences have been evidenced between NT/TPP and graphene/TPP samples, the redshift seems to be a general feature of the π-stacking of porphyrins molecules on a carbon sp 2 surface.

Possible effects leading to a spectroscopic shift.

Nevertheless, the physical origin of the spectral shift of the Soret band remains unexplained. In the literature, the possible reasons to account for such effect are multiple. This section will list the main ones, and discuss their principal consequences.

At the moment of the Nt/TPP coupling, the electromagnetic environment of the nanotube changes leading to a solvatochromism effect. Consequently, the nanotube transitions are redshifted of around -20 meV. Reciprocally, it would be natural to think that the nanotube would have an electromagnetic influence on the porphyrins, that may undergo a similar solvatochromism effect. However the amplitude of the observed Soret redshift in the present samples is 5 times larger than the one usually expected for such solvatochromic effects [START_REF] Xu | Chemically converted graphene induced molecular flattening of 5, 10, 15, 20-tetrakis (1-methyl-4-pyridinio) porphyrin and its application for optical detection of cadmium (ii) ions[END_REF].

Thus, one may look for effects that can induce a larger redshift (≃ 100/200 meV). One situation that has been massively studied is the acidification of the porphyrin, when two inner hydrogens are added to the nitrogens. The obtained cation of the porphyrin has a redshifted Soret band centered at 2.82 eV [START_REF] James R Weinkauf | Substituent and solvent effects on the hyperporphyrin spectra of diprotonated tetraphenylporphyrins[END_REF], that could correspond to our observations. It would also lead to a four fold symmetry of the porphyrin molecules (as discussed in the first chapter). However, such effect is highly improbable due to the neutral borate buffer used in the samples to maintained the pH to 8, while the pKa of acidification of the porphyrin is located around 2.6 [START_REF] Ohno | J-aggregate formation of a water-soluble porphyrin in acidic aqueous media[END_REF].

Flattening of the porphyrin on a surface

Several groups have reported important redshifts effects in the case of porphyrins molecules interacting with a flat surface. Among many examples, Xu et al. evidenced a 250 meV redshift effect when hydrosoluble porphyrins (called TMPYP) interact with anionic graphene oxide ( [START_REF] Xu | Chemically converted graphene induced molecular flattening of 5, 10, 15, 20-tetrakis (1-methyl-4-pyridinio) porphyrin and its application for optical detection of cadmium (ii) ions[END_REF], see figure IV.2 left). The authors attributed this effect to a flattening of the porphyrin molecules upon adsorption on the graphene surface.

Indeed, Chernia and coworkers [START_REF] Chernia | Flattening of tmpyp adsorbed on laponite. evidence in observed and calculated uv-vis spectra[END_REF] published a theoretical paper that studied the effect of the rotation of the phenyl groups. They affirmed that the flattening of the molecule would induce a progressive redshift of the Soret band (see figure IV.2 right). In a bulk state, they assumed that the phenyls of the porphyrin are forming an angle of 90 ➦ with respect to the macrocycle plane. Upon adsorption on a surface, these phenyls may acquire a smaller angle value, that depends on the intensity of the porphyrin coupling with the surface. As these phenyls enter progressively the porphyrin plane, their π electrons may couple to the macrocycle ones leading to higher conjugation. This additional conjugation can be at the origin of the observed redshifts.

As explained in the first chapter, the Soret band of the porphyrin is composed of two perpendicular components, B x and the B y . Within the flattening model, one can observe in figure IV.2 right that the B x and the B y band are both redshifted with nearly the same amplitude (the final splitting in energy is of 30 meV for an angle of 30 ➦). Indeed, on the experimental results from Xu et al. in figure IV.2 left, one can observe that no significant absorption contribution is observable around 400/410 nm, ruling out the presence of a blueshifted (or an unshifted) component within the Soret band. Thus, to test this flattening hypothesis, one should look for the presence of this two perpendicular redshifted Soret components. In addition, this model shows that the Q bands undergo a significant shift of the similar amplitude to the Soret band. This fact can be compared to the results on Nt/TPP samples, from figure IV.1. One can see that the first Q y (1,0) bands goes from 2.4 eV when it is free in micelle to 2.36 eV when it is stacked on the CoMoCat nanotubes. This redshift of ≃ 40 meV is three times smaller than the one of the Soret band. Such effect cannot be explained by this flattening model.

SHIFTS AND SPLITTINGS OF THE SORET BAND

Self assembly of porphyrin molecules

The last physical effect that can explain such large shifts is the organization of the porphyrins into an ordered network of molecules. There are many experimental proofs that porphyrin molecules have the ability to self assemble in different configurations [START_REF] Mm El-Nahass | Optical absorption of tetraphenylporphyrin thin films in uv-vis-nir region[END_REF][START_REF] Vlaming | Exciton spectra and the microscopic structure of self-assembled porphyrin nanotubes[END_REF][START_REF] Gibbs | Self-assembly of porphyrins on nucleic acid templates[END_REF]. Anex and coworkers [START_REF] Basil | The absolute assignment of the electronic transitions of α, β, γ, δ-tetraphenylporphine[END_REF] have for instance studied in 1961 the properties of a tetraphenylporphyrin crystal by a polarized reflectometry experiment. As seen on figure IV.3 left, they exhibited the presence of a low energy and a high energy Soret components, with perpendicular crystal directions. Within one direction, the low energy component was redshifted of around -150 meV with respect to the Soret center position. One can observe that this shift has a comparable value to the ones obtained for the Nt/TPP samples. In the other direction, they exhibited a high energy component with a shift of around +100 meV. The energy difference between these two bands was around 250 meV. The reflectivity spectra obtained for the (010) face of tetraphenylporphine crystal, the incident light being polarized with its electric vector parallel to the "R max " or to the "R min " principal direction in that face. An expanded plot of the long wavelength spectra is included and the various bands labeled, from [START_REF] Basil | The absolute assignment of the electronic transitions of α, β, γ, δ-tetraphenylporphine[END_REF].

Indeed, one main characteristic of the coherent organization of molecular dyes is the presence of a spectral splitting. In such theory, the nanotube could be regarded as a template for the ordering of the porphyrin molecules. The differences of energy positions between the Soret band on graphene and on nanotubes could be explained by a different organization of molecules on a 1D and on a 2D template.

Another feature of this dipole-dipole coupling is that the value of the energy shift is proportional to the oscillator strength. Since the oscillator strength of the Q y (1,0) band is at least ten times smaller than the Soret band one [START_REF] Gd Dorough | Spectra of the metalloderivatives of α, β, γ, δ-tetraphenylporphine[END_REF], it should undergo a smaller shift. As explained before, such effect has been observed in figure IV.1, though the factor of proportionality of ten is not observed.

One can see that the phenyl rotations and the molecular organization hypotheses may both explain the observe red shifts. One has to consider the possibility that these two effects may actually coexist. For instance, the organized ring structure suggested by Orelanna [START_REF] Orellana | Strong π-π interaction of porphyrins on (6, 5) carbon nanotubes with full surface coverage: Ab-initio calculations[END_REF] also implies a modification of the phenyl angles. Nevertheless, the difference in shift between the Soret and the Q bands tends to validate the existence of an organization. In order to confirm this theory, one should design a experimental method to probe the energy position of the two components of the Soret band.

1.3 Experimental study of the energy splitting within the Soret band.

Study of intrinsic Soret energy bands in the TPP

Before discussing about the effect of the nanotubes on the porphyrins, it is important to know the structure of the Soret band in isolated porphyrins. For such purpose, polarized optical spectroscopy represents a suitable tool. Among theses optical techniques, some of them are based of the absorption of polarized light: such as linear dichroism [START_REF] Ohno | J-aggregate formation of a water-soluble porphyrin in acidic aqueous media[END_REF]. However, this technique can only be used on samples in which every nano-object is aligned along the same direction. Otherwise, any polarization contribution would average to zero due to an isotropic distribution of all the molecules. On the contrary, polarized PL experiments can be employed to study disorganized objects, as long as their motion is slow enough in comparison with their PL lifetime. This the reason why the PLE experiments that will be presented here have been performed on porphyrins in a DCM/castor oil organic phase. The castor oil is a viscous solvent that is employed here to slow the rotational dynamic of porphyrins, so that their rotation characteristic time becomes larger than their luminescence lifetime (12 ns, see first chapter). A 10-90% DCM-castor oil volume proportion has been chosen to achieve such effect, in consistence with literature [START_REF] Weigl | The polarization of the fluorescence of tetraphenylporphine[END_REF].

Once the solution is prepared, an absorption spectrum is performed to rule out any spectral disturbance coming from the viscous solvent. As seen on figure IV.4, the amplitude and the width of the Soret and Q bands is similar to the one in a full DCM sample (presented in the first chapter). In particular the center of the Soret band at 2.97 eV (418 nm) is consistent with the expected value in dichloromethane, proving that the porphyrins are properly isolated in this solvent mix. One can note that the center of the Soret band in DCM is 20 meV higher in energy with respect to the results in cholate suspensions (2.95 eV). This is due to a different solvatochromic effect in these solvents. This effect will be considered when the result of this section will be compared to the one on Nt/porphyrins samples in cholate. In a second time, the nonpolarized PLE experiments has been performed (the grey curve in figure IV.5). This PLE line corresponds to the PL signal of the Q x (0,0) band (1.91 eV) as a function of the excitation energy. This curve is very similar to the absorption diagram from figure IV.4. In particular, the Soret and the Q bands are all present at the same energy positions.
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Then, two polarizers are added to the setup to perform the PLE experiment as a function of polarization. Four configurations are required to acquire the anisotropy diagram: VV, VH, HH, HV (cf chapter I). The two last components are measured to remove a polarization effect induced by the optical components (lenses, cuvette, diffraction gratings, optical filters, photodetectors...). Thus, the anisotropy r can be assessed through the formula:

r = I V V -GI V H I V V + 2GI V H (IV.1)
with G = I HV /I HH .

The extracted anisotropy (black) is superimposed to the unpolarized PLE spectrum (grey) in figure IV.5. As for the unpolarized PLE, the luminescence signal has been integrated over the Q x (0,0) band. The anisotropy curve exhibits a complex behavior in consistence with the original study from Weigl [START_REF] Weigl | The polarization of the fluorescence of tetraphenylporphine[END_REF]. Interestingly, the anisotropy curve presents a larger number of resonances than the unpolarized PLE spectrum, proving the complex interplay between the Ox and Oy states upon high energy excitation of the porphyrin electrons.

As explained in the first chapter, coherence effects will induce different desexcitation pathways depending on the excitation polarization. The PL signal is always emitted from an O x band. Consequently, the anisotropy is large and positive upon an excitation on the Ox oriented resonances. The maximum anisotropy of 0.17 is reached for an excitation on the Q x (0,0) transition at 2 eV, for the excitation and the emission practically on the same spectral region. 
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Figure IV.5: Grey: Unpolarized PLE spectrum of the TPP inside the castor oil/ DCM mix for a signal integrated over the Q x (0,0) band around 1.91 eV; Black: anisotropy measured in the same conditions with a polarized setup.

On the other hand, the anisotropy value is small or negative whenever the porphyrin is excited on a resonance oriented along Oy. The minimal value of -0.05 is reached upon excitation on the Q y (0,0) band at 2.28 eV. As it has been explained in the first chapter [START_REF] Weigl | The polarization of the fluorescence of tetraphenylporphine[END_REF], the Soret band contains here two regions of anisotropy. The one at lower energies, centered at 2.88 eV, has a significant anisotropy of 0.17. The other one, centered at 2.99 eV presents an anisotropy close to zero. Thus, these two resonances are separated by around 110 meV, which is consistent with the value found by Weigl [START_REF] Weigl | The polarization of the fluorescence of tetraphenylporphine[END_REF].

Then, the parallel and perpendicular intensity I and I ⊥ can be extracted from the formulae [START_REF] Miyauchi | Cross-polarized optical absorption of single-walled nanotubes by polarized photoluminescence excitation spectroscopy[END_REF] detailed in the first chapter:

I (λ) = r(λ) -r ⊥ r -r ⊥ I T ; I ⊥ = r -r(λ) r -r ⊥ I T (IV.2)
As explained in the first chapter, the previous anisotropy diagram allows to take r = r max = 0.17 and r ⊥ = -0.5 × r = -0.085. The intensities I ⊥ and I are displayed in figure IV.6. One can observe the presence of the Ox and Oy bands (B x , B y , Q x Q y ) that were discussed in the chapter one. In particular, the split of the Soret band is observable, with the low energy resonance B x at 2.94 eV and the high energy B y at 2.99 eV. This corresponds to a 50 meV energy difference between the center of these two resonances. This value is twice smaller than the one obtained from the anisotropy assignment of the bands positions from figure IV.5. Here, the I ⊥ and the I Soret components have very similar intensities. This representation is quite practical to visualize the parallel and the perpendicular spectral contributions. However, the method to obtain them is indirect and is based on a numerical correction. In order to point out the exact energy positions in I and I ⊥ a more complex fitting model would be required [START_REF] Sf Shkirman | Interpretation of the soret band of porphyrins based on the polarization spectrum of n-methyltetraphenylporphin fluorescence[END_REF]. In many studies [START_REF] Joseph R Lakowicz | Fluorescence lifetime imaging[END_REF][START_REF] Yong | Photophysical properties of meso, meso-linked porphyrin arrays: steady-state and time-resolved fluorescence polarization[END_REF], this I /I ⊥ representation is not employed and only the anisotropy values are discussed. In the following discussion, a value of 110 meV between the B x and the B y bands will be considered, as obtained from the anisotropy curve.

As a conclusion, the anisotropy diagram of the isolated TPP in a DCM/castor oil mix presents an intrinsic splitting behavior of the Soret band, with a low energy anisotropic component and a high energy isotropic one. This information is valuable and will be used as a reference in the next study on the Nt/TPP compounds.

Polarization resolved photoluminescence experiments on Nt/TPP samples

The previous section has proved that a spectral splitting exists within the Soret band in isolated porphyrins. The next step is to perform the same polarized PLE study on Nt/TPP samples, to look for a possible modification of the Soret energy components (redshift, blue shift, splitting,...). The energy transfer from the TPP to the nanotube will be monitored via polarized PLE experiments. In the present configuration, the rotational motion of the nanotube can be neglected during the timescale of the photoluminescence process.

The PLE map of a CoMoCat/TPP sample has been performed with an unpolarized setup. The corresponding PLE vertical cut for the (6,5) chirality is plotted in figure IV.7 left, for an emission energy of 1.24 eV. Among other features, this figure displays the regular nanotube resonance with the excitation on the S 22 at 2.14 eV, and the Soret energy transfer resonance at an excitation energy around 2.83 eV. The plot of the anisotropy as a function of the excitation energy is displayed in figure IV.7 right. A maximal anisotropy value of 0.25 is found for the S 22 excitation. Such value is similar, but slightly smaller than the one of 0.30 that can be found in litterature for nanotubes isolated in surfactants [START_REF] Miyauchi | Cross-polarized optical absorption of single-walled nanotubes by polarized photoluminescence excitation spectroscopy[END_REF]. This result confirms the strong anisotropy of the nanotube's photoluminescence. As explained in the first chapter, the anisotropy measured on a sample containing randomly oriented nanoobjects can reach values between 0.4 and -0.2, corresponding respectively to parallel and perpendicular absorption and emission dipoles.

However, the behavior of the Soret band is more complex, and presents two different energy bands. In its lower energy region (E exc ≃ 2.83 eV), the value of the anisotropy is as high as the one from the regular S 22 resonance. However, this value drops significantly at higher energies (E exc ≃ 2.98 eV), reaching a zero value. As a consequence, the energy difference between the center of these two regions is around 160 meV.

The figure IV.7 right provides r = r max = 0.25 and r ⊥ = -0.5 × r = -0.125. This allows to calculate the I and I ⊥ contributions for the [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] As a conclusion, the two transitions observed here have very different polarization behaviors. The low energy one is aligned with the nanotube axis while the high energy component is nearly isotropic (or slightly oriented toward the nanotube section). Interestingly, these two bands are very similar to the original B x and B y transitions in the isolated TPP. For instance, the low energy band in the Nt/TPP compounds and the B x band in the isolated TPP both have a large positive anisotropy.

Consequently, one could conclude that the B x band of each π-stacked is aligned with the tube axis. This is the first evidence of the alignment of the porphyrins on the carbon nanotube pattern. At this point, it is impossible to determine if this alignment is due to the Nt/TPP binding or the TPP/TPP interaction. These effects will be discussed in the next sections.

In these Nt/TPP compounds, the amplitude of the higher energy component is 4 times smaller than the one of the low energy band. This is a significant difference with the isolated TPP in which the B x and B y bands had similar amplitudes. Once again, these effects will be commented later. As a conclusion, the luminescence of the Nt/TPP compounds brings information on the inner structure of the Soret band of the π-stacked porphyrins. The interaction of the porphyrin with the nanotube seems to transform the spectroscopic features of the dye. In addition to the energy transfer, one sees that the two components of the Soret band are shifted in different energy directions. In other words, the intrinsic B x /B y splitting of the TPP seems to be amplified in the Nt/TPP compounds, going from 110 meV to 160 meV (see figure IV.9). Such increased splitting effect strongly supports the organization hypotheses, whereas a pure flattening effect would induce a redshift of the two components of the Soret band.

Polarization resolved microphotoluminescence experiments on single nanocompounds

In bulk samples, a very large number of Nt/TPP compounds are probed during a single experiment. Thus, the previous results are statistical mean characteristics, obtained by an indirect extraction method, that could deviate from the microscopic physical effects. Consequently, it can be valuable to repeat the same polarization resolved experiments one nanotube at a time, using a microscopy setup.

The experiments were performed in the Pierre Aigrain laboratory, by the former Phd students Cyrielle Roquelet [START_REF] Roquelet | Transfert d'énergie dans des composés nanotube de carbone/porphyrine[END_REF] and Fabien Vialla [START_REF] Vialla | Interaction between carbon nanotubes and their physico-chemical environment : towards the control of the optical properties[END_REF]. Using a confocal photoluminescence microscopy setup, the energy transfer and polarization data can be directly measured on isolated nanotubes [START_REF] Vialla | Diameter-selective non-covalent functionalization of carbon nanotubes with porphyrin monomers[END_REF]. The original nanotubes/porphyrins surfactant suspension is sprayed on a solid substrate, and cooled down to 4K. The results for several single nanotubes are reported on the figure IV.10. The unpolarized PLE lines for the [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] and [START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF][START_REF] Kim | A strong regioregularity effect in self-organizing conjugated polymer films and high-efficiency polythiophene: fullerene solar cells[END_REF] nanotubes present the same spectroscopic characteristics as the ensemble results: a pristine S 22 and a Soret transfer resonance. In particular, the energy position of the maximum of the Soret band seems to be similar to ensembles (E Soret =2.82 eV). [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] and [START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF][START_REF] Kim | A strong regioregularity effect in self-organizing conjugated polymer films and high-efficiency polythiophene: fullerene solar cells[END_REF] Nt/TPP compounds deposited on a solid substrate; Right: PLE parralel and perpendicular components of an isolated [START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF][START_REF] Kim | A strong regioregularity effect in self-organizing conjugated polymer films and high-efficiency polythiophene: fullerene solar cells[END_REF] nanotube deposited on a solid substrate, from [START_REF] Vialla | Interaction between carbon nanotubes and their physico-chemical environment : towards the control of the optical properties[END_REF].

Despite the low excitation power on this microscopy setup, the polarized PLE experiment has been performed on an isolated [START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF][START_REF] Kim | A strong regioregularity effect in self-organizing conjugated polymer films and high-efficiency polythiophene: fullerene solar cells[END_REF] nanotube. In figure IV.10 right, one can observe the presence of the split Soret band, similarly to the bulk samples. However, the two shifts are here slightly more important. The maximum of the parallel redshifted band is located at 2.78 eV.

As for the isotropic band, its maximum is at the higher energy 3.06 eV. To go further, the Xenon white lamp used for the excitation has been replaced by three laser sources at 3.06, 2.82 and 2.14 eV. The subsequent gain in excitation intensity allowed to perform a small scale statistical study on the polarization diagram of different isolated Nt/TPP compounds.

Upon excitation on the S 22 resonance, the polarization diagram of every tested nanotube is very anisotropic. One can see an example for a (6,5) nanotube on figure IV.11 left. This classical behavior, detailed in the first chapter, is explained by a maximal photoluminescence efficiency upon excitation and emission along the nanotube axis. Thus, this experiment allows to determine the direction of the probed nanotube axis (around 20➦ on figure IV.11 left). ) of an isolated (6,5) Nt/TPP compound as a function of the excitation polarization angle for an excitation energy of 2.14 eV (left) and 2.82 eV (right), from [START_REF] Vialla | Interaction between carbon nanotubes and their physico-chemical environment : towards the control of the optical properties[END_REF].

When the experiment was repeated at the Soret energy of 2.82 eV, the diagram is very similar, with an anisotropic behavior and a maximal value for the same angle of 20➦. Therefore, this transition is then aligned along the nanotube axis. Similar anisotropy features were found on other isolated nanotubes excited at the same energy. These results are consistent with the previous results presented for bulk samples. In a second time, a series of nanotubes have been studied with a polarized exci-tation at 3.06 eV. Three examples of different excitation polarization diagrams are shown in figure IV.12. On each of them, the nanotube axis direction, obtained from the corresponding S 22 polarization diagram, has been reported (blue dotted line). These diagram present a more isotropic behavior than the one presented above for excitation on the S 22 or the redshifted Soret transition. On the first and the third one, the signal is maximal for a direction that is nearly perpendicular to the tube axis.

Once again, these microscopic results are consistent with the statistical spectroscopic features found for bulk samples. These experiments confirm the existence of a highly anisotropic Soret transition at low energy and a isotropic transition at high energy. Thus, the amplification of the energy splitting within the TPP Soret band upon adsorption on the nanotube pattern seems to be validated. The next step would be to confirm the hypothesis of an organization of the porphyrins.

2 Experimental evidences and modeling of the supramolecular organization process

Evidences of organization of porphyrins in the literature

The previous polarization resolved experiments proved the presence of an amplified energy splitting of the Soret band in Nt/TPP complexes. Before discussing the relationship between this splitting and a possible molecular organization, we will review two main examples in the literature that demonstrate the ability of TPP to self-assemble on a sp 2 carbon pattern. Then, a dipole-dipole model will be developed to see if such effect can account for the observed amplification of the energy splitting.

Orientation of porphyrins on a 2D surface

To begin, Bussetti and coworkers [START_REF] Bussetti | Stable alignment of tautomers at room temperature in porphyrin 2d layers[END_REF][START_REF] Bussetti | Probing two-dimensional vs three-dimensional molecular aggregation in metal-free tetraphenylporphyrin thin films by optical anisotropy[END_REF] studied the organization of TPP on a highly oriented pyrolytic graphite (HOPG) surface. By means of STM measurement at room temperature they were able to prove that the porphyrins were all aligned along the axes of the graphite surface (see figure IV.13). The mean distance between the porphyrin molecules was of 1.65 nm. This distance can be seen as the sum of the lateral size of the molecule 1.25 nm and of a Van der Waals exclusion distance of 0.4 nm between two neighboring porphyrins.

This result constitutes a proof of the ability of porphyrins to coherently align over very long distances on a carbon surface. However, the alignment is here driven by strong coupling to the surface and is particularly sensitive to the orientation of the graphite lattice. The vertical and the horizontal scale bars are 50 pm and 1 nm, respectively. The STM scan direction is nearly parallel with respect to the exfoliation one. Data have been acquired at RT, from [START_REF] Bussetti | Stable alignment of tautomers at room temperature in porphyrin 2d layers[END_REF].

A second example from Pham and coworkers [START_REF] Van Dong Pham | Electronic interaction between nitrogen-doped graphene and porphyrin molecules[END_REF], studies the ability of the TPP to organize into a monolayer on a graphene sheet. They placed a graphene layer on a gold surface, and then proceeded to the deposition of TPP through sublimation of a porphyrin powder.

Using a high resolution STM, they showed that the TPP molecules form a twodimensional square-like lattice on pristine graphene at room temperature. They were able to observe a lattice of porphyrin molecules having the same orientation over around 100 nm 2 (see figure IV.14). At the opposite of the HOPG case, they observed that the porphyrin network do not follow the graphene pattern. Additionally, they were not able to monitor the presence of isolated porphyrins on the graphene surface, while it is a common situation when the graphene is replaced by a bare gold substrate [START_REF] Van Dong Pham | Control of molecule-metal interaction by hydrogen manipulation in an organic molecule[END_REF]. These two facts indicate that the porphyrin/porphyrin interaction is significantly stronger than the TPP/graphene binding effect. This last statement is in contrast with the binding energies calculations performed by Orelanna [START_REF] Orellana | Strong π-π interaction of porphyrins on (6, 5) carbon nanotubes with full surface coverage: Ab-initio calculations[END_REF], in the case of Nt/TPP complexes. In this model, the porphyrin/porphyrin interaction accounted for only 40% of the global Nt/TPP binding energy. The STM experiments tend to show that the graphene/TPP binding is here negligible with respect to the TPP/TPP interaction. Such a DFT model, adapted to nanotubes, cannot be directly transferred to the graphene/TPP situation. Nevertheless, these results are valuable regarding the importance of the cooperativity within the π-stacking process.

Then, they performed low temperature (4.6 K) and high resolution experiments. They were able to extract the geometrical characteristics of the porphyrin network (see figure IV.14 right). They found a 1.4 nm inter-molecule distance, which is significantly smaller than the one in HOPG samples, indicating the importance of the favorable porphyrin/porphyrin interaction in the π-stacking process. On the figure IV.14, the red spots are indicative of the presence of the inner hydrogens. Thus, they were able to point out the O x and O y directions of each molecules. In figure IV.14, a majority of molecules can be observed with their O x direction (and their hydrogens) along axis orientation (see a and b lattice directions in figure IV.14 right), while few of them are in the orthogonal b direction. Nevertheless, every molecule presents an angle of around 10 ➦ (respectively 100 ➦) between their O x direction and the lattice directions (symbolized by the white arrows). Here, the porphyrins seem to present a natural tendency to align their O x all along the same axis. This organization is created even though the interaction with the graphene lattice is weak. These results are a strong evidence of the ability of the porphyrins to self assemble into an oriented network.

Modeling of the spectral consequences of the molecular organization

It has been established that the TPP have the ability to self-organize on a carbon surface. The next step will be to develop a dipole-dipole quantum model to predict the effect of such organization on the molecules spectroscopy. This will allow to simulate the energy positions of the molecules absorption bands inside these organized structures, to see if they are compatible with the experimental one from the polarized PLE experiments.

Theory of the dipole-dipole coupling in organized molecules

In order to understand the effect of the porphyrins organization, one can apply the theory of coherent molecular aggregates. The effects of aggregates on the molecules spectra were first evidenced by Davydov around 1940Davydov around /1950, and called Davydov splitting afterwards [START_REF] Davydov | Theory of absorption spectra of molecular crystals[END_REF]. In 1965, Kasha [START_REF] Kasha | The exciton model in molecular spectroscopy[END_REF] developed a simplified formalism to account for such effects. It consists in treating the absorption transitions of two adjacent molecules as electromagnetic quantum dipoles.

To understand the results of this model, simplified situation can be considered. If one assumes the presence of two identical monomers (called 1 and 2), having each a single dipole -→ µ 1 and -→ µ 2 at the same energy E mono . In the classical picture, the interaction between these two dipoles would induce a variation ∆E of the global energy according to the formula :

∆E = 1 4πε 0 - → µ 1 . - → µ 2 r 3 -3 ( - → µ 1 . - → r ) ( - → µ 2 . - → r ) r 5 (IV.3)
where ε 0 is the vacuum permittivity and r the distance between the two dipoles. In principle, those dipoles can take any independent direction of the space. In the following, the calculation will be restricted to the coupling of parallel dipoles (see figure IV.15), with the same dipole µ mono and the same initial energy. This situation is quite representative of the experimental situations, in which aligned molecules have the same orientation. If the molecules have a fixed position, the value of the angle θ and the distance r between the dipoles are fixed. Therefore, one can easily calculate the value of the energy shift ∆E:

∆E = µ 2 mono 4πε 1 -3 cos 2 (θ) r 3 (IV.4)
where θ is the angle between the dipole direction and the axis connecting the two dipoles (see figure IV.15).

In the quantum formalism, these two energy levels (and dipoles) correspond each to a given quantum state φ 1 and φ 2 . In the following, ∆E will be regarded as a parameter in the calculation. For two degenerate quantum states of energies E 1 =E 2 =E mono , Kasha and other groups have shown that this dipole-dipole coupling can be solved using the following matrix formalism [START_REF] Kasha | The exciton model in molecular spectroscopy[END_REF][START_REF] Parkash | Depolarized resonance light scattering by porphyrin and chlorophyll a aggregates[END_REF]:

φ 1 φ 2 φ 1 E mono ∆E φ 2 ∆E E mono (IV.5)
The two eigenvalues of this matrix corresponds to the energy of the two final states once the dipole-dipole coupling has been considered. At the end, this leads to a higher and a lower energy levels, very similarly to the bonding and anti-bonding states in a LCAO formalism in quantum chemistry [START_REF] Sheldon | An lcao mo study of the structure of chlorophyll prototypes[END_REF]:

E I = E mono + ∆E ; E II = E mono -∆E (IV.6)
One can see that the amplitude of the splitting 2∆E between the two dipole states depends on the geometry (angles, distance), that has been included in the formula IV.4. Two eigenstates ψ I and ψ II can be assigned to these two energy levels. They will be made of a linear combination of the two uncoupled dipole states φ 1 and φ 2 :

ψ α = C α 1 φ 1 + C α 2 φ 2 ; α = I or II (IV.7)
with C α being a real number between -1 and 1. As in the case of the bonding and anti-bonding states, the two eigenstates corresponding to the matrix IV.5 can be written as:

ψ I = 1 √ 2 (φ 1 + φ 2 ) ; ψ II = 1 √ 2 (φ 1 -φ 2 ) (IV.8)
Now, the value of the resulting dipole must be evaluated. Before the coupling, the two initial dipoles -→ µ 1 and -→ µ 2 were parallel (see figure IV.15). Once the coupling is considered, the final dipole -→ µ α will also be along the same direction, and its numerical value will be the sum of its two components:

µ α = C α 1 µ 1 + C α 2 µ 2 = µ mono (C α 1 + C α 2 )
(IV.9) Thus, the dipole-dipole coupling creates an amplified transition of dipole norm µ I = √ 2 × µ mono and a forbidden one with µ II = 0. As it will be explained later, the oscillator strength of a given transition f α is proportional to the square of the corresponding dipole norm µ α . For the two final transitions, the model yields f I = 2 × f mono and f II = 0, proving the conservation of the total oscillator strength. [START_REF] Kasha | The exciton model in molecular spectroscopy[END_REF].

J and H aggregates

The previous calculation applies for two aligned dipoles, regardless of the value of the angle θ between the dipoles and the line that connect them (see figure IV.15). In its original paper, Kasha detailed two particular situations: the in-line and the parallel case. For the in-line configuration, ∆E takes a negative value. Consequently, the low energy transition transition is allowed with a doubled oscillator strength (see figure IV.16 left), while the high energy one is forbidden. In the parallel configuration, ∆E takes a positive value, and only the high energy transition is allowed (see figure IV.16 right).

For real samples, this dipole coupling effect results in a redshifted absorption line when the molecules are assembled into an in-line configuration, and a blueshited absorption line in the parralel situation. These two cases are respectively called Jaggregates and H-aggregates. The result of such processes is displayed in figure IV.17, for hydrosoluble porphyrins H 2 TPPS 4-in certain surfactant environments [START_REF] Nakul C Maiti | J-and h-aggregates of porphyrin-surfactant complexes: time-resolved fluorescence and other spectroscopic studies[END_REF]. For in-lines dipoles the Soret transition is transferred to the low energies (figure IV.17 center) with respect to the uncoupled situation (figure IV.17 top). In the parallel case the Soret band is displaced to the high energies (figure IV.17 bottom). Absorption spectra for the different species of H 2 TPPS 4-(10 µmol.L -1 ); Top: the tetraanion (H 2 TPPS 4-) at pH 8.1, Center: the J-aggregate with CTAB and H 2 TPPS 2-and Bottom: the H-aggregate with CTAB and H 2 TPPS 2-, from [START_REF] Nakul C Maiti | J-and h-aggregates of porphyrin-surfactant complexes: time-resolved fluorescence and other spectroscopic studies[END_REF].

Calculation for a linear chain of dipoles

Finally, this matrix model can be adapted for any number N of aligned dipoles and for any geometry (i.e. different θ angles). In particular it can take into account different kind of dipoles interaction between different neighbors. In the general case, the coupling matrix M will be written as :

[M ] = (M i,j ) 1≤i,j≤N ; M i,i = E mono ; M i,j = ∆E i,j j = i (IV.10)

Apart from the diagonal terms, all the other coefficients depend on the corresponding dipole interactions. However, many of these coefficients vanish under the first neighbor approximation. For instance, this global model can be used to evaluate the energy positions of the bands in the case of a linear array of N molecules. This can be represented by the following matrix:

      φ 1 φ 2 φ 3 • • • φ N φ 1 E mono ∆E 0 . . . 0 φ 2 ∆E E mono ∆E . . . 0 φ 3 0 ∆E E mono . . . 0 . . . . . . . . . . . . . . . . . . φ N 0 0 0 . . . E mono       (IV.11)
As the calculation starts with N φ dipoles states, the final result will provide a basis of N ψ eigenstates, with different corresponding dipole moment and eigenenergies. For each eigenstate ψ i , the full calculation provides the energy value [START_REF] Parkash | Depolarized resonance light scattering by porphyrin and chlorophyll a aggregates[END_REF]:

E i 1≤i≤N = E mono + 2∆E × cos i × π N + 1 (IV.12)
and the corresponding dipole moment is equal to [START_REF] Parkash | Depolarized resonance light scattering by porphyrin and chlorophyll a aggregates[END_REF] :

µ i 1≤i≤N = µ mono 1≤j≤N C i j ; C i j = 2 N + 1 sin i × j × π N + 1 (IV.13)
One can take the example of an in-line J aggregate of 8 molecules, starting with the parameters ∆E = -32 meV and E mono =2.86 eV. The figure IV.18 displays the characteristics of the final dipole states in this case. It represents the square of the dipole norm |µ i | 2 for each eigenstate i as a function of its corresponding eigenenergy E i . Due to symmetry in the formula IV.13, the |µ i | 2 value is strictly equal to zero whenever i is even.

For the odd values, they all have a very small contribution, except for i=1. For this particular state, the square dipole norm is close to the sum of the square norm of every non-coupled state : 8|µ mono | 2 (see figure figure IV.18). The energy shift between E mono and the lower energy level E 1 is of -60 meV, which is larger than the dimer shift of ∆E =-32 meV. This example illustrates a very common property of arrays of a linear chain of N aligned dipoles. Generally, only the i=1 state has a significant dipole norm, while the other have a negligible contribution [START_REF] Parkash | Depolarized resonance light scattering by porphyrin and chlorophyll a aggregates[END_REF]. In real arrays of N molecules, the only non zero transition is supposed to be located at the energy E 1 :

E 1 = E mono + 2∆E × cos π N + 1 -→ N →+∞ E mono + 2∆E (IV.14)
One major result of this calculation is that the asymptotic energy shift for a large value of N is equal to twice the dimer value. Additionally, the value of the corresponding dipole moment and oscillator strength will be close to their maximal values:

µ 1 ≃ √ N × µ mono ; f 1 ≃ N × f mono (IV.15)

Dipole coupling model of a linear chain of porphyrins

Now that the model is set, it may be applied to evaluate the characteristics of a linear chain of TPP molecules. Before starting, one must calculate the oscillator strength and the dipole moment relative to the Soret band components. The figure IV.19 dis-plays the molar extinction coefficient ε of TPP as a function of the energy (expressed in cm -1 ). The oscillator strength f can be extracted from the value of the molar extinction coefficient ε(ν) for each frequency ν included in the global transition, using the formula [START_REF] Sauer | Handbook of fluorescence spectroscopy and imaging: from ensemble to single molecules[END_REF]:

f = 1000 ln(10) N A m e c 2 πe 2 transition ε(ν)dν (IV.16)
where m e is the free electron mass and e is the electron elementary charge. When the extinction is plotted against the transition energy in cm -1 , this is simplified into the numerical formula [START_REF] Nicholas | Modern molecular photochemistry[END_REF]:

f = 4.319 × 10 -9 ε(ν)dν (IV.17)
From this formula, an oscillator strength of value f=1.58 is obtained for the whole Soret band, which is very close to the value reported in papers [START_REF] Jean B Kim | Mechanistic study of the synthesis and spectral properties of meso-tetraarylporphyrins[END_REF][START_REF] Li | Synthesis and characterization of interfacially polymerized films of tetraphenylporphyrin derivatives[END_REF]. From this value, one can evaluate the norm of the dipole moment associated to this transition [START_REF] Sauer | Handbook of fluorescence spectroscopy and imaging: from ensemble to single molecules[END_REF]:

µ 2 = 3e 2 4πm e ν 0 × f (IV.18)
where ν 0 is the central frequency of the transition. This yields the norm of the dipole moment: µ = 3.95 × 10 -29 Cm (in S.I. units) or 11.8 D (in Debye), which is once again similar to other published results [START_REF] Arai | J-aggregation of protonated meso-tetrakis (sulfonatothienyl) porphyrin isomers: Morphological selection of self-assembled nanostructures from structurally similar zwitterionic porphyrins[END_REF][START_REF] Choi | Counterion-dependent excitonic spectra of tetra (p-carboxyphenyl) porphyrin aggregates in acidic aqueous solution[END_REF]. In order to use the previous dipole model, one has to determine the projections of the dipole moment on the two directions O x or O y . If one assumes an equal value in these two directions, it yields:

µ x = µ y = µ √ 2 (IV.19)
This corresponds to two degenerated dipoles of amplitude of 8.3 D in the O x and O y directions. Now, one can study the case of two aligned porphyrins, and the coupling of two of their dipoles (two Bx or two By). The numerical value of the coupling term ∆E can be evaluated using the formula IV.4. At this point, one has to remember ∆E represents the difference in energy between the final optically allowed state and the initial state: E allowed = E mono + ∆E.

One can consider the in-line dipole configuration (J case) first. Based on the experimental evidences (including the STM on graphene and HOPG), one can start by fixing the angle to θ = 0➦ and the distance between the two porphyrin to 1.4 nm. This gives a value of ∆E J = -32 meV for the shift of the new low energy transition with respect to the monomer transition. The parallel dipole configuration (H-case) can be directly inferred by taking θ = 90➦ and the same distance. This yields ∆E H = +16 meV. The geometric parameters that are deduced from the STM or theoretical contributions present a measurement uncertainty. Though they can be used in the present model, it would be useful to consider a variation of these parameters. Figure IV.21 studies the evolution of the ∆E J coupling term as a function of the intermolecular distance for an in-line dimer with an angle of θ = 0➦. As expected from the formula IV.4, this energy shift is proportional to the cube of the intermolecular distance.

When the distance between molecules is larger than 2 nm, the shift effect is negligible: 0 > ∆E > -10 meV. One has to remember that the porphyrin molecule has a lateral size of 1.25 nm. In the STM experiment on HOPG/TPP samples, Bussetti and coworkers [START_REF] Bussetti | Probing two-dimensional vs three-dimensional molecular aggregation in metal-free tetraphenylporphyrin thin films by optical anisotropy[END_REF] have found an intermolecular distance of 1.65 nm. This value could be explained as the superposition of the porphyrin diameter and of an additional Van Der Waals repulsion distance. For such value, the amplitude of the shift would be of -20 meV. If the Van Der Waals additional distance is reduced to zero (r=1.25 nm), the energy shift is of -45 meV. This could correspond to two molecules touching each other with interacting phenyls groups. Finally, when hydrosoluble porphyrins are placed in a very acidic environment, they are able to form a stack of card structure (see figure IV.21). In this structure, the intermolecular distance can be smaller than the porphyrin diameter (as short as 0.7 nm), leading to energy shifts as large as ≃-250 meV in a dimer. This study shows that the spectral magnitude induced by a dipole-dipole coupling can vary from tens of meV to hundreds of meV when the distance varies. These results can be easily transferred to the parallel case (H dimer), by multiplying all the value from figure IV.21 by a factor -0.5, according to the formula IV.4.

On a second hand, one can evaluate the progressive shift when the number of coupled molecules is larger than 2. Here, the distance has been kept to 1.4 nm and the angle to θ = 0. The results from the equation IV.14 can be directly used. In figure IV.22, one can observe that both shifts gets larger as a function of N, with the asymptotic value of 2∆E (respectively -64 meV and +32 meV). Now, that the model and the corresponding orders of magnitudes are obtained, one may confront them to the hypothesis of alignment of the porphyrins along the nanotube axis. In particular, an assumption has to be made regarding the orientation of the µ y and µ x with respect to the nanotube axis.

In the previous sections, the energy splitting between the two components of the Soret band was proved to be larger in the Nt/TPP samples than for the isolated TPP. In this discussion, it has been suggested to assume that every porphyrin molecules will align its µ x dipole to the nanotube axis (see figure IV.23), with a negative coupling ∆E J . Consequently, the µ y dipoles will be orthogonal to the nanotube direction, with a positive coupling ∆E H . This configuration would lead to a larger splitting, while any other situation would induce a smaller (or identical) energy difference. Nevertheless, the angle θ that is taken to zero in the figure IV.23, may vary slightly around this position without changing the mean result. In this configuration, the figure IV.24 displays the evolution of the two allowed transitions energies E J and E H , as a function of the number of coupled porphyrins for an intermolecular distance of 1.4 nm. In the isolated molecules, the energy splitting has been shown previously to be of 110 meV. For the dimer case, it is of E H -E J = 158 meV, with E J = 2.828 eV and E H = 2.986 eV. When an infinite number or porphyrins are coupled, this splitting reaches 200 meV, with E J = 2.799 eV and E H = 3.002 eV. One can observe that the order of magnitude of the obtained splittings is similar to the experimental values obtained with the polarized PLE study on NT/porphyrin complexes (170 meV). As a conclusion, the dipole dipole coupling model for a linear chain of TPP is able to explain the amplification of the Soret energy splitting for Nt/TPP samples. However, this model should be modified to adapt to more realistic structures than the linear chain. The first one has been already mentioned in the precedent chapter: the DFT model from Orellana [START_REF] Orellana | Strong π-π interaction of porphyrins on (6, 5) carbon nanotubes with full surface coverage: Ab-initio calculations[END_REF]. It evidenced the organization of TPP molecules into 4 monomers rings at the surface of the nanotubes (see figure IV.25). It also predicted that the progressive coverage of the whole nanotube would occur through the interaction between these rings of porphyrins. These processes can lead to two favorable porphyrin superstructures: one where every TPP rings are aligned and one where the neighbor rings are tilted of a small angle. In the following, theses two structures will be referred as the ring and the spiral structures respectively. The corresponding two geometries that allow to minimize the global system energy with molecular mechanic simulations, from [START_REF] Bassiouk | Noncovalent functionalization of single-walled carbon nanotubes with porphyrins[END_REF].
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On the other hand, Bassiouk and coworkers [START_REF] Bassiouk | Noncovalent functionalization of single-walled carbon nanotubes with porphyrins[END_REF], used a molecular mechanic simulation to study the stacking of TPP on nanotubes. They showed that the most favorable configuration was the creation of spirals of porphyrin with intermolecular distances of 1.25 nm (see figure IV.26 right) between neighbor molecules and a distance of 2.9/3.6 nm between the two different rows of molecules. They confronted these calculations with STM measurements, where they were able to see the inter-row distance of 2.9/3.6 nm.

These two articles predict the creation of spirals of porphyrins. However, these two spirals structures start with different base elements. The former begins with the creation of 4 TPP rings, orthogonally to the nanotube axis. The latter is initiated by the coupling of porphyrins along the nanotube axis, while the interaction between porphyrin is very small orthogonally to the nanotube axis (see for instance figure IV.26 d). As it will be explained in the following model, this will have important consequences in the dipole-dipole coupling, and can be used to determine the actual organization in Nt/TPP samples.

Testing the ring structure on nanotubes

It is now possible to test the geometrical structures that have been suggested by the two theoretical contributions [START_REF] Orellana | Strong π-π interaction of porphyrins on (6, 5) carbon nanotubes with full surface coverage: Ab-initio calculations[END_REF][START_REF] Bassiouk | Noncovalent functionalization of single-walled carbon nanotubes with porphyrins[END_REF]. In the two suggested structures, one can observe that the stable orientation of the TPP are practically the same (see figures IV.25 and IV.26). In each case, the phenyls of the TPP are at ≃ 45➦ from the nanotube axis, which means that the O x (or O y ) direction of the TPP is aligned with the nanotube axis (see figure IV.27 a and b). As it was explained in the linear chain case, the only situation that would provide an amplified Soret splitting is when every TPP has its O x direction along the nanotube axis. Consequently, only this configuration (see figure IV.27 b) will be studied in this section.

Interestingly, Basiouk et al. [START_REF] Bassiouk | Noncovalent functionalization of single-walled carbon nanotubes with porphyrins[END_REF] choose to display this exact orientation in their spiral representation (without mentioning whether this is a consequence of their model or simply an artistic view). Indeed, one can observe that the white hydrogens spheres in each blue macrocycle are placed toward the nanotube axis in figure IV.26. One can start with the ring structure from Orellana's work. For this purpose, the formalism of the previous section will be adapted as detailed on figure IV.28 and figure IV.29. For clarity, a number is assigned to each considered dipole µ x and µ y . The dipoles of the first ring are called µ 1 , µ 2 , µ 3 and µ 4 , while the ones of the second ring will have a number between 5 and 8 (see figure IV.28).

Every TPP is placed at a distance of 0.3 nm from the carbon surface. The nanotube itself has a radius of 0.4 nm. According to the diagram IV.28 a), the distance between the two adjacent porphyrins is of 1 nm. This is significantly smaller than the intermolecular distance along the nanotube axis (1.4 nm, see figure IV.28c). As before, it will be assumed that the µ x dipole of each porphyrin is aligned with the nanotube axis (see figure IV.29), while the µ y one is orthogonal.

The situation of the µ y dipoles can be considered first. Within the ring structure, one can observe that the two neighboring dipoles will be orthogonal to each other (as µ y,1 and µ y,2 in figure IV.28 b). Thus, they cannot be coupled to each other and would not be involved in the spectral shifts.

One can also consider the coupling between two dipoles at each side of the tube (see figure IV.28 b, between the µ y,i and the µ y,i+2 dipoles). These two dipoles will be separated by 1.4 nm and will have a H coupling. Such coupling will create a blueshift of ∆E H = +16 meV of the B y state. When the number of attached rings will increase, this effect will be constant as it only couples two molecules. Then, the B y states can be coupled along the nanotube axis (see figure IV.28 c, for the µ y,i and the µ y,i+4 dipoles). This situation is identical to the linear chain of dipoles that has been studied earlier. There, the coupling will be different when the number of rings will change. Once again, it will lead to a blueshift, ranging from ∆E H = +16 meV to 2∆E H = +32 meV, respectively for 2 and N rings of TPP. For the B y states, the result of these two blueshift effects are displayed in figure IV.30 (blue curve) and will be commented later.
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1.0 nm For the µ x dipoles, the situation is more complex, as three kinds of interaction have to be considered. On the one hand, there are two kinds of parallel H coupling between the TPP of the same ring (see figure IV.29 left).

The first one is the coupling between the two first neighbors inside the ring, µ x,i and the µ x,i+1 . The energy shift ∆E associated to this coupling will be called γ for clarity. Since the intermolecular distance is here of around 1 nm, its value will be of γ = +45 meV.

On the second hand, one has to consider the dipoles at each side of the tube (between the µ x,i and the µ x,i+2 dipoles). As for the µ y case, it will lead to a H coupling with ∆E = +16 meV. This coupling term will be here named β.

Finally, there is the classical in-line J coupling along the nanotube axis (see figure IV.29 right). As it was shown before, it will lead to a ∆E energy shift of -32 meV, here called α. Thus, every µ x dipole can be coupled to five others, two along the nanotube axis and three within a TPP ring. The coupling matrix derived from this discussion is:

          φ 1 φ 2 φ 3 φ 4 φ 5 • • • φ N φ 1 E x γ β γ α • • • 0 φ 2 γ E x γ β 0 . . . 0 φ 3 β γ E x γ 0 . . . 0 φ 4 γ β γ E x 0 . . . 0 φ 5 α 0 0 0 E x . . . 0 . . . . . . . . . . . . . . . . . . . . . . . . φ N 0 0 0 0 0 . . . E x           (IV.20)
The evolution of the energy positions of the two bands (low and high energy) as a function of the number of coupled rings is displayed in figure IV.30. As expected, the high energy band (blue curve) is progressively moved to the higher energies, from 2.97 eV for a monomer to 3.018 eV for 4 rings and for longer aggregates (asymptotic value).

The evolution of the low energy band is more complex. Within a single ring, every µ x dipole is coupled to the three other ones through a positive H term (γ or β), while there is no in-line coupling. This moves the energy position towards the higher energies to 2.96 eV. When several rings are axially coupled, the parallel coupling within the rings does not change.

However, the in-line coupling takes place, and gets larger with the number of rings. Nevertheless, since α is significantly smaller than γ, the amplitude of this J effect is not enough to fully compensate the H coupling. For an infinite number of rings, the final position of the low energy band will be of 2.90 eV, which is +40 meV above the initial value. Whatever the number of rings, the energy splitting between the two bands is never larger than 120 meV. Thus, this ring structure has an insignificant effect on the B x /B y splitting, that is originally of 110 meV. Moreover, the two Soret components are blueshifted in the process, which is not consistent with the experimental results. This effect comes from the strong H coupling of the dipoles inside the ring structure. As a conclusion, this ring structure does not reflect the experimental results: it cannot explain the shifts and the band splittings from the PLE experiments.

B x Number of rings

Testing the helix structure

The spiral structure can now be considered. It is simply an adaptation of the linear array geometry that has been studied before. From the model developed by Basiouk and coworkers [START_REF] Bassiouk | Noncovalent functionalization of single-walled carbon nanotubes with porphyrins[END_REF], the angle θ of the spiral can be taken to 26➦. Once again, the intermolecular distance will be taken to 1.4 nm. It will be assumed that the µ x dipoles are still aligned towards the nanotube axis, while the µ y ones are orthogonal. From the B x transition, this will provide an energy shift of ∆E J =-22.5 meV, while the corresponding shift will be of ∆E H =+6.7 meV for the B y transition. Both values are smaller than for the perfect in-line array with θ = 0, due to the factor (1 -3 cos 2 (θ)). The evolution of the two energy bands for an increasing number of coupled monomers is displayed in figure IV.31. The high energy band is moved from 2.97 eV to 2.983 eV, between one and an infinite number of coupled µ y dipoles. The low energy band starts at 2.86 eV and ends at 2.815 eV. Thus, this geometry provides a maximal band splitting of 170 meV for a very large number of coupled dipoles.

As a conclusion, this spiral structure, which is only a variation of the linear chain model, is compatible with the experimental results from the PLE experiments. In this configuration, both the splitting and the energy positions obtained for the H and J bands are in agreement with the experimental results on Nt/TPP structures. Additional experiments (such as STM) would be required to confirm this geometry. Nevertheless, this discussion shows that the dipole-dipole coupling model is a valuable tool to explain the amplification of the energy splitting of the Soret band in Nt/TPP complexes.

Effect of the nanotube on the organized porphyrins

Local field effect

Until now, this chapter has discussed about spectroscopic effects in NT/TPP compounds from the molecule's point of view. It has been evidenced that the dipoledipole coupling model and the spiral geometry were able to explain the amplified energy splitting and the energy positions of the Soret components. However, the nanotube has only been seen as a geometrical pattern and very little detail has been given on its physical influence.

In the polarized PLE experiments on the Nt/TPP compounds, it has been evidenced that the high energy Soret resonance (extracted from the I ⊥ intensity) has a much smaller amplitude than the low energy component (from I ). This result was in contrast with the situation in isolated TPP, where the B x and the B y transitions have a similar amplitude (see figure IV.34). This section will be dedicated to explain this effect, in connection with the electromagnetic influence of the nanotube.

First, it is important to understand how a carbon nanotube interacts with an incoming light beam. In such situation, a local field effect is created. This is one consequence of the antenna effect due to the 1D geometry of the nanotube. In presence of an incoming electric field -→ E 0 , the nanotube will generate an additional electromagnetic contribution, called the depolarizing field. This will modify the amplitude of the global electric field -→ E that will interact with the porphyrins at the surface of the nanotube. These effects have been well explained in previous doctoral manuscripts and a paper in the group [START_REF] Vialla | Interaction between carbon nanotubes and their physico-chemical environment : towards the control of the optical properties[END_REF][START_REF] Roquelet | Local field effects in the energy transfer between a chromophore and a carbon nanotube: A single-nanocompound investigation[END_REF][START_REF] Roquelet | Transfert d'énergie dans des composés nanotube de carbone/porphyrine[END_REF]. Through a simple electromagnetic model, the amplitude of the resulting field can be calculated as a function of the field orientation. When the electric field is aligned with the nanotube axis, the resulting field has an unchanged amplitude E = E 0 (see figure IV.32 left). This means that the effect of the nanotube on the electric field is negligible in this configuration.

On the other hand, when the field is perpendicular to the tube axis, its amplitude E depends strongly on the spatial coordinates (see figure IV.32 right). As a consequence, porphyrins that are placed at different locations will not interact with the same electromagnetic field. If the porphyrin is placed across the electric field direction (see figure IV.33 left), the electric field will have a larger amplitude than E 0 . However in this configuration, the electric field is perpendicular to the porphyrin plane, which results in a zero absorption of incident photons by the porphyrin. Indeed, the out of plane porphyrin dipole moment is zero on the Soret and the Q bands. If the porphyrin is placed at 90➦ from the field direction (see figure IV.33 right), it will interact with a screened electric field. At the very surface of the nanotube, the resulting field has an amplitude of 0.5 E 0 (and a square of the electric field norm

|E| 2 =0.25|E 0 | 2 ).
As a conclusion, the effect of the nanotube will decrease the number of photons absorbed when the incident light is polarized perpendicular to the nanotube axis. At the opposite, it has been shown that the effect of the nanotube was negligible when the light was polarized along the nanotube axis. This study shows that local field corrections (or antenna effects) are essential in understanding the optical properties of the hybrid nanocompounds. In particular, the large polarizability at optical frequencies of the carbon nanotube allows to reshape drastically the absorption of the porphyrin (see figure IV.34). Consequently, the local field effect is able to explain why the experimental high energy transition has a smaller intensity than the predicted one. From a simple electromagnetic calculation, the absorption intensity of a given transition can be proved to be proportional to the square of the interacting electric field norm. Therefore, one can observe that the local field effect would lead to a decrease of a factor four of the intensity of the transitions perpendicular to the nanotube axis. One can see this local field effect can quantitatively explain the decrease of a factor four of the amplitude of the high energy band (see figure IV.34).

Tautomerism blockade on surfaces

One aspect that has been neglected until now is the movement of the inner hydrogens atoms within the porphyrin. The structure of the porphyrin is quasi-isotropic, as it nearly possesses a four-fold symmetry. The only source of assymetry in such structure is the presence of the two central hydrogens. Consequently, these hydrogens have two symmetrical equilibrium positions. In a quantum characteristic behavior, these hydrogens are able to jump from one position to another, following a tautomerism process [START_REF] Wehrle | 15n-cpmas-nmr study of the problem of nh tautomerism in crystalline porphine and porphycene[END_REF] with a fast rate of 10 11 s -1 . This process can be seen as constant tunneling movement of the two protons from its respective pyrolle position to the neighbor one. This process has an important influence on the spectroscopy of the molecule. From the previous discussion, it has been assumed that every porphyrin would have its O x direction toward the nanotube axis, its O y direction being orthogonal. However, one should not neglect the tautomerism effect: the Ox and Oy axes are supposed to be constantly switching from one position to the other. Thus, even if one porphyrin has its B x component along the nanotube axis at the moment t, it would in principle be replaced by the B y component after the instant t+τ , where τ is the switching characteristic time. Experimentally, the PLE signal would be integrated over a large number of porphyrins and over a time much larger than τ . Therefore, the spectroscopic splitting between the two energy Soret bands B y and B x could not be observable in polarized PLE experiments in Nt/TPP samples. Indeed, the measured signal would be the superimposition of the two situations, leading to an averaged signal with an anisotropy close to zero.

The only possibility for this spectroscopic splitting to persist is if the tautomerism effect is quenched. In other words, an additional physical effect may prevent the hydrogen from tunnelling between the two stable positions. Usually, such effects only exist at very low temperature [START_REF] Auwärter | A surface-anchored molecular four-level conductance switch based on single proton transfer[END_REF], when the hydrogens do no have a sufficient energy pass through the energetic barrier. For instance, Pham and coworkers were able to observe stable tautomers of the TPP by STM experiments at very low temperature [START_REF] Van Dong Pham | Electronic interaction between nitrogen-doped graphene and porphyrin molecules[END_REF]. However, there are several examples in the literature of tautomerism blockade at higher temperature, especially if the molecules are in interaction with a surface.

One of these examples is the study presented earlier on a TPP monolayer on a HOPG substrate (see figure IV.36, [START_REF] Bussetti | Stable alignment of tautomers at room temperature in porphyrin 2d layers[END_REF]). In addition to STM measurements, the authors performed a polarized reflectometry experiment, to probe the Soret band of the adsorbed TPP. They showed that the B x component (respectively the B y ) of every TPP were constantly aligned along the same graphitic direction (named either α or β in figure IV.36). Using an electromagnetic semi-empiric approach, they were able to extract the two spectroscopic components of the Soret band B These measurements were only possible due to an anisotropy of reflectance ∆R along the two axes α and β. They attributed this anisotropy to a tautomerism blockade induced by the graphite surface.

If such hydrogen blockade occurs on graphite at room temperature, it may also be present on graphene and on carbon nanotubes. In the case of the nanotube, it would mean that the two hydrogens are fixed in the direction of the nanotube axis, as if this position were more stable. If the reason of this effect is unknown, it would explain why an energy splitting and a non-zero anisotropy is visible in the Nt/TPP samples.

Organization in other configurations

In the previous section, the combination of a dipole-dipole interaction and a local field effect were able to explain every features of the porphyrins spectroscopy in the Nt/TPP compounds. In this section, this dipole interaction model will be confronted to experimental results in two other situations. The first one will be the adsorption of TPP on graphene nanosheets. The second one will be the adsorption of diphenylporphyrins on carbon nanotubes.

Absorption characteristics of the porphyrin on carbon nanotubes and graphene

Due to the absence of a luminescence process from the graphene sheets, the polarized PLE experiments presented before cannot be used in this part. Therefore, only the absorption spectra of the graphene/TPP samples will be compared to the dipoledipole interaction model. At the beginning of this chapter, the absorption spectrum of a graphene/TPP sample has been compared to the one of a Nt/TPP samples. It was shown that the energy position of the Soret band of the π-stacked TPP was different in the two samples. At the end of the stacking process, the Soret peak of the porphyrins interacting with graphene was located at 2.79 eV, while it was only at 2.82/2.83 eV for Nt/TPP samples. Another interesting difference between carbon nanotubes and graphene lies in the evolution of the redshifted Soret component during the functionalization process. As mentioned in the chapter II, an isosbestic process is taking place for the case of the Nt/TPP compounds. As seen in figure IV.37, the amplitude of the π-stacked porphyrins resonance is growing as a function of time. Yet, its position in energy remains practically the same during the process (though a multi-gaussian fitting process could evidence small differences). This isosbestic effect indicates that the porphyrins can only be in two states: either they are free in the solution or π-stacked at the nanotube surface.

The behavior is more complex for graphene/TPP samples. In figure IV.38, the evolution of the optical spectrum is displayed as a function of time for a porphyrin concentration of 8 µmol.L -1 . When the shifted Soret component appears after a few minutes, it is around 2.85-2.83 eV. Then, it undergoes a progressive additional redshift, to finally reach a value of 2.78 eV. Once again, a complex fitting process should be required to point out the exact center of the π-stacked porphyrin resonances. Nevertheless, this behavior is clearly not isosbestic: an additional redshift seems to occur once the porphyrin coverage on the graphene surface begins to be significant.

2.7

2.8 2.9 3.0 0.01 0.1 On the other hand, the absorption of the π-stacked Soret band for Nt/TPP samples was also studied upon an increase of the concentration of interacting porphyrins [START_REF] Roquelet | Transfert d'énergie dans des composés nanotube de carbone/porphyrine[END_REF]. The position of the shifted Soret band was there independent of the quantity of porphyrins interacting with the nanotube. While the redshifts on nanotubes and graphene have comparable characteristics, there are significant differences between the two situations. In graphene/TPP samples, the redshift seems to be very sensitive to the molecular concentration. This behavior depends on the coverage proportion of the graphene surface by porphyrin molecules: it could be linked to the dipole-dipole coupling between the π-stacked porphyrins.

The organization of porphyrins on graphene A monolayer of porphyrins

The next step would be to adapt the dipole-dipole coupling model to the graphene configuration, to see if the previous absorption behavior can be explained. The geometry evidenced in STM by Pham et al. is good starting point for this model. The intermolecular distance r will be fixed to 1.4 nm and the tilt angle to θ = 10➦. To model the organization of porphyrins on graphene, it is easier to consider only squares or p×p=N porphyrins molecules. In the first line, the molecules will be tagged with a number from 1 to p, from p+1 to 2p for the second line. According to the formula IV.12, this will lead to two different terms of coupling. Between two in-line dipoles, the coupling term will be α = -30 meV; while between two parallel dipoles, it will be of γ = +14.4 meV. Due to the planar symmetry, these two coupling terms apply both to the separate µ x and µ y lattices. For instance, it will lead to the following matrices when N=4 for the B x and the B y states:

M x =     φ 1 φ 2 φ 3 φ 4 φ 1 E x α γ 0 φ 2 α E x 0 γ φ 3 γ 0 E x α φ 4 0 γ α E x     ; M y =     φ 1 φ 2 φ 3 φ 4 φ 1 E y γ α 0 φ 2 γ E y 0 α φ 3 α 0 E y γ φ 4 0 α γ E y     (IV.21)
Then, one can extract the eigenenergies and the corresponding dipole moments. As for the linear case, there is only one eigenstate having a significant dipole moment.

The evolution of the absorption lines positions when N increases is displayed in figure IV.41. Both bands undergo a redshift from -16 meV (for N=4) to -30 meV (for N=∞). For a very large number of molecules, the final energy positions are 2.83 and 2.94 eV, respectively for the low energy and the high energy band. Now, these figures can be compared to the Soret band of interacting porphyrins measured in optical absorption. In the previous results on graphene/TPP samples, the Soret band measured in absorption was centered at 2.82 eV at low TPP concentration, and moved to 2.79 eV at high porphyrins concentrations. In the present model, one can assume that the low energy and the high energy bands contribute equally to the optical absorption. Then the center of the band measured in absorption should theoretically be around the average of the two centers: E average = 0.5 × (2.83 + 2.94) = 2.885 eV (see figure IV.41). One can see that the experimental value is a 65 to 95 meV below the predicted center of the Soret band for graphene/TPP samples (that was of 2.79/2.78 eV). This mismatch indicates that an additional physical phenomenon has to be taken into account. As graphene is a 2D flat surface, the contribution of the molecule flattening may be more important. Additionally, there is very little information about the effect of graphene regarding solvatochromism. When the porphyrins are at the surface of a graphene sheet, the induced redshift may be more important than for the nanotubes.

An example of porphyrins multilayers

At this point, it would valuable to look for the reason of this additional redshift in the literature. As it was shown before, this additional redshift was strongly dependent on the concentration of stacked porphyrins.

The work of Bussetti et al. on the stacking process of TPP molecules on HOPG has already been presented before [START_REF] Bussetti | Stable alignment of tautomers at room temperature in porphyrin 2d layers[END_REF]. A similar study from the same group [START_REF] Bussetti | Probing two-dimensional vs three-dimensional molecular aggregation in metal-free tetraphenylporphyrin thin films by optical anisotropy[END_REF] followed the evolution of the Soret band of TPP as a function of the amount of adsorbed molecules on the graphite surface (see figure IV.42). The authors used AFM images to probe the morphology of the sample after each adsorption process. In parallel to AFM experiments, they monitored the position of the maximum of the reflectance anisotropy, which lies in between the low energy and the high energy Soret band. For a monolayer of TPP (0.02 nm of thickness, figure IV.42 a. and d.), this center is as 430 nm (2.88 eV). This 2.88 eV value is very similar to the predicted value from the previous dipoles coupling model. When the quantity of molecules is increased (until 5 nm of nominal thickness, figure IV.42 c. and f.), it progressively moves to 444 nm (2.79 eV). This last value is at the same position as the center of the Soret band that we measured in absorption for very concentrated graphene/TPP samples. When the authors performed AFM images of each of their samples, they observed the presence of large structures with an increasing size as a function of the amount of added porphyrins. These structures can cover up to 30 % of the surface, and are several times higher than the nominal thickness of the sample.

Interestingly, this proves the ability of the TPP to form very large, trimidimensional clusters, even on a flat template. Additional topographic experiments on graphene/TPP samples, such as AFM or STM, would allow to confirm such hypothesis.

Modeling the porphyrins multilayers on graphene

Nevertheless, the reason of this very large redshift when the porphyrins form the 3D aggregates is still unexplained. This effect can be the consequence of a very specific organization of the TPP multilayers. As seen in figure IV.43, one can imagine two possible organizations within a bilayer of TPP.

In the first one, the second layer of molecules would be placed vertically to the first layer. This would lead to positive dipole-dipole coupling and global blueshift of the B x and the B y bands. If one considers a small distance between the two layers (≃ 0.3/0.4 nm), the intensity of this blueshift can be of several hundreds of meV. Thus, this situation cannot reflect the experimental results.

On the other hand, a staggered structure is possible, in which the second layer is shifted in the two planar directions from the first (see figure IV.43). For instance, one can consider a situation in which the porphyrins of the second layers are shifted of 0.7 nm in both directions (while the intermolecular distance is of 1.4 nm). A TPP of the second layer would be placed in the middle of four TPP of the first layer. It would also lead to an angle between porphyrins of separate layers of around 45➦. If one consider a distance of 0.4 nm between the two layers, it would lead to an intermolecular distance d of:

d = √ 0.7 2 + 0.7 2 + 0.4 2 ≃ 1.1nm (IV.22)
The exact expression of the M bilayer y matrix is:

M bilayer y =            φ 1 φ 2 φ 3 φ 4 φ 5 φ 6 φ 7 φ 8 φ 1 E y γ α 0 δ 0 0 0 φ 2 γ E y 0 α δ δ 0 0 φ 3 α 0 E y γ δ 0 δ 0 φ 4 0 α γ E y δ δ δ δ φ 5 δ δ δ δ E y γ α 0 φ 6 0 δ 0 δ γ E y 0 α φ 7 0 0 δ δ α 0 E y γ φ 8 0 0 0 δ 0 α γ E y            (IV.24)
As usual, the diagonalization of this matrix provides only one eigenstate with a significant dipole norm. For the B y band, its energy position is at 2.91 eV. For a single layer made of the 4×4 square lattice of four TPP, the diagonalization of M monolayer y yielded a corresponding eigenenergy at 2.95 eV. Thus, the presence of a second layer on top of the first leads to a additional redshift of -40 meV. A similar result is found for the B x band, proving that the two bands and the Soret center positions would be equally redshifted. Then, the model can be easily adapted to several layers, each of them made of a 4×4 square of TPP. The energy positions found with this model are displayed in figure IV.44, for a number of layers between 0 and 8. Both bands undergo a progressive redshift, that tends to saturate respectively at 2.88 eV and 2.77 eV. Thus, the additional redshift created by the multilayers structures saturates at -90 meV. At this point of the discussion, the results from the mono/multilayer dipole coupling model have to be confronted with the absorption features from the experimental data (see figure IV.45). For a single 2D layer of porphyrin, the maximal shift of each component of the Soret band was of -30 meV. Then, through the multilayer process, an additional redshift of -90 meV is reached. When the two effects are combined, the center of the Soret band is predicted around 2.80 eV (see figure IV.45 left). This last value is very close to the position of 2.79 eV that was found by optical absorption for the Soret band in graphene/TPP samples with a large concentration of porphyrins.

As a conclusion, this multilayer hypothesis provides the good order of magnitude for the shift of the Soret band in graphene/TPP nano-assemblies. Moreover, the creation of a first monolayer and then of several multilayers would explain the non isosbestic behavior and the additional redshift effect. Once again, this discussion has proved that the organization of TPP on a carbon template could be understood thanks to a combination of optical spectroscopy, near field microscopy (STM,AFM) and a dipole-dipole coupling model.

Optical spectroscopy of diphenyl porphyrins on carbon nanotubes

In the previous chapter, a cooperative behavior of the π-stacking process of porphyrins on carbon nanotube has been unveiled. This process has been compared to a DFT study from Orellana [START_REF] Orellana | Strong π-π interaction of porphyrins on (6, 5) carbon nanotubes with full surface coverage: Ab-initio calculations[END_REF] that attributed such associative behavior to the capacity of phenyl groups to couple between adjacent porphyrins. To test such effects, as well as to complete the TPP spectroscopic data, CoMoCat nanotubes have been coupled with 5,15-diphenylporphyrin (DPP). Figure IV.47 displays the absorption spectrum of the DPP in cholate. Its chemical structure does not have the two fold symmetry of the TPP (due to the phenyls removal), but its absorption spectrum possesses the same number of bands (Q bands, Soret,... ). The main difference is that the Soret band is at a higher energy of 3.02 eV (410 nm) instead of 2.95 eV (420 nm) for TPP. 

Polarized PLE spectroscopy of isolated DPP

To start this discussion, polarized PLE experiments have been performed on the DPP molecules isolated in the DCM/castor oil mix. The figure IV. [START_REF] Lefebvre | Polarized photoluminescence excitation spectroscopy of single-walled carbon nanotubes[END_REF] shows the unpolarized PLE diagram (red curve) for an emission recorded over the Q x (0,0) centered at 1.96 eV. This PLE exhibits a Soret band centered at 3.04 eV, at the same position as in a full DCM sample. Once again, this value is blueshifted of around 20 meV with respect to the value in cholate (3.02 eV). The anisotropy measurement on the same emission line at 3.04 eV is reported on the same graph. Surprisingly, the anisotropy is practically constant over the Soret band, for a value of around 0.12. This value is significantly larger than the zero minimal value of the anisotropy for the TPP. Similarly to the TPP case, a steep change in anisotropy is present at a lower energy (around 2.9 eV), reaching an increased anisotropy of almost 0.20. Here, this steep change in anisotropy is shifted with respect to the Soret band of the DPP, while it was included inside the Soret band of the TPP. These results are remarkably similar to a previous study on metalated Zn diphenyl porphyrins, which exhibited an energy shift between maximal value of the anisotropy and absorption region of the Soret band [START_REF] Yong | Photophysical properties of meso, meso-linked porphyrin arrays: steady-state and time-resolved fluorescence polarization[END_REF]. Such effect is indicative of the complexity of the electronic structure within the Soret band, that includes several vibronic substates at low energy (≃ 100-200 meV below the Soret band center [START_REF] Spencer Baskin | Ultrafast dynamics of porphyrins in the condensed phase: I. free base tetraphenylporphyrin[END_REF]). In figure IV.49 is plotted the PLE parallel and perpendicular components extracted from the DPP anisotropy. As the anisotropy value is positive, the parallel Soret component has a larger intensity than the perpendicular one in this spectral region. These two components are centered at the same energy of 3.04 eV, due to the absence of an anisotropy steep transition inside the Soret band. A a consequence, the two components of the Soret band are not split in energy. This result is significantly different from the same measurement on the TPP.

Spectroscopic characteristics of the Nt/ Diphenyl porphyrin compounds

In a second time, Nt/DPP samples have been synthesized in a SC environment. Figure IV.50 left displays the corresponding absorption diagram (blue line). The spectrum exhibits a split Soret band, with two components at 3.02 and 2.85 eV. The final behavior is close to the one of the TPP, even though the low energy component of the Soret band is at a higher energy position here (2.85 eV instead of 2.82 eV for TPP).

Simultaneously, the (6,5) S 11 transition in figure IV.50 left undergoes a redshift. Its final position is 1.235 eV (1004 nm), which constitutes a larger shift than for the TPP (1.24 eV / 1000 nm). This effect could be the consequence of a larger molecular coverage, as the porphyrin lateral size decreases when two phenyls are removed. The figure IV.50 right shows the PLE maps from the Nt/DPP sample. An energy transfer resonance is observed, with a maximum at an excitation wavelength of 435 nm (2.85 eV). 

Modeling the organization of diphenylporphyrins

For the Nt/TPP complexes, the previous model was able to account for the 160 meV experimental shift. This shift could be explained as a superimposition of the pristine B x /B y energy separation of 110 meV and the additional splitting of 50 meV from the molecular spiral configuration.

In order to apply the same dipole model to the DPP, the extinction molar coefficient of the DPP was calculated experimentally. At the center of the Soret band, it was found to be of ε = 370.000 cm -1 .mol -1 .L, in agreement with literature [START_REF] Yong | Photophysical properties of meso, meso-linked porphyrin arrays: steady-state and time-resolved fluorescence polarization[END_REF][START_REF] Raymond | Synthesis of 5, 10diphenylporphyrin[END_REF]. This value is very similar to the one of TPP, which means that these two molecules have very similar oscillator strength and dipole moments.

From the previous discussion, the spiral/array structure was shown to induce a shift of the B x band of around ∆E J ∈ [-30, -60] meV and of the B y band of ∆E H ∈ [+20, +40] meV. Thus, this effect alone could account for a splitting between 50 and 100 meV. It was also evidenced earlier that no intrinsic splitting is present in the polarized PLE diagram of the isolated DPP. Consequently, the spiral structure that was mentioned for the Nt/TPP compounds is not sufficient to account for the large 200 meV energy difference in Nt/DPP complexes.

To explain this difference, one must remember that the value of the energy splitting depends strongly on the intermolecular distance. Thus, this 200 meV splitting could be the consequence of a different geometry where the phenyl-phenyl interaction is not the driving effect (see figure IV.54 left). At this point, one has to observe that the origin of the -→ µ dipoles is located at the center the porphyrins macrocycles.

For instance, one could consider the creation of arrays of aligned DPP, that have their macrocycles next to another (see figure IV.54 right). In such structures, the intermolecular distance could take a value r ∈ [0.8, 1.2] nm. This value is smaller than the size of 1.25 for the porphyrin molecules (from one phenyl to another). However, it is larger than the size of the macrocycle that is estimated to 0.7 nm [START_REF] Peter | Biomimetic dye aggregate solar cells[END_REF].

For a distance of 1.1 nm between molecules, a redshift of ∆E J ≃-65 meV could be reached. Simultaneously, the parallel coupling would create a blueshift of ∆E H ≃ +33 meV. For N molecules, the maximal splitting obtained is of:

2 (∆E H -∆E J ) ≃ 200meV (IV.25)
This value is in agreement with the experimental results in the Nt/DPP complexes presented above. One could also consider spiral alternatives of this macrocyclecoupling geometry in order to maximize the nanotube surface coverage.

Phenyls interaction

Macrocycles orientation 1.4 nm 1.1 nm Though the energy splitting in the Nt/TPP and the NT/DPP samples have the same order of magnitude, they may arise from very different geometries of aggregates. In the Nt/DPP absorption spectrum presented in a previous section, the S 11 nanotubes transition was at 1.235 eV (1004 nm), instead of 1.240 eV (1000 nm) for the Nt/TPP samples. This solvatochromic effect may be the consequence of a higher coverage of porphyrins at the surface of the nanotube. This effect would validate the hypothesis of a smaller intermolecular distance within the DPP aggregates than in the TPP ones.

A DFT study of the ability of diphenylporphyrins to assemble at the surface of the nanotube would be an ideal complement to this study, in order validate the hypothesis of a macrocycles alignment instead of a phenyls coupling. A STM study of the deposition on diphenylporphyrins on nanotubes or graphene might also be helpful.

Conclusion

This chapter was dedicated to the comprehensive study of the energy shifts of the B x and B y components of the porphyrins Soret band upon adsorption. These effects are observed in many configurations: for tetraphenylporphyrins, for diphenylporphyrins, on carbon nanotubes or on graphene. In each configuration the final Soret band in absorption has different characteristics (position, amplitude, width) that provide valuable information on the π-stacking process.

A detailed study of the possible mechanisms that could create the observed energy shifts has been performed. Among them, the flattening of the molecule and the coherent organization of the molecules are the most probable. Many spectroscopic effects tend to validate the latter hypothesis.

By means of polarized PLE spectroscopy, the presence of an energy splitting of the Soret band has been evidenced. If this splitting exists in TPP molecules, it is not present in DPP. This effect also exists in Nt/porphyrins samples, but its value is significantly larger. In every sample, the polarization properties of the two Soret component was similar: the high energy band was quasi-isotropic while the low energy one was strongly anisotropic.

A review of valuable literature examples has proved that porphyrins have the ability of to self-assemble on a surface. Then, a dipole-dipole coupling model has been developed to predict the spectroscopic consequences upon cooperative aggregation. This study has shown that the structure of the porphyrins aggregates could be determined using the combined results from near field microscopy, optical spectroscopy and this dipole-dipole coupling model. Indeed, this model has been adapted to the porphyrin characteristics, and several geometries have been tested. The case of the TPP and the DPP on nanotubes unveiled very different probable organizations, either driven by the phenyl-phenyl coupling or the macrocycles interaction. The configuration of TPP on graphene has also been studied under the hypothesis of the creation of multilayers. All of theses effects are valuable evidences of the ability of porphyrins to organize into very large layers at the surface of sp 2 carbon materials.

Conclusion and perspectives

This thesis has been dedicated to the study of nanotube/porphyrins compounds with energy transfer properties. This work has demonstrated the remarkable properties of carbon based hybrid assemblies in the context of carbon-based thin films solar cells. The functionalization mechanism has been comprehensively studied from the organization of the surfactants to the self-assemblies of the porphyrins at the carbon surface.

Indeed, the active role of the surfactant, with its proper organization, has been unveiled. It was shown that the π-stacking reaction is actually starting by a diffusion step in which the TPP are evolving inside the surfactant environment. If it is not properly controlled, this environment can limit the efficiency of the functionalization process. It was also shown that the surfactant environment can influence the thermodynamics of the π-stacking mechanism.

Mixes of complementary surfactants were proved to be very efficient to control such reaction. By diluting strongly the SDS surfactant, a fast and controlled functionalization route was obtained. In such conditions, the final equilibrium was hardly disturbed by the surfactant mixed environment. These results may be applied to many nanoobjects usually suspended in surfactant environments: quantum dots, gold nanoparticles, polymers, biological elements,.. . In many situations, these objects need to be modified through a chemical reaction. In such case, this study proved that the experimentalist can influence the reaction dynamics by modifying the surfactant composition.

Additionally, the surfactant/porphyrin stability has been proved to be a limiting element for the reaction dynamics. Getting rid of the surfactant coverage around the dyes could represent a further improvement of the functionalization process. It would be interesting to test the functionalization process with carefully chosen hydrosoluble porphyrins, to see if the reaction dynamic can be accelerated. Indeed, these surfactant-free, ionic porphyrins may diffuse very rapidly through the SC/Nanotubes assemblies. In a recent article [START_REF] Petro Lutsyk | A sensing mechanism for the detection of carbon nanotubes using selective photoluminescent probes based on ionic complexes with organic dyes[END_REF], Lutsyk et al. showed that cationic cyanin dyes could be mixed very easily with nanotubes in a anionic surfactant. As in the present work, the luminescence of the nanotubes was preserved and a strong energy transfer process was evidenced.

In addition, a comprehensive thermodynamic study of the nanotube/porphyrins compounds has been performed. A compact molecular coverage has been evidenced on different carbon nanotubes species and on graphene. The ability of porphyrins to form multilayers of porphyrins on a carbon template has also been investigated. A large affinity of porphyrins with large diameter nanotubes has been discovered, in a probable connection with the nanotube/porphyrin binding energy. This result could be used to perform a diameter sorting operation in a centrifugal field. Heavier porphyrins, such as metalated porphyrins could be used to amplify such effect.

On [START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] nanotubes, the adsorption of porphyrin has been proved to be cooperative. In connection with a theoretical DFT model [START_REF] Orellana | Strong π-π interaction of porphyrins on (6, 5) carbon nanotubes with full surface coverage: Ab-initio calculations[END_REF], this effect has been linked to the interaction of phenyl groups from adjacent molecules. By adding substituents of different sizes on such phenyls, the reaction equilibrium was shown to be less favored and the spectral features of the nanotube/porphyrin interaction were progressively lost.

Finally, many examples in literature proved that the self-assembly of porphyrins into organized layers is a general behavior. Based on absorption and polarized photoluminescence studies, the orientation of the molecules on the walls of the nanotubes and graphene has been discussed. The consequences of such cooperativity ability of the porphyrins on carbon surfaces has been modeled via a dipole coupling formalism. By using diphenylporphyrin molecules, it has been shown that the dyes organization depends on the molecular structure.

These results proves that the cooperativity is an important characteristic for the molecules to stack on the nanotube surfaces. For future researches, only molecules that have this ability should be selected, such as cyanins or perylenes derivatives. The candidates molecules should have a large oscillator strength to amplify the dipole-dipole coupling. The physics of J aggregates is very rich, especially when the molecules are very strongly coupled. It would be interesting to study the exciton dynamics inside coherent aggregates of dyes around carbon nanotubes.

It has been proved that the porphyrin organization depends on the carbon pattern dimensions. In nanotubes samples, the ring and spiral structures of porphyrins have been detailed. Only the spiral geometry was able to explain the experimental energy splittings. Spiral of porphyrins are remarkable structures, with very interesting geometric properties. In principle, they should have a particular chirality and a corresponding influence on a polarized incident light. Consequently, additional spectroscopy experiments on bulk or isolated nanotube/TPP compounds, would help to investigate into potential optical activity or Aimé Cotton effects in such hybrid compounds. Similar effect have been evidenced on nanotube wrapped with DNA branches [START_REF] Dukovic | Racemic single-walled carbon nanotubes exhibit circular dichroism when wrapped with dna[END_REF].

On the other hand, a multilayer structure of porphyrins has been used to explain the spectroscopy of the graphene/TPP assemblies. The presence of multilayers of porphyrin around nanotubes has also been mentioned. This multilayers hypothesis could be investigated by near field experiments such as TEM or AFM on deposited hybrid compounds. If the results are similar to close examples in literature, these multilayers could have a dimension of several nanometers. Such thick multilayers can be used as a protective shell around the carbon surface. It could lead to core-shell structure that may preserve the electronic and optical properties of the carbon objects. In the case of the nanotubes, it could lead to an improvement of the luminescence properties in terms of blinking or bleaching, that are often due to the disturbing influence of the environment. A great advantages of such multilayers is that they are fully reversible: a simple rinsing with an organic solvent remove the porphyrins molecules from the nanotubes [START_REF] Roquelet | Transfert d'énergie dans des composés nanotube de carbone/porphyrine[END_REF]. If a very resistant coverage is required, porphyrins molecules can also be polymerized after stacking on the nanotube [START_REF] Clavé | Functionalization of carbon nanotubes through polymerization in micelles: A bridge between the covalent and noncovalent methods[END_REF]. On the other hand, the diameter sorting effect evidenced in this manuscript should be considered in regard of this multilayer hypothesis. Indeed, nanotubes covered with such heavy multilayers of porphyrins would have a very high density.

This work opens new possibilities toward controlled aggregates of molecules on carbon nanotubes. The possibility to use align molecules with spin properties at the surface of carbon nanotube could be interesting [START_REF] Bairagi | Molecular-scale dynamics of light-induced spin cross-over in a two-dimensional layer[END_REF]. Such effects have been demonstrated for iron porphyrins on a Cobalt surface [START_REF] Wende | Substrate-induced magnetic ordering and switching of iron porphyrin molecules[END_REF]. Hybrid aggregates are also very promising, with an alternation of different complementary molecules (TPP, DPP, metalated porphyrins, cyanins). These molecules could be carefully selected to absorb efficiently in different parts of the optical spectrum. On a single nanotube, it would be possible to assemble complementary molecules, to efficiently absorb light on a broad spectrum and transfer it to the nanotube. This would be particularly valuable to create thin films solar cells. The possibility to stack two complementary molecules (A and B) in an organized structure could help to create a nanostructured coverage around the nanotube (for instance A-B-A-B or A-A-B-A-A ). As for copolymers, it would be possible to tune the ratio between two adsorbent molecules. This could control and modulate many electrical and optical properties of the nanotubes: such as the energy transfer efficiency, or the solvatochromism effect, the diffusion or the extension length of excitons or phonons... The work of this thesis has brought a better understanding of the interaction between the nanotubes and their physico-chemical environment. For nanotubes/porphyrins compounds, the remarkable intrinsic features of the nanotubes are preserved while environmental allows to introduce of new additional features. These hybrid structures made from carbon nano-objects present many promising properties that could be used for applications in chemistry, quantum physics or in optoelectronics.

Résumé de la thèse

Ce manuscrit présente une étude expérimentale sur le processus de recouvrement de nanotubes de carbone monoparois en suspension micellaire par des molécules de colorants organiques appelées tetraphenylporphyrines. Ces nanocomposés nanotubes/porphyrines présentent un phénomène de transfert d'énergie ultra efficace de la molécule de porphyrine (donneur) vers le nanotube (accepteur). Ce type de propriétés est particulièrement intéressante pour des applications telles que les cellules solaires en couche mince ou la bioimagerie. En raison des propriétés électroniques exceptionnelles et de la structure chimique carbonée de ces nanotubes, une modification de leur environnement physico-chimique a une grande influence sur leurs propriétés optoélectroniques. Les conséquences de cette fonctionnalisation de surface sont ici étudiées par des techniques de spectroscopie optique. Le procédé de fonctionnalisation non covalente de nanotubes par des molécules de porphyrines en milieu micellaire est détaillé selon trois axes de recherches complémentaires.

Dans un premier temps, les aspects cinétiques de ce processus réactionnel seront discutés. En particulier, le rôle de l'organisation de l'environnement micellaire est mis en évidence. La solubilité de la molécule de porphyrins dans différents surfactant a été préalablement étudiée. De plus, nous avons montré que le caractère ionique des surfactants communément utilisés joue un rôle central dans la cinétique de fonctionnalisation des nanotubes par les porphyrines. Cela peut rendre le processus extrêmement lent, avec des temps caractéristiques de plusieurs jours. De manière à contourner ce problème, nous avons développé une nouvelle méthode de fonctionnalisation que nous avons appliquée ici au couple nanotubes de carbone / molécules de porphyrines. En passant la concentration du surfactant solubilisant les molécules sous sa concentration micellaire critique à l'aide d'une dilution, il est possible de contourner la stabilité des surfactants ioniques tout en conservant leur pouvoir de solubilisation. Cette méthode permet de contrôler finement la réaction et de moduler son temps caractéristique sur plusieurs ordres de grandeurs.

Ensuite, une étude thermodynamique de l'interaction nanotube/porphyrines a été réalisée. Le formalisme d'adsorption de Hill a été utilisé pour modéliser le processus de couverture du nanotubes par les molécules. Cela a permis de mettre en évidence que l'environnement micellaire a une influence sur l'énergie de Gibbs de la réaction. Cela a aussi démontré le comportement associatif des porphyrines au cours de leur interaction avec le nanotube. Dans un second, temps, un modèle cinétique a été développé pour comprendre comment l'étape de diffusion externe et l'étape d'adsorption sur les nanotubes étaient imbriquées. De plus, il a été prouvé que les porphyrines ont une affinité plus grande avec les nanotubes de grand diamètre. L'étude de l'adsorption des molécules de porphyrines sur des nanofeuillets de graphène en milieu micellaire a aussi été réalisée, en suivant une méthode similaire.

Dans un troisième chapitre, les caractéristiques spectrales de la porphyrine isolée et lorsqu'elle est adsorbée sur la surface de carbone seront comparées. Pour ce faire une expérience d'excitation de la photoluminescence résolue en polarisation a été mise en place. Cela a permis de révéler la présence de deux composantes internes à la bande de Soret des porphyrines. De plus, au cours de l'adsorption des porphyrines sur le nanotube, ces deux composantes subissent une amplification de leur écart en énergie. Un modèle de couplage dipôle-dipôle a été développé pour comprendre cet effet. De plus, ce modèle permet de mettre en évidence que les molécules s'auto-organisent sur le substrat carboné (nanotube ou graphène). Pour mieux comprendre ce phénomène, plusieurs exemples d'effets similaires issus de la littérature sont discutés, démontrant que la molécule de porphyrine a une capacité naturelle à s'organiser sur différents substrats. Dans le cas des nanotubes, la création de spirales de molécules, entourant toute la surface du nanotube, semble être l'hypothèse la plus probable. L'effet de champ local du nanotube a aussi été invoqué pour expliquer les amplitudes distinctes des composantes de Soret des molécules adsorbées sur les nanotubes.

Titre : Fonctionnalisation non covalente de nanotubes de carbone.

De l'organisation des micelles à l'auto-assemblage des porphyrines Mots -clés : Carbone, Optique, Spectroscopie, Transfer d'énergie, Nanomatériaux Résumé : dddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddd Ce manuscrit présente une étude expérimentale sur le processus de recouvrement de nanotubes de carbone monoparois en suspension micellaire par des molécules de colorants organiques. En raison des propriétés électroniques exceptionnelles et de la structure chimique carbonée de ces nanotubes, une modification de leur environnement physico-chimique a une grande influence sur leurs propriétés optoélectroniques. Les conséquences de cette fonctionnalisation de surface sont étudiées par des techniques de spectroscopie optique.

Le procédé de fonctionnalisation non covalente de nanotubes par des molécules de porphyrines est détaillé selon trois axes de recherches complémentaires. Dans un premier temps, les aspects cinétiques de ce processus réactionnel seront discutés. En particulier, le rôle de l'organisation de l'environnement micellaire est mis en évidence. Cela permet de comprendre et de contrôler la durée de la réaction. Une étude thermodynamique de l'interaction nanotube/porphyrines sera ensuite menée. Le comportement associatif des porphyrines au cours de leur interaction avec le nanotube sera démontré. Dans un troisième chapitre, les caractéristiques spectrales de la porphyrine lorsqu'elle est adsorbée sur la surface de carbone sont discutées. Un modèle de couplage dipôle-dipôle est développé pour comprendre ces effets, en lien avec une tendance des molécules à s'aligner et s'auto-assembler sur une couche de carbone.

Title: Non-convalent functionalization of carbon nanotubes. From the organization of surfactants to the self-assembly of porphyrins.
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This manuscript presents an experimental study on the process of coverage of single-wall carbon nanotubes by organic dyes molecules. Due to the exceptional electronic properties and the monolayer carbon structures of such nanotubes, a modification of their physicochemical environment has a great influence on their optoelectronic properties. The consequences of this surface functionalization are studied by means of optical spectroscopy. The process of non covalent functionalization of surfactant suspended nanotubes by porphyrin molecules is studied in three complementary aspects. The first one details the kinetic aspects of this reaction process. In particular, the role of the organization of the surfactant environment will be highlighted. This allows to understand and control the reaction timescale. On the second hand, a comprehensive thermodynamic study of the nanotube/porphyrins interaction is performed. The associative behavior of the porphyrin during the interaction with the nanotube is evidenced. Then, the spectral characteristics of the porphyrin when it is adsorbed on a carbon surface is discussed. A dipole-dipole coupling model is developed to understand such effects, in relation with a tendency of the molecules to self-align and organize on the carbon template.

Figure I. 1 :

 1 Figure I.1: Examples among of the first observations of the carbon nanotubes structure; Left: The observation by TEM of multi-wall coaxial nanotubes with various diameters, and numbers of shells N reported by Iijima in 1991[START_REF] Iijima | Helical microtubules of graphitic carbon[END_REF]; Right: Atomic structure and spectroscopy of a isolated SWNT on a gold substrate in 1998[START_REF] Odom | Atomic structure and electronic properties of single-walled carbon nanotubes[END_REF].
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 2 pm, where a is the carbon-carbon distance.

Figure I. 2 :

 2 Figure I.2: Geometrical construction of a (n,m) = (4,2) nanotube using the edge matching rule. A given chiral vector C h is enough to single out a chirality, right armchair zigzag, chiral [17].

8 )Figure I. 3 :

 83 Figure I.3: Left: Hexagonal reciprocal lattice of Graphene in the k space along with the quantization lines of a (4,2) carbon nanotube; Right: Representation of the quantization lines for a (4,2) and a (3,3) carbon nanotubes. We observe that they intersect the K point for the (3,3) while they do not for the (4,2).
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  CHAPTER I. THEORETICAL AND EXPERIMENTAL PHYSICS OF CARBON NANOTUBES AND PORPHYRIN MOLECULES

Figure I. 6 :

 6 Figure I.6: Density of states evaluation of carbon nanotubes measured by scanning tunneling spectroscopy, adapted from [32]: a) Experimental data for a semiconducting tube; b) Experimental data for a metallic tube; c) Model of density of states for a semiconducting tube; d) Model of density of states for a metallic tube.
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  Figure I.7: Left: Density of states from a (15,2) nanotube according to [47]; Right top: Photoluminescence excitation plot for a (15,2) nanotube when the incident light has a parallel or perpendicular polarization with respect to tube axis; Right bottom: PL intensity versus polarization angle of the laser excitation. Data taken at S 22 (blue) and S 12 (red) transitions. The gray lines are cos 2 (θ) functional form. Top and bottom figures are adapted from the reference [48].

Figure I. 8 :

 8 Figure I.8: Left: Kataura plot of the transitions as a function of diameter for semiconducting and metallic nanotubes, from[START_REF] Kataura | Optical properties of single-wall carbon nanotubes[END_REF]; Right: Effect of the trigonal warping on the position of transition energies for two nanotubes of similar diameters but with different values of q = mod(n -m, 3); freely adapted from[START_REF] Berciaud | Alloptical structure assignment of individual single-walled carbon nanotubes from rayleigh and raman scattering measurements[END_REF].

Figure I. 9 :

 9 Figure I.9: Left: Artistic view of the effect of the two examples of correlations between electrons; Right: Representation of the opposite effects of excitonic binding energy and self-energy on the position of the Van Hove singularities.

Figure I. 10 :

 10 Figure I.10: Left: SEM image of a rope containing around 100 single walled nanotubes from the LASER ablation technique[START_REF] Thess | Crystalline ropes of metallic carbon nanotubes[END_REF]; Right: SEM image of a square of suspended SWNT bridges produced by CVD[START_REF] Cassell | Directed growth of free-standingsingle-walled carbon nanotubes[END_REF] 

Figure I. 11 :

 11 Figure I.11: Chemical representation of the structure of the tetraphenylporphyrin , the chlorophyll and the heme molecules.

Figure I. 12 :

 12 Figure I.12: Left: Chemical structure and absorption spectrum of the LH 2 photosystem; Right: Artistic view of the complex charge transfer mechanism in LH 2 that turn light into chemical energy during photosynthesis, adapted from[START_REF] Herek | Quantum control of energy flow in light harvesting[END_REF] and[START_REF] Tachibana | Artificial photosynthesis for solar water-splitting[END_REF].

Figure I. 13 :

 13 Figure I.13: Left: Model of the TPP as a 20 carbon atoms macrocycle with 18 π electrons; Right: Electronic diagram according to Hückel theory [94] representing the occupied and the empty states as a function of their quantum number absolute value |i| and their energy.
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  Figure I.14: a: Geometrical representation of the porphyrin with its four phenylgroups tilted; b: STM topological image of two porphyrins on a gold surface [100]; c: Calculated absorption spectrum of tetraphenylporphyrin within the independant electron DFT calculation; Inset: The energy levels, from [99]; d: Scanning tunneling spectroscopy over a porphyrin on a gold surface, adapted from [100].

  In 1969, Gouterman suggested a semi-empirical model to reproduce the absorption spectrum of porphyrins [105]. Based on the symmetry of the porphyrin molecule, he suggested to mix the four main orbitals (HOMO-1 , HOMO , LUMO and LUMO+1) to create four new states b 1 , b 2 , c 1 , c 2 . Studying the selection rules between such states, he predicted the existence of two allowed transitions in the UV region, B x and B y , and two nearly forbidden ones in the visible region, Q x and Q y (see figure I.15 right).

Figure I. 15 :

 15 Figure I.15: Left: Optical absorption spectrum of the free base (blue) Zn (black dots) tetraphenylporphyrin in dichloromethane; Right: Transition from the LCAO molecular orbitals to the Gouterman's mixed electronic levels and the four allowed optical transitions, adapted from [105] and [106].

Figure I. 16 :

 16 Figure I.16: Left: Optical absorption spectrum (blue) and photoluminescence spectrum (black) of the tetraphenylporphyrin in micelles, adapted from [108]; Right: Electronic relaxation diagram of the TPP upon excitation on the Soret band, adapted from [109].

Figure I. 17 :

 17 Figure I.17: Left: Representation of the polarized Soret and Q bands from the TPP as calculated in [99]; Center: Exciton photoluminescence diagram illustrating the effect of relaxation on the polarization memory; Right: Absorption and polarization photoluminescence diagram of the TPP, from [107].
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Figure I. 21 :

 21 Figure I.21: Principle of polarization resolved photoluminescence to extract anisotropy , from [113].

Figure I. 24 :

 24 Figure I.24: Left: Covalent and noncovalent examples of SWNTs functionalization: A) Defect-group functionalization, B) Covalent sidewall functionalization, C) Noncovalent exohedral functionalization with surfactants, D) Noncovalent exohedral functionalization with polymers, and E) Endohedral functionalization from[START_REF] Anup | Aqueous Solution Surface Chemistry of Carbon Nanotubes[END_REF]; Right: Example of click chemistry that allows a minimal defects creation, from[START_REF] Palacin | Efficient functionalization of carbon nanotubes with porphyrin dendrons via click chemistry[END_REF] 
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  Figure I.25: Left: Representation of DNA wrapped SWNT [145]; Right: Interaction of perylene based surfactant with a carbon nanotube [146].

Figure I. 26 :

 26 Figure I.26: Left: Optical absorption spectra of ropes of carbon nanotubes versus micelle suspended ones, adapted from I.26; Right top: Artistic view of the micelle shell around a single nanotube and around a bundle, adapted from[START_REF] Michael | Band gap fluorescence from individual singlewalled carbon nanotubes[END_REF]; Right bottom: first photoluminescence excitation spectrum of a nanotubes sample after encapsulation in SDS, from[START_REF] Michael | Band gap fluorescence from individual singlewalled carbon nanotubes[END_REF] 

Figure I. 27 :

 27 Figure I.27: Representation of the two surfactants used in this work: sodium cholate (left) and sodium dodecyl sulfate (right), chemical structure and organization around a nanotube, adapted from [160, 161].

Figure I. 28 :

 28 Figure I.28: Absorption spectra of two samples of carbon nanotubes grown with the CoMoCAT (blue) and the HiPCo techniques (black), adapted from[START_REF] Vialla | Interaction between carbon nanotubes and their physico-chemical environment : towards the control of the optical properties[END_REF] 

  Figure I.29: PLE maps of two samples of carbon nanotubes grown with the CoMo-CAT (left) and the HiPCo techniques (right), adapted from[START_REF] Vialla | Interaction between carbon nanotubes and their physico-chemical environment : towards the control of the optical properties[END_REF][START_REF] Roquelet | Quantum efficiency of energy transfer in noncovalent carbon nanotube/porphyrin compounds[END_REF] 

Figure I. 30 :

 30 Figure I.30: Principle of the swelling method, adapted from [108].

Figure I. 31 :

 31 Figure I.31: Absorption spectra of an HiPCo nanotubes suspension in absence (black) and in presence of TPP (red) and of TPP alone in SC micelles (blue), adapted from [108].

11 Figure I. 32 :

 1132 Figure I.32: Photoluminescence excitation maps of an HiPCo nanotubes suspension in sodium cholate micelles, in absence (a) and in presence (b) of TPP. (c): Excitation spectrum of the (7,5) chiral species at a 1.20 eV emission energy, adapted from [108].

  Figure I.33: Two methods to evaluate the energy transfer. Left: Comparing PL intensity of TPP in micelles (blue, excited at 2.95 eV) and TPP in presence of nanotube (red, excited at 2.82 eV); right: Monitoring the relaxation time of Soret with a degenerate pump/probe experiments for TPP in micelles (blue, excited at 2.95 eV) and TPP in presence of nanotube (red, excited at 2.82 eV), adapted from [108].
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 21 Figure II.1: Phase diagram of the SDS micellization process as a function of the surfactant concentration.

Figure II. 2 :

 2 Figure II.2: Evolution of some important physical properties of a surfactant medium around the critical micellar concentration, from [179].
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 34 Figure II.3: Molecular Dynamics simulation of the spontaneous aggregation of dodecylphosphocholine (a molecule similar to SDS) into a spherical micelle over 15 ns, adapted from [180].
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  Figure II.5: Left: Evolution of the slow relaxation time τ 2 , of SDS micelles as a function of surfactant concentration, measured by the frequency of bubble formation, adapted from [185]; Right: Redistribution kinetics of pyrene aggregates measured as the growth of the monomer fluorescence intensity and the decay of the aggregate (excimer) emission, along with their first order exponential fittings, adapted from [188].
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 6 Figure II.6: Schematic of the two steps swelling method, adapted from [189].

Figure II. 7 :

 7 Figure II.7: Spectroscopic tools to measure aggregation; Left: Absorption spectrum of a properly isolated and an aggregated sample of TPP in sodium cholate; Right: Time resolved photoluminescence diagram upon excitation at 2.95 eV (420 nm) and collection at 1.90 eV (650 nm) of a sample containing isolated TPP and one including a high proportion of aggregates. The experiment is not performed at the magic angle.

Figure II. 8 :

 8 Figure II.8: Artistic view of the geometric differences between a micelle of SC and SDS surrounding a porphyrin.

Figure II. 9 :

 9 Figure II.9: Comparison of the suspension capacity of TPP in SDS and SC; Left: Optical absorption spectra of TPP for a maximal concentration of 392 µmol.L -1 in SC (red) and in SDS (black); Right: Optical density of TPP at the Q y (1,0) band in SC (red) and in SDS (black), as a function of the maximal concentration.

Figure II. 10 :

 10 Figure II.10: Left: Time-resolved photoluminescence of 108 µmol.L -1 of TPP in SDS and 95 µmol.L -1 in SC, just after preparation; Right: Evolution over one week of a SDS and SC suspension of c T P P = 40 µmol.L -1 . The experiments are not performed at the magic angle.

Figure II. 11 :

 11 Figure II.11: Artistic view of the classical steps included into an adsorption mechanism.

Figure II. 12 :

 12 Figure II.12: Left: Evolution over time of the absorption of the nanotubes S 11 transitions from the chiralities of a HiPCO batch after mixing with the porphyrin; Right: Evolution of the π-stacked and free porphyrin Soret absorption bands of the porphyrin over time.

Figure II. 13 :

 13 Figure II.13: Evolution over time of the amplitude of the Soret peak from the stacked porphyrins.

Figure II. 14 :

 14 Figure II.14: Artistic view of a SDS (left) and a SDS/SC comicelle (right) alternating monomers of each types. The SDS monomers are represented in grey, while the SC ones (here called CA) are in black (hydrophobic part) and red (hydrophilic head), from [201].

Figure II. 15 :

 15 Figure II.15: Molecular dynamics of the formation of a mixed micelle of SC and SDS monomer within 10 µs; adapted from [201].

Figure II. 16 :

 16 Figure II.16: Evolution of the (6,5) S 11 transition wavelength of a full SC sample after mixing at t =0 with SDS in a 50:50 volume proportion.

Figure II. 17 :

 17 Figure II.17: Left: Optical absorption spectrum in the (6,5) S 11 transition region as a function of the SDS volume proportion; Right: Variation of the (6,5) S 11 absorption peak in mixed SC/SDS samples, as a function of the bulk SDS proportion.

  Figure II.18: Left: Optical absorption spectrum of the NT/TPP sample in mix SC/SDS environment, just after mixing (black) and after 14 days (red); Right: PLE map of the corresponding sample after 14 days.

Figure II. 19 :

 19 Figure II.19: Evolution of the optical density at 420 (black) and 440 nm (red) and of the transfer ratio R (blue) for the c tpp =10 µmol.L -1 sample.

Figure II. 20 :

 20 Figure II.20: Three different solute exchange mechanisms of pyrene derivatives (P) solubilized by Triton X-100, a nonionic surfactant. (a) Exchange via water mechanism. (b) Collision-fusion-fission mechanism. (c) fission-growth mechanism. The circles refer to the micelle core, and the letter P refers to the solute, from [204].
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 1 Figure II.22: Left: Optical density (Red) at 440 nm corresponding to the absorption of stacked porphyrins on nanotubes as a function of time for a SDS/SC ratio of 10% and its exponential fitting (black); (inset) zoom on the incubation stage; Right: Evolution of the reaction rate with SDS ratio for a final TPP concentration of 20 µmol.L -1 .

Figure II. 23 :

 23 Figure II.23: Concentration of SDS stable micelles after dilution as a function of the r sds ratio.
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  Figure II.24: Left: Evolution of the occupation probability of each micelle in the initial SDS phase as a function of r SDS for a final TPP concentration of 20 µmol.L -1 ; Right: Evolution of 1/τ in regard of the proportion of micelles containing porphyrin in the SDS phase before dilution.

Figure II. 25 :

 25 Figure II.25: Left: Artistic view of the influence of the activation energy; Right: Naive representation of the energy levels involved in a chemical reaction.
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  Figure II.26: Left: Evolution of the reaction time constant with temperature for c tpp = 20 µmol.L -1 an r sds = 10 %; Right: semi-logarithmic plot to extract the activation Gibbs energy.

Figure

  Figure II.27: Left: Chemical structure of the three compared surfactant with their different hydrophilic head; Right: Evolution of the optical density at 440 nm as a function of time for the three mixing configurations at r = 50%.

Figure II. 28 :

 28 Figure II.28: Possible energy levels diagram according to the observed kinetic evolution.

  d[T P P ] dt = k × [T P P ] ; [T P P ](t) = [T P P ] ∞ + ([T P P ] 0 -[T P P ] ∞ ) 1 -e -kt

Figure II. 29 :

 29 Figure II.29: Example of the linear fitting method to obtain the value of ν 0 from the evolution of the optical density at 440 nm after mixing for a given sample.

Figure II. 30 :

 30 Figure II.30: Evolution of the initial velocity with the final porphyrin concentration for a r sds ratio of 10 %.

Figure II. 31 :

 31 Figure II.31: Evolution of the optical density at 440 nm with time for a r sds ratio of 10 % and c f inal-T P P = 140 µmol.L -1 .

Figure II. 32 :

 32 Figure II.32: Evolution of the initial velocity with nanotube optical density (after dilution) for a r sds ratio of 10 % for a final molecular concentration of 20 µmol.L -1 .

Figure II. 33 :

 33 Figure II.33: Left: Simplified schematic of steps in nanotube rebundling and flocculation; Right: Photoluminescence intensity maximum versus time, showing progressive aggregation, for three different nanotube species, from [214].

Figure II. 34 :

 34 Figure II.34: Measured PL quench activation energy versus nanotube diameter for SC suspension surfactants, from [214].

Figure II. 35 :

 35 Figure II.35: Left: Evolution of the absorption of the S 11 transitions from a SC/HiPCo sample after mixing with a TPP SDS suspension (final concentration c T P P = 50µmol.L -1 ); Right: Evolution of the reaction extent for three chiralities calculated from the shift of the S 11 transition in energy along with their exponential fits.

  The graphene nanosheets were purchased as a 2 wt% sodium cholate (SC) suspension [220] from NanoIntegris (PureSheet MONO[221], see figure II.36 left). The samples contain one to few layers graphene flakes in the proportion written below in Tab.(II.4). The graphene concentration is 0.05 mg.mL -1 , with an average flake area of 10 4 nm 2 and a large statistical dispersion in size[221].

Figure II. 36 :

 36 Figure II.36: Left: Suspension of PureSheets ➋ Graphene Nanoplatelets from Nanointegris [221]; Right: Side view of a graphene nanosheet covered with porphyrins.
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Figure II. 37 :

 37 Figure II.37: Absorption spectra of the sample for a concentration of 8 µmol.L -1 (arrows symbolise evolution over time).

Figure II. 38 :

 38 Figure II.38: Kinetic monitoring of the two main absorption peaks.

Figure III. 1 :

 1 Figure III.1: Left: Example of three Langmuir isotherms for an exothermic reaction; Right: Three Hill isotherms for different Hill cooperativity parameter.

Figure III. 2 :

 2 Figure III.2: Absorption spectrum of a (6,5) sorted nanotube suspension, left alone (black) or mixed with TPP (red) to reach a final TPP concentration of 3.5 µmol.L -1 .

[Figure III. 3 :

 3 Figure III.3: Left: TPP PL signal under an excitation at 420 nm for a c tpp =5.5 µmol.L -1 sample with (black) and without nanotubes (red); Right: Integrated PL signal vs concentration with and without nanotubes, the two dotted line highlight the linear asymptotic behavior at high concentrations.

Figure III. 4 :

 4 Figure III.4: Left: Evolution of the energy transfer ratio R on the (6,5) nanotubes as a function of the global porphyrin concentration; Right: Corresponding Hill diagram along with the corresponding saturation fitting function.

  [TPP] eq , calculated earlier. The corresponding Hill diagram is shown in figure III.4 right. As expected, the reaction extent increases along with the equilibrium porphyrins concentration. As in figure III.4 left, a steep evolution is observed. Indeed, a saturation of the reaction extent occurs above a concentration threshold of [T P P ] th eq =1 µmol.L -1 . At this precise point, the total porphyrins concentration was of c tpp = 4 ± 0.5 µmol.L -1 (see figure III.4 left). The difference between these two threshold concentrations allows to calculate the quantity of quenched porphyrins: c th tpp -[T P P ] th eq ≃ 0.75 × c th tpp (III.13)

Figure III. 5 :

 5 Figure III.5: Left: Front view of tetraphenylporphyrin molecules π-stacked on the (6,5) CNT surface in the equilibrium geometry. (a) (6,5)-1TPP, (b) (6,5)-2TPP, (c) (6,5)-3TPP, and (d) (6,5)-4TPP; Right: TPP adsorption distance (d) and binding energy (E b ) per TPP monomer for the (6,5)-TPP complexes as a function of TPP coverage, from [233].

1 Figure III. 6 :

 16 Figure III.6: The two methods to calculate the equilibrium porphyrin concentration for each prepared samples. The dotted black line accounts for the total concentration of porphyrins.

Figure III. 7 :

 7 Figure III.7: Left: Evolution of the energy transfer ratio R and of the redshift of the S 11 and S 22 transition of the (6,5) nanotubes as a function of the global porphyrin concentration; Right: Corresponding Hill diagrams along with the corresponding saturation fitting functions.

  Figure III.8: Evolution of the reaction extent calculated from the porphyrin quenching X P L T P P compared to X R as a function of the equilibrium porphyrin concentration.

Figure III. 10 :

 10 Figure III.10: Schematic view of the origin of the threshold differences between the nanotube and the porphyrin spectroscopy.

Figure III. 11 :

 11 Figure III.11: Schematic view of the degree of organization in the monolayer and the multilayer configurations of TPP around a nanotube.

Figure III. 12 :

 12 Figure III.12: Evolution of the extents X R and X P L as a function of [T P P ] eq for the unsorted CoMoCat/TPP sample.

Figure III. 13 :

 13 Figure III.13: Left: Hill diagram for a full SC (blue) and a SC/SDS sample with r sds =10% (red); Right: Hill diagram for a full SC (blue), a full SDS (black) and a SC/SDS sample with r sds =50% (red).

Figure III. 14 :

 14 Figure III.14: Two possible explanations of the difference in reaction Gibbs energy in SC and in SDS. Left: A difference of the Gibbs energy in the final state; Right: A difference of the Gibbs energy in the initial state.
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 5 The global timescale of 60 minutes for reference concentrations ❼ The global dependence of the velocity with the porphyrins and the nanotubes concentrations ❼ The exponential dynamic behavior ❼ The incubation time before the exponential step

6 10 - 4 (

 104 17 min -1 .µmol -4 .L III.[START_REF] Saito | Electronic structure of chiral graphene tubules[END_REF] Once the reaction constants and the reactants concentrations are fixed, the software provides the time evolution of the involved concentrations (see figure III.15). If 1. THERMODYNAMICS EQUILIBRIUM STUDY ON (6,5) NANOTUBES the simulation timescale is properly chosen, it allows to study carefully any part of the reaction: the initial reaction velocity V 0 (see previous chapter), or the equilibrium state of each reactants and products.

Figure III. 15 :

 15 Figure III.15: Simulation of the reaction dynamics provided by the SimBiology sofwtare with k in = 0.17 and k on = 3.12 × 10 -18 µmol 4 .L -4 .min -1 .

Figure III. 19 :

 19 Figure III.19: PL intensity of the free TPP (black dots) integrated over the Q band region, in presence of HiPCo nanotubes (black), along with the proportionality slope (red) originated from the TPP alone, from[START_REF] Vialla | Interaction between carbon nanotubes and their physico-chemical environment : towards the control of the optical properties[END_REF][START_REF] Vialla | Diameter-selective non-covalent functionalization of carbon nanotubes with porphyrin monomers[END_REF].

Figure III. 20 :Figure III. 21 :

 2021 Figure III.20: Left: PLE map of a fully functionalized HiPCO solution; Right: Zoom on the region highlighted by a red rectangle in left for selected TPP concentrations illustrating the evolution of the coverage of the (6,5) species. The black stars point at the shifted (respectively unshifted) position of the lines for a fully functionalized (respectively unfunctionalized) sample, from [108, 189].

Figure III. 22 :Figure III. 23 :

 2223 Figure III.22: Left: Hill coefficients for several (n,m) nanotube species as a function of the diameter as extracted from the fitting of the PLE data; Right: Corresponding reaction constant (log scale), from [108, 189].

Figure III. 24 :

 24 Figure III.24: Left: Calculated values of binding energies for the SC/Nt systems;Right: Calculated values of binding energies for the TPP/Nt system, respectively adapted from[START_REF] Elton | Role of surfactants in carbon nanotubes density gradient separation[END_REF] and[START_REF] Orellana | Noncovalent functionalization of carbon nanotubes and graphene with tetraphenylporphyrins: stability and optical properties from ab initio calculations[END_REF].

1 Figure III. 25 :

 125 Figure III.25: Comparison of the slopes of the binding energies for the SC/Nt (black) and the TPP/Nt (red) systems with the experimental data (blue), respectively adapted from [233, 237, 238].

Figure III. 26 :

 26 Figure III.26: Calculated values of binding energies for the SC/Nt systems (black)and the TPP/Nt system (red) with and without taking into account the cooperativity, respectively adapted from[START_REF] Elton | Role of surfactants in carbon nanotubes density gradient separation[END_REF] and[START_REF] Orellana | Single-and double-wall carbon nanotubes fully covered with tetraphenylporphyrins: Stability and optoelectronic properties from ab initio calculations[END_REF].

Figure

  Figure III.27: Normalized PLE maps of partially functionalized HiPCO nanotubes with high (a,b) and low (c,d) TPP monomer concentrations, before (a,c) and after (b,d) the centrifugation process, from [189].

Figure

  Figure III.28 shows a relative suppression of up to one order of magnitude for the species with a diameter larger than 0.82 ➧ 0.01 nm for an initial TPP concentration c tpp = 3 µmol.L -1 . The cut-off diameter is directly controlled by the initial TPP concentration. By tuning the initial TPP concentration to [TPP] 0 = 1 µmol.L -1 the diameter edge is brought to 0.87 ± 0.01 nm.

Figure III. 28 :

 28 Figure III.28: Relative reduction of the resonant PL intensity of different species, between a stock HiPCO solution and the same solution after partial functionalization followed by a 5 hour centrifugation (120 kG). Two different monomers concentrations (1 µmol.L -1 , red or 3 µmol.L -1 , blue) give different diameter selectivity. The vertical lines highlight the cut-off diameter for each TPP concentration, from [189].

Figure III. 29 :

 29 Figure III.29: PL signal from the porphyrin as a function of porphyrin concentration in absence (red) and in presence (black) of graphene nanosheets.

Figure III. 30 :

 30 Figure III.30: Evolution of the reaction extent calculated from the TPP quenching as a function of TPP equilibrium concentration as well as the corresponding Hill fit.

Figure III. 31 :

 31 Figure III.31: Chemical representation of the three porphyrins compared in this section: 5,10,15,20-Tetraphenylporphyrin (red), 5,10,15,20-Tetra-p-tolyl-porphyrin (black) and 5,10,15,20-(tetra-4-tert-butylphenyl)-porphyrin (blue).

Figure III. 32 :

 32 Figure III.32: Left: Optical absorption spectra samples of single step micelle swelling samples, in a 2 w.t. % SC environment, containing CoMoCat with TPP (red), TpTP (black) and TbtPP(blue); Right: Zoom on the Soret bands.

Figure III. 33 :

 33 Figure III.33: PLE maps of single step micelle swelling samples of 2 w.t. % SC samples containing CoMoCat with TpTP (left) and TbtPP(right).

Figure III. 34 :

 34 Figure III.34: Optical density of TPP and TpTP on the Q y (1,0) band in SC and in SDS, as a function of the maximal concentration of injected porphyrins.

Figure III. 35 :

 35 Figure III.35: Time evolution of the luminescence transfer ratio R for the mixed SDS/SC samples of CoMoCat with TPP (red) and TpTP (black).

Figure III. 36 :

 36 Figure III.36: Evolution of the reaction extent X R calculated from luminescence transfer ratio R as a function of equilibrium porphyrin concentration, for the mixed SDS/SC samples of CoMoCat with TPP (red) and TpTP (black).
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 1 Figure III.37: Left: Evolution of the absorption spectrum corresponding to the (6,5) S 11 transition in Nt/TpTP samples with increasing porphyrin concentrations; Right : Evolution of the reaction extent X R (black) and X S 11 (red) as a function of equilibrium TpTP concentration, for the mixed SDS/SC samples of CoMoCat/TpTP samples.

Figure III. 38 :

 38 Figure III.38: Artistic view of the organization of TPP, TpTP and TbtPP inside a NT/SC/SDS structure.

Figure III. 39 :

 39 Figure III.39: Possible Gibbs energy diagram for the stacking of the TPP, the TpTP and the TbtPP on carbon nanotubes. The underlined values are extracted from binding energy theoretical calculations from[START_REF] Elton | Role of surfactants in carbon nanotubes density gradient separation[END_REF] and[START_REF] Orellana | Noncovalent functionalization of carbon nanotubes and graphene with tetraphenylporphyrins: stability and optical properties from ab initio calculations[END_REF]; the Nt/TbtPP reaction Gibbs energy (with the red asterisk) is a hypothetical value and not a measured one.

Figure IV. 1 :

 1 Figure IV.1: Comparison of optical absorption spectra of isolated TPP, graphene/TPP and CoMoCat SWCNT/TPP samples for similar concentrations in cholate. The scattering background has been subtracted to be able to point out the energy position of each transition.

Figure IV. 2 :

 2 Figure IV.2: Left top: Artistic view of the TMPYP in interaction with the graphene oxide surface (CCG); Left bottom: Redshift of the porphyrin Soret band in presence of graphene with respect to the isolated molecule, from [239]; Right: Theoretical evolution of the energy positions of the principal TMPYP bands as a function of the phenyls angle with respect to the macrocycle, from [241].

  Figure IV.3:The reflectivity spectra obtained for the (010) face of tetraphenylporphine crystal, the incident light being polarized with its electric vector parallel to the "R max " or to the "R min " principal direction in that face. An expanded plot of the long wavelength spectra is included and the various bands labeled, from[START_REF] Basil | The absolute assignment of the electronic transitions of α, β, γ, δ-tetraphenylporphine[END_REF].

Figure IV. 4 :

 4 Figure IV.4: Optical absorption spectrum of the TPP inside the castor oil/ DCM mix.
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Figure IV. 6 :

 6 Figure IV.6: PLE parallel and perpendicular components of the photoluminescence of TPP molecules monitored on the Q x (0,0) band in a DCM/castor oil mix.

Figure IV. 7 :

 7 Figure IV.7: Left: PLE line for an 1.24 eV emission energy corresponding to the[START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] nanotubes CoMoCat/TPP sample, with an unpolarized setup; Right: Corresponding anisotropy measurement for a 1.24 eV emission energy corresponding to the[START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF][START_REF] Michael S Arnold | Broad spectral response using carbon nanotube/organic semiconductor/c60 photodetectors[END_REF] nanotubes in Nt/TPP samples, from a polarized setup.

Figure IV. 8 :

 8 Figure IV.8: Left : PLE parralel and perpendicular components of a (6,5) from a CoMoCat sample; Right: PLE parralel and perpendicular components of a[START_REF] Paul | Semiconductor clusters, nanocrystals, and quantum dots[END_REF][START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF] nanotubes from a HiPCO suspended sample, from[START_REF] Vialla | Interaction between carbon nanotubes and their physico-chemical environment : towards the control of the optical properties[END_REF].

Figure IV. 9 :

 9 Figure IV.9: Energy position of the Soret components in isolated TPP and in Nt/TPP complexes obtained by polarized PLE experiments. A rigid shift of -20 meV has been applied to the energy positions from DCM/castor oil samples to account for the larger solvatochromism shift in cholate suspensions.

  Figure IV.11: Evolution of the photoluminescence intensity (arb.unit.) of an isolated (6,5) Nt/TPP compound as a function of the excitation polarization angle for an excitation energy of 2.14 eV (left) and 2.82 eV (right), from[START_REF] Vialla | Interaction between carbon nanotubes and their physico-chemical environment : towards the control of the optical properties[END_REF].

Figure IV. 12 :

 12 Figure IV.12: Evolution of the photoluminescence intensity (arb.unit.) of three isolated Nt/TPP compounds as a function of the excitation polarization angle for an excitation energy of 3.06 eV, from[START_REF] Vialla | Interaction between carbon nanotubes and their physico-chemical environment : towards the control of the optical properties[END_REF].

Figure IV. 13 :

 13 Figure IV.13: Left: Structure of a H 2 TPP 2D domain on HOPG on a 36 nm × 36 nm STM image showing the arrangement of molecules in a square unit cell. The HOPG exfoliation direction is also indicated. The reported scale bar (bottom left) is 7 nmlong; Right: STM signal profiles acquired along the α and β directions, respectively.The vertical and the horizontal scale bars are 50 pm and 1 nm, respectively. The STM scan direction is nearly parallel with respect to the exfoliation one. Data have been acquired at RT, from[START_REF] Bussetti | Stable alignment of tautomers at room temperature in porphyrin 2d layers[END_REF].

c

  Figure IV.14: High-resolution STM images (8 x 8 nm 2 ) of a H 2 TPP array on pristine graphene, recorded at (a) -1.5 V, 20 pA and (b) +2 V, 20 pA energies. The molecular models show the structure of the molecular lattice and mark the tautomer forms corresponding to the bright and dark molecules in (a), from [100]. (c) Geometric representation of the TPP aggregates with the lattice directions a and b and the molecules axes O x and O y .

Figure IV. 15 :

 15 Figure IV.15: Three different configurations of dipoles that are parallel with each other.

Figure IV. 16 :

 16 Figure IV.16: Exciton bands energy diagram for a molecular dimer, with in-line transition dipoles (left) and parallel transition dipoles (right), from[START_REF] Kasha | The exciton model in molecular spectroscopy[END_REF].

  Figure IV.17:Absorption spectra for the different species of H 2 TPPS 4-(10 µmol.L -1 ); Top: the tetraanion (H 2 TPPS 4-) at pH 8.1, Center: the J-aggregate with CTAB and H 2 TPPS 2-and Bottom: the H-aggregate with CTAB and H 2 TPPS 2-, from[START_REF] Nakul C Maiti | J-and h-aggregates of porphyrin-surfactant complexes: time-resolved fluorescence and other spectroscopic studies[END_REF].

Figure IV. 19 :

 19 Figure IV.19: Graphical method to calculate the oscillator strentgh of the Soret transition of the TPP from the molar exctintion coefficient diagram, from [254]

NFigure IV. 20 :

 20 Figure IV.20: Schematic of an linear chain of N porphyrins, with their µ x dipoles in the in-line configuration and the µ y in the parallel configuration.

Figure IV. 21 :

 21 Figure IV.21: Simulation of the dipole coupling within an in-line porphyrin dimer, as a function of the porphyrins distance.

Figure IV. 22 :

 22 Figure IV.22: Evolution of the energy red and blue shifts as a function of the number of coupled monomers of porphyrins.

Figure IV. 23 :

 23 Figure IV.23: Schematic of an array of porphyrins at the surface of a carbon nanotube, with their B x dipoles aligned to the nanotube axis.

Figure IV. 24 :

 24 Figure IV.24: Evolution of the transition energy of the low energy E J and the high energy E H band as a function of the number of coupled porphyrin monomers. Only the allowed transitions are displayed in this graph.
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  Possible organization of TPP around a nanotube3.1 Geometrical characteristics from theoretical studiesTo go further in the modeling of TPP aggregates around carbon nanotubes, articles in the literature can help to determine the most stable structures. Two independent studies have modeled the organization of tetraphenyl porphyrins on carbon nanotubes.

Figure IV. 25 :

 25 Figure IV.25: Front view of tetraphenylporphyrin molecules π-stacked on the (6,5) CNT surface in the equilibrium geometry. (a) (6,5)-1TPP, (b) (6,5)-2TPP, (c) (6,5)-3TPP, and (d) (6,5)-4TPP, from [233].

Figure

  Figure IV.26: (a) and (c) STM topographic images of porphyrins on deposited carbon nanotubes; (b) and (d)The corresponding two geometries that allow to minimize the global system energy with molecular mechanic simulations, from[START_REF] Bassiouk | Noncovalent functionalization of single-walled carbon nanotubes with porphyrins[END_REF].

Figure IV. 27 :

 27 Figure IV.27: Schematic of the two possible orientations of a TPP with its two phenyls at 45➦ from the nanotube axis, adapted from the examples from [233, 261].

Figure

  Figure IV.28: a) The ring geometry of 4 TPP around a (6,5) nanotube; b) The four orthogonal µ y dipoles in the TPP rings; c) The array of µ y dipoles along the nanotubes axis.

Figure IV. 29 :

 29 Figure IV.29: Left: The ring geometry with the four parallel µ x dipoles in the TPP rings; Right: The array of µ x dipoles along the nanotubes axis.

Figure IV. 30 :

 30 Figure IV.30: Effect of the ring geometry: Evolution of the transition energy of the low energy and the high energy band as a function of the number of rings of porphyrins (or of coupled porphyrin monomers).

Figure IV. 32 :

 32 Figure IV.32: Left: Local electric field amplitude in the vicinity of a nanotube for an incoming field parallel to the tube axis calculated from the electromagnetic model; Right: Local electric field amplitude in the vicinity of a nanotube for a perpendicular incoming field. The diameter d has been taken to 0.75 nm. The arrows represent the electric field (amplitude and direction) on the outer tube surface (1.05 d/2, white arrows) and for a distance of 2.5 d/2 (black arrows). The field amplitude is in units of the incident field E 0 , from [118].

Figure IV. 33 :

 33 Figure IV.33: Artistic views of two possible positions of the porphyrin around the tube, in regard of the electric field axis, from [108].

Figure IV. 34 :

 34 Figure IV.34: Schematic view of the influence of the nanotube local field effect on the Soret components of organized porphyrins in NT/TPP compounds.

Figure IV. 35 :

 35 Figure IV.35: Representation of the tautomerism process.

  x and B y (see figure IV.36 right bottom).

Figure IV. 36 :

 36 Figure IV.36: Left: Structure of a H 2 TPP 2D domain on HOPG on a 36 nm x 36 nm STM image showing the arrangement of molecules in a square unit cell. The HOPG exfoliation direction is also indicated. The reported scale bar (bottom left) is 7 nm-long, from (ref); Right top: Experimental reflectance anisotropy spectroscopy spectrum of a pure 2D porphyrin layer obtained from a thin film, Right bottom: ε 2 dielectric coefficient corresponding to the two best fit Lorentz oscillators from the reflectance data, from [249].

Figure IV. 37 :

 37 Figure IV.37: Evolution of the optical density of the Nt/TPP samples in the Soret region as a function of time after mixing the NT and the TPP suspension in cholate, from[START_REF] Vialla | Diameter-selective non-covalent functionalization of carbon nanotubes with porphyrin monomers[END_REF].

Figure IV. 39 :

 39 Figure IV.39: Evolution of the optical density once the equilibrium is reached for the graphene/TPP samples in the Soret region as a function of the total porphyrin concentration after mixing in cholate.

Figure IV. 40 :

 40 Figure IV.40: Representation of the square lattice of porphyrins on the graphene surface. In this schematic, the angle of θ = 10➦ has been omitted.

Figure IV. 42 :

 42 Figure IV.42: Left: Experimental polarized Reflectometry spectra of TPP thin films On a HOPG surface of (a) 0.05, (b) 1, and (c) 5 nm nominal porphyrin thickness; Right: The corresponding AFM images collected over 3×3 µm 2 wide regions.
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 28244 Figure IV.44: Evolution of the low energy and high energy band as a function of the number of layers, each one made of 4×4 square of TPP.

Figure IV. 45 :

 45 Figure IV.45: Comparison of the energy positions of the low and high energy bands from the multilayer dipole coupling model (Left) with the experimental center Soret positions found by optical absorption spectra (Right) for graphene/TPP samples. In the right panel, the black lines are not directly experimental curves. However, they are guides to the eyes that follow the tendency of the experimental results.

Figure IV. 46 :

 46 Figure IV.46: Chemical structure of the 5,15-diphenylporphyrin.

Figure

  Figure IV.47: Absorption diagram of cholate suspensions containing diphenylporphyrin (DPP) alone.

Figure IV. 48 :Figure IV. 49 :

 4849 Figure IV.48: Red: PLE spectrum of the DPP inside the castor oil/ DCM mix for a signal integrated over the Q x (0,0) band around 1.96 eV; Black: anisotropy measured in the same conditions.

Figure IV. 50 :

 50 Figure IV.50: Left: Absorption diagram of cholate suspensions containing nanotubes alone (red), DPP alone (green) and Nt/DPP samples after the micelle swelling (blue); Right: PLE maps of the Nt/DPP sample after the swelling process.

Figure IV. 51 :

 51 Figure IV.51: Red: Photoluminescence excitation spectrum of Nt/DPP samples; for a signal measured at 1.235 eV; Black: Corresponding anisotropy measurement at the same energy in a polarized setup.

Figure IV. 52 :

 52 Figure IV.52: PLE parralel and perpendicular components of Nt/DPP complexes measured through the nanotube photoluminescence.

Figure IV. 53 :

 53 Figure IV.53: Energy position of the Soret components in isolated TPP and DPP and in Nt/TPP and Nt/DPP complexes obtained by polarized PLE experiments. A rigid shift of -20 meV has been applied to the energy positions from DCM/castor oil samples to account for the larger solvatochromism shift in cholate suspensions.

Figure IV. 54 :

 54 Figure IV.54: Representation of two possible organizations of the DPP on a carbon nanotube. Left: With the classical phenyl/phenyl interaction; Right: With adjacent macrocycles.

  

  1. CONTROL OF THE DIFFERENT STAGES OF THE MICELLE SWELLINGmolar mass of SDS, the 2 w.t. % samples of SDS contain more monomers than the SC suspensions. However, the large SDS aggregation number N a leads to a smaller micelles concentration.

		Molar mass	cmc	N a	c surf actant at	c micelle at
		(g.mol -1 )	(mmol.L -1 )	number	2 w.t. % (mmol.L -1 )	2 w.t. % (mmol.L -1 )
	text SC	430.55	15	3-4	46	10
	text SDS	289	8	60	69	1

  1.1 The Soret absorption band in carbon/TPP compounds

			TTPPTonTnanoTgraphene			SoretTband
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  chirality (see figure IV.8 left). Two bands emerge, one that is parallel to the nanotube axis at 2.82 eV, and an isotropic one (I ⊥ ≃ I ) at 2.98 eV. Similar results were found for other chiralities during experiments on HiPCO samples[START_REF] Vialla | Interaction between carbon nanotubes and their physico-chemical environment : towards the control of the optical properties[END_REF]. The example of the[START_REF] Paul | Semiconductor clusters, nanocrystals, and quantum dots[END_REF][START_REF] Smalley | Discovering the fullerenes (nobel lecture)[END_REF] chirality is shown in figure IV.8 right.
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  Figure IV.18: Results of the model for a in-line array of 8 dipoles. Red: The square of the dipole norm |µ i | 2 for each eigenstate i as a function of its corresponding eigenenergy E i ; Black: The non coupled situation with 8 degenerate dipoles.
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  Figure IV.31: Effect of the spiral geometry: Evolution of the transition energy of the low energy and the high energy band as a function of the number of porphyrins in the spiral.
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  Figure IV.38: Evolution of the optical density of the graphene/TPP samples in the Soret region as a function of time after mixing for a porphyrin concentration of 8 µmol.L -1 in cholate.Such an effect on graphene is even more visible by looking at samples contain-ing different porphyrin concentrations. Figure IV.39 displays the absorption at the equilibrium state of samples containing TPP in concentrations between 1 and 25 µmol.L -1 . Once again, the progressive transition of the redshifted band between 2.83 and 2.77 eV is observed as the TPP concentration increases.

	shifted Soretfband	unshifted Soretfband	Timef(min)
			1
	Opticalfdensityf		7 18 21 30 67 109 121
			161
			199
			1140
	Absorptionfenergyf(eV)	

  Evolution of the low energy and high energy bands within the graphene square lattice as a function of the number of coupled molecules.

		2.97			
		2.96			
		2.95			
	TransitionlenergylAeVv	2.87 2.88 2.89 2.90 2.91 2.92 2.93 2.94				Highlenergylband Average
		2.86			
		2.85				Lowlenergylband
		2.84			
		2.83			
		0	2	4	6	8 10 12 14 16 18 20 22 24 26
				Numberlofllmoleculeslinlthelsquarellattice
	Figure IV.41:				

EMPLOYED EXPERIMENTAL TECHNIQUES

3. POSSIBLE ORGANIZATION OF TPP AROUND A NANOTUBE

Remerciements

In these conditions, the coupling term between two nearest neighbors of different layers would be of δ=-16 meV (both for the µ x and for the µ y dipoles). To estimate the effect of this bilayer structure, the example of two square layers of four TPP each can be taken. For only one of these square structures, the coupling matrix M monolayer was derived earlier (see the matrix IV.21). For the bilayer system, the corresponding matrix M bilayer y for the B y band coupling, can be derived from M monolayer y :

where ∆ is 4×4 matrix that gathers the coupling terms δ between the two layers, and ∆ † is the transpose of the matrix ∆.