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Introduction to carbon nanotubes

Brief history of the nanotubes

The experiments on the synthesis of new carbon clusters during the mid-1980 by Harry Kroto and Richard Smalley are the prelude to the story of nanotubes. From the vaporization of graphite and its expected condensation in carbon clusters of different sizes, particular structures containing precisely 60 and 70 carbons appear to be much more stable. These unexpected results brought into the spotlight the now famous C 60 and its closed shell similar to a soccer ball, as presented in Figure 1.1. The family of the fullerene is discovered and published in Nature in 1985 [1]. Five years later, the success in the synthesis of C 60 in bulk quantity by Wolfgang Kratschmer and Donald Huffman [2] gave to the community, the opportunity to study the properties of this new form of carbon.

During 15 years an impressive number of publications and extraordinary results appeared on the bucky ball and its derivatives. [3,4] During this time in the early-1990, Sumio Iijima was investigating by electron microscopy technique the carbon soot and deposit produced by a Kratschmer-Huffman's machine.

From his findings, he concluded to the existence of novel graphitic structures, another new form of carbon similar to tiny tubules of graphite presumably closed at each ends [5].

The Figure 1.2 shows a high resolution transmission microscopy image of one multiwalled carbon nanotubes produced by the electric arc method very similar to the hollow carbon 25 [6,7,8], S. Iijima's work pointed out the exceptional properties and potential applications of these nanostructures. An important step was accomplished in 1992, by improving the method of synthesis and the capacity of production with gram quantities [9]. In 1993, another key point is the successful synthesis of single walled carbon nanotubes which appeared to be the ideal nanotubes with a very single layer [10,11,12]. Diameter appeared to be amazingly small compared to multi walled carbon nanotubes, as it can be seen between Figures 1.2 and 1.3. In 1997, high yields of single walled nanotubes were achieved by electric arc techniques with the help of optimized conditions [13].

This definitely extends the possibilities of investigations of single and multi walled carbon nanotubes. Size and shape of nanotubes Downsized 10.000 times a human air, you will get the size and shape of a typical nanotube.

These molecules are few nanometers in diameter and several microns in length. Single carbon nanotubes come often as tightly bundles of single walled nanotubes entangled as curly locks, see Figure 1.4. The packing of the nanotubes inside a bundle is more or less triangular with an intertube distance about 3.14 Å [14,15], as shown in Figure 1

.3.
Here, the bundle is about 20 nanotubes but can be made of hundreds of individuals. This assembly of nanotubes is stabilized by van der Waals interactions. If the distribution of nanotube diameters is quite narrow within a bundle, it has been shown that the arrangement of the carbon atoms is diverse [16,17].

In the case of multiwalled nanotubes, at least two concentric nanotubes of different diameters are encapsulated like Matrioschka Russian doll [5]. Their lengths are from hundreds of nanometers to tens of micrometers, with diameter of few to hundreds of nanometers.

Synthesis of nanotubes

A wide variety of processes is now available to produce carbon nanotubes. They can be classified, first into high temperature methods like the electric arc [2,5,9,13], laser ablation [12] and solar beam [18] based on the sublimation of a graphitic rod in inert atmosphere and second into process working at moderate temperature like the catalytic chemical vapor deposition which produces nanotubes from the pyrolysis of hydrocarbons [19,20].

Originally, the electric arc discharge setup developed by Kratschmer-Huffamn was invented for fullerene production. Such electric arc chamber is presented in Figure 1.4 a).

In a helium or argon atmosphere a DC current (100Amps 27 Volts) is applied through two high purity graphite electrodes. In these conditions, the temperature can reach 6000K which is high enough to sublimate continuously the graphite from the rod of the anode. At the cathode where the temperature is lower, a deposit and soot are produced. Fullerene like C 60 and C 70 are generally found in large quantities in the soot whereas nanotubes are present in the deposit and its vicinity. Later, this apparatus was successfully used by different groups to grow in a very simple and cheap way single walled nanotubes with the help of suitable catalyst like Ni, Co, Pt, Rh, Fe ... incorporated inside the anode [13].

In addition, it was rapidly shown that the characteristics of the nanotubes could be eas-ily change by playing with the current, the pressure, the nature of the catalyst. This finding was a breakthrough and allowed the community to investigate the properties of carbon nanotubes to a very large extend. The picture of the electric chamber open in air presented in Figure 1.4 a), is taken after running one synthesis. The reactor contains a lot of black soot, carbon filaments and the deposit. The material to be collected which contains a high density of carbon nanotubes is in the central part of the collaret and looks like webs. High temperature routes are known to produce high quality materials which mean higher graphitization of the nanotubes. They can be used also to produce large quantities of single walled carbon nanotubes. The as-produced nanotubes are presented at different magnifications in Figure 1 Catalytic Vapor Desposition method. This process was originally developed in order to decompose hydrocarbons e.g. methane, acetylene, methane etc over catalysts e.g. Ni, Co, Fe, Pt [19,20]. This technique allows to grow nanotube at predefined locations on substrates where nanosized metal particles are deposited. Typical transmission electron micrograph of MWNT is shown in Figure 1.5.

To finish, one has to mention that if some methods of production are now well estab- lished, nanotubes are still not prepared in pure form. For example, single walled carbon nanotubes samples are contaminated by graphitic structures, amorphous carbon and magnetic particles used as catalyst. In order to study the intrinsic properties of the nanotube, more or less sophisticated strategies of purification have been developed [21,22]. Only with the help of magnetic fields [23] used to trap magnetic impurities, highly purified bulk samples have been obtained which offer the opportunity to use magnetic resonance spectroscopy [23,24].

Molecular Structures of nanotubes

At a first glance, the molecular structures of carbon nanotube can be seen as single or multiple graphitic layers rolled to form a tubule. In the case of single walled nanotube, one atom thick layer is bended and welded as presented in Figure 1.6. Hence like in the Figure 1.6: Bending a one carbon atom thick graphitic layer in order to form a (12,0) carbon nanotube. graphite, the bonding between carbon atoms involves three neighbors and their hybridization are expected to be sp 2 like with a small s character because of the curvature. If this scenario is attractive and apparently simple, the way to form a nanotube is not unique and presents interesting features. Hence, it is challenging to classify these nanostructures and to guess their properties. The high symmetry structures of nanotubes are generally divided in three types : armchair, zigzag and chiral as illustrated in Figures 1.7,1.8 and 1.9, respectively. These labels come from the distribution of the bonds along the perimeter of the nanotube describing zigzag or an armchair. The chiral family presents forms of lower symmetries with hexagons arranged helically along the axis of the tube. Note that these three nanotubes have very similar radius R ≈ 6.6 ± 0.4 Å. Theoretical mod- 

Single walled nanotubes : the vector model

One way to formalize the structures of single walled nanotubes is to use the vector model presented in Figure 1.10 which completely determines the structure of a particular nanotube with a pair of integer (n, m). The vector P is defined by joining two equivalent carbon atoms of the graphene layer. The nanotube is obtained by bending up P from head to tail giving its perimeter |P | = 2πR, where R is the radius of the nanotube. Before rolling up the nanotube, P is inside the graphene plane and can be read as a linear combination of a 1 and a 2 which are the base vectors of the unit cell of the graphene. With the convention n ≥ m, we receive

P = n • a 1 + m • a 2 (1.1)
Figure 1.10: Graphene layer with the two lattice vectors a 1 and a 2 . Carbons A and B are the two inequivalent atoms. The perimeter vector P , the translational vector unit T , the chiral angle θ and the unit cell (grey area) are represented for the construction of the (6, 3) nanotube. Note that if the head of the vector P is inside the dashed area, the corresponding nanotubes have similar diameters and present different symetries and geometries.

It can be seen from Figure 1.10, that in cartesian coordinates

a 1 = a 2 • √ 3 -1 ; a 2 = a 2 • √ 3 1 (1.2)
where a = 2.461 Å. The graphene has two inequivalent carbon atoms A and B per unit cell with the following coordinates

A : 0 0 ; B : 2a √ 3 1 (1.3)
Zigzag nanotubes correspond to P colinear to a 1 i.e. m = 0 and for armchair nanotubes m = n, i.e. P = m • (a 1 + a 2 ). In all the other cases, a chiral nanotube is constructed.

As a tutorial example, the vector P = 6 • a 1 + 3 • a 2 is presented in Figure 1.10. All the nanotubes constructed from carbon atoms inside the dashed area show similar radius than the (6,3). After rolling up the graphene sheet according to P , the chiral nanotube (6, 3) is obtained as presented in Figure 1.11. More generally, one can write the vector

P = a 2 • √ 3 • (n + m) m -n (1.4) since |a 1 | = |a 2 | = 2.461 Å, the perimeter |P | of a (n, m) nanotube is given by |P | = |n • a 1 + m • a 2 | = a 2 • (3(n + m) 2 + (m -n) 2 (1.5) then |P | = 2.461 • √ n 2 + m 2 + mn ( Å) (1.6)
which gives a radius for the nanotube

R = 2.461 2π • √ n 2 + m 2 + mn ( Å) (1.7)
Similarly, the chiral angle θ is written

θ = arctan √ 3m 2 • n + m (1.8)
A second vector T has to be defined which corresponds to the translational unit cell along the nanotube axis. The vector T for the (6,3) and its translational unit are displayed in Figure 1.10. It can be noticed that for zigzag and armchair nanotubes, the length of the unit cell is equal to √ 3 • a and a, respectively. For chiral nanotubes it can be longer. This vector presents the two following properties :

• T is perpendicular to P ⇐⇒ T • P =0

• T is a linear combination of a 1 and a 2 ⇐⇒ T = m ′ • a 1 + n ′ • a 2 where m ′ and n ′ are integers Thus, we have to solve the following equation

T • P = a 2 4 • √ 3 • (n + m) m -n • √ 3 • (n ′ + m ′ ) m ′ -n ′ = 0 (1.9) 3 • (n + m)(n ′ + m ′ ) + (m -n)(m ′ -n ′ ) = 0 (1.10)
which gives

m ′ = -n ′ 2n + m n + 2m (1.11)
Here, we introduce d the greatest common divisor of 2n + m and n + 2m, and we can rewrite 

T = 2m + n d • a 1 - 2n + m d a 2 (1.12) hence T = a 2d • √ 3 • (m -n) -3(m + n) (1.

Bundles of single called nanotubes

As mentioned in the previous section, nanotubes are generally packed into bundles as presented in Figure1.3. A schematic illustration of the structure is shown in Figure1.12.

The van der Waals interaction stabilizes the structure at a typical distance between the Figure 1.12: A bundle of (10, 10) carbon nanotubes. A more or less triangular lattice is generally observed experimentally. Note that this situation is far from reality since randomly distributed chiralities are experimentally observed.

wall of the nanotubes about 3.14 Å.

Multiwalled nanotubes

Multiwalled nanotubes consist of at least two concentric nanotubes of different diameters like Matrioschka Russian doll. Figure 1.13 presents a 3 layers MWNT made of a (6,5) inside a (10, 10) inside a (16,11). The geometrical properties of each individual layer can be described by the vector model. 

Electronic properties of carbon nanotubes

From the beginning, theoretical calculations have proposed that the electronic properties of the carbon nanotubes depend strongly on their geometrical structures [3,25,26,27] Thus, nanotubes can be metals or semiconductors depending on their diameter or chirality. Figure 1.14 presents densities of states of different type of nanotubes. Practically, from the pair of integer (n, m), it is possible to determine the electronic properties of the c) is for the semiconducting (8, 0). Adapted from the reference [28].

nanotubes. It was established, that if n-m is a multiple of 3 the nanotube is metallic with a constant density of state over a large plateau above and below the Fermi level. In all others case, nanotubes are semiconductors with an energy gap inversely proportional to the radius R. Therefore, one third of the single walled carbon nanotubes are metallic with some exceptions for small diameters below 8 Å, because of their higher curvatures. This result is easy to remain and directly related to the periodic boundary conditions along the circumference of the nanotube which discretize the electronic states in one direction perpendicular to the nanotube axis [28] Another interesting feature concerns the van Hove singularities related to the strong one dimensional character of the electronic states in the nanotubes. Actually, in the case of armchair nanotubes m = n and small radius nanotubes detailed calculations and low temperature experiments [29] have show that the curvature opens a tiny gap. However, such pseudo gap can be ignored for properties and applications around room temperature.

Recent works on individual carbon nanotubes

The last developments of the research on nanotubes concern the studies of individual objects. From theory and modelisation, an impressive number of remarkable properties have been predicted, suggesting a very broad potential of applications in energy storage, nano-electronics, mechanics, sensors, field emission... However, it is a real challenge at the nanoscale to confront theory and experiments, since it is necessary to determine at the same time the structures, the mechanical, optical and electrical properties of one individual nanotube. This feat of strength has been initiated by the use of STM spectroscopy and high resolution transmission microscopy [30,31]. Figure 1.15 presents an atomically resolved STM measurement of a chiral carbon nanotube [33]. Later, quantum conduc-Figure 1.15: Atomically resolved STM measurement of a chiral carbon nanotube [33] tance behavior has been observed [30] along the axis of the tube and integration of carbon nanotubes as nano-junctions in logic circuit has been demonstrated [32]. A spatially con-trolled light emission from nanotube-field-effect transistor after the injection of electrons and holes from opposite edges was also reported [34]. The ultimate experiments have been performed on free-standing nanotubes as presented in Figure 1. 16, where the two integer (n, m) have been determined by electron diffraction on several individual objects with diameter in the range of 14 to 30 Å and correlated to vibrational properties measured by micro-Raman [35]. If the knowledge on nanotubes is rapidly growing up, the field of their properties and applications is still largely unexplored. New nanostructures will be certainly discovered with their own characteristics as peapods [36] or chemically modified nanotubes by sidewall functionalization [37]. Since their discovery in 1991 [1], carbon nanotubes (CNTs) have attracted the attention due to their extraordinary structural, mechanical and electronic properties [2]. They are one dimensional nanoscopic structures with natural and tunable properties which are predicted to impact many areas of our daily life [3]. However, one of the great hindrance to study their properties and to develop applications, is that specimen are usually studied as a mixture of CNTs having very different structural, physical and chemical properties [5,6,7]. For example, the electronic properties of CNTs depend on their chirality and diameter, two structural parameters which are hardly controlled during the synthesis or post-process. Although progress have been made to enhance purity [4] and selectivity of synthesis approaches, investigations of bulk CNTs materials suffer a lack of structural information. The length and diameter of an individual CNT may be determined by atomic force microscopy (AFM), scanning tunneling microscopy (STM), or transmission electron microscopy (TEM) techniques. Information about bulk sample may be obtained from scanning electron microscopy (SEM), X-ray diffraction, optical absorption, or Raman scattering. However, it appears that even a combination of these techniques does not fully characterize a given sample [8] and alternative methods have to be considered.

Up to now, 13 C Nuclear Magnetic Resonance spectroscopy was not fully exploited on CNTs studies, in spite of its great potential as shown in the past for carbon materials like graphite, fullerene, conducting polymers. In particular, with the help of theoretical support, it would be of great interest to extract from NMR experiments on bulk samples, structural information like diameters and number of walls in CNTs. In the present contribution, our experimental and theoretical efforts to streamline 13 and over Co incorporated zeolite NaY [10]. The multi-walled CNTs sample (MW3) was synthesized using the liquid aerosol pyrolysis containing both the carbon and the catalyst sources which enables to prepare clean and well-aligned carbon nanotubes. This sample was provided by Laboratoire Francis Perrin, CEA Saclay in France. The multi-walled CNTs sample (MW4) was synthesized using CCVD and was purchased from Nanocyl

Company. The TEM micrographs were obtained using a philips CM20 microscope with a LaB6 filament. The operating voltage was set to 200 KV and the magnification to 200,000. Images were collected in bright field mode. 13 C NMR experiments were carried out using a Bruker ASX200 and a Tecmag Apollo spectrometers at a magnetic field of 4.7 T and at Larmor frequency of 50.3 MHz.

For each CNTs samples, the distributions of the diameters and the number of walls have been estimated, with the help of statistical measurements on TEM micrographs as presented in Figure 2.1. Entangled CNTs have not been counted and only parts of the images where CNTs are isolated have been considered in the statistics. CNTs were segmented into several measured sections where the diameters and number of walls are identical. The extracted structural parameters using this method are summarized in Table 2.1. The investigated diameters and the number of walls were found to range from 0.7 nm to 100 nm and from 1 to 110, respectively. With increasing the diameter of the CNTs, from the samples SW2 to MW3, a clear diamagnetic shift was observed. The particular case of sample DW1 in figure 2.2a) reveals two peaks which are the signature of the 0.7 nm inner CNTs. In this sample, the NMR signal is dominated by the 25% 13 C enriched inner CNT, the outer CNT being of natural abundance 1%. As predicted by Marques et al. [11] the peak at 99.2 ppm can be assigned to diamagnetically shifted inner CNTs due to ring current from π electrons circulating on the outer CNTs. The second peak at 125.8 ppm is also attributed to the inner CNTs but in the vicinity of defects on the outer CNTs, which are known to cancel this diamagnetic shielding [12]. Hence, the latter line position can be considered as a good estimation of the chemical shift for a free standing CNT with a diameter of 0.7 nm. For each samples, the average isotropic chemical shifts were estimated from the first moment of the isotropic lines and are listed in We turn now to the increase of the broadening of the impurities. Then, the main contribution to ∆ is expected to be the diamagnetic shieldings [11] related to the encapsulation of CNT inside another CNT and the mixture of CNTs with different structural characteristics. Indeed, ∆ is increasing with the number of walls and obviously with The dashed line corresponds to δ (see Eq. 2.1), the best fit of the experimental data.

the heterogeneity of the sample, since in both cases a distribution of line shifts is predicted.

Actually, for single-walled CNTs ∆ was found about 18 ppm and for double walls about 26 ppm.

Above, a linear dependence ∆ ≈ 45.2 + 0.14 × N in ppm. as presented in figure 2.4, fits well the data. However, it was not possible experimentally to clearly discriminate between an increase of ∆ with the number of walls or a higher heterogeneity of the samples. In order to support theoretically our findings, first-principles calculations were performed within the density functional theory (DFT) as implemented in the plane-wave pseudopotential PARATEC code [17]. To reduce the computational cost, we have restricted our study to zigzag (n,0) single-walled CNTs with a small diameter, 7 ≤ n ≤ 17. The choice of this particular nanotube geometry allows reasonably tractable calculations due to the relatively small number of atoms in the unit cell, as well as a moderately fine grid needed to accurately sample the reciprocal Brillouin zone. However, it still provides a helpful theoretical picture to explain the peak characteristics observed in the experimental spectra, as it will be shown below. A sufficiently large supercell size was chosen so that isolated single-walled CNT are separated by a vacuum distance of 0.9 nm at least, hereby making inter-tube interactions negligible. Exchangecorrelation effects were described in the generalized gradient approximation (GGA) with the PBE functional [18], which already proved to give accurate results for a large range of systems including carbon nanotubes. A norm-conserving Troullier-Martins pseudopotential with a core radius of 1.75 a.u. was used to model the valence/core interaction. The plane-wave basis set contained components with energies up to 40 Ry. The one dimensional irreducible Brillouin zone was sampled using 13 k-points. The nanotube geometry was fully optimized with a force criterion of 0.01 eV/ Å. The magnetic susceptibility and 13 C NMR shielding tensors of the infinite single-walled CNT were calculated using the recent gauge-including projector-augmented planewave (GIPAW) approach proposed by Pickard and Mauri [19]. Due to the current limitations of its implementation in PARATEC, we have focused on the two families of non metallic (n,0) single-walled CNTs defined by ℓ = 1 and ℓ = 2, where ℓ = n mod 3. To be able to compare the calculated chemical shifts with the experimental data, we have use the same reference as in [11],

i.e. using the experimental isotropic chemical shift of benzene δ TMS benzene , which itself is usually given relatively to that of tetramethylsilane (TMS), according to:

δ CNT = δ unref CNT -δ unref benzene + δ TMS benzene (2.2)
where δ unref CNT and δ unref benzene are the unreferenced calculation results and δ TMS benzene = 126.9 ppm the experimental reference [20]. Following our convergence studies in cut-off energy, k-point sampling, supercell size, we estimate the calculated NMR chemical shifts to be converged within In the light of our study, it is now possible to easily determine the structural properties of single and mutli-walled carbon nanotubes bulk samples, directly from high resolution 13 C NMR experiments. If the line position can be exploited to measure the average diameter of the CNTs, the line width provides information on the number of walls and/or homogeneity of the samples.

Our experiments are strongly supported by ab initio investigations and two empirical relations for the structural parameters of CNTs are proposed to work over a wide range of diameters.

Our current investigations suggests to use NMR approach as an alternative and reliable source of information compare to the other existing characterization methods.

Chapter 3

Intercalated nanotubes

Electronic properties and molecular dynamics of single-wall carbon nanotubes intercalated with lithium are investigated by NMR. 13 C NMR experiments reveal a metallic ground state for all of the following stoichiometries LiC x with x = 10, 7 and 6. A continuous increase of the density of states at the Fermi level according to Li concentration is observed up to x ≈ 6. From 7 Li NMR, evidence of inequivalent Li sites is reported, corresponding to preferential sites of intercalation and strong interactions between Li and C. From 1 H NMR, the coupled structural and dynamical properties of the alkali and cointercalated solvent are reported.

Since the invention of lithium-ions batteries, carbon based materials such as natural graphite, carbon fibers, pyrolitic carbon were proposed as possible candidates for the use as battery anode materials [1]. Recently, new progress has been reported in the use of single-wall carbon nanotubes (SWNT) for this purpose [2]. At the same time, it has been shown that a new class of synthetic metals based on alkali intercalated nanotubes could be synthesized [3,4,5]. Because of their one-dimensional electronic structure and high tensile strength [6], these one dimensional metals are promising materials. A large variety of solid state properties has been reported ranging from insulator to metal and superconductor. However, all potential applications these materials offer depend strongly on the structures, compositions and stoichiometries. In this letter, we report on chemically Li-intercalated SWNT at different concentrations using high resolution NMR techniques. We show how the alkali content controls the electronic properties 59 of the metallic ground state and clarify the structural and dynamical properties of Li and the solvent molecules.

SWNT samples used in this study were synthesized by the electric arc method under the conditions described in the references [7,8]. In order to improve the 13 C NMR signal to noise ratio, 10% 13 C isotope enriched graphitic rods have been vaporized in the presence of a catalyst mixture in the molar proportions 96.8% C, 2.1% Rh and 1.1% P t. The SWNT bundles are collected directly from the collerette and used as produced without any purification. We estimated a content of over 80% carbon nanotubes showing an average diameter of 1.4 nm and bundle length of several microns (see the following references [8,15] for more details about the samples). Lithium was chemically intercalated in SWNT ropes by using solutions of aromatic hydrocarbons and tetrahydrofuran (T HF ). By redox reactions between the radical-anions of fluorenone, benzophenone, naphthalene and SWNT with Li + as counter ion, intercalated SWNT were synthesized with stoichiometries of LiC 10 , LiC 7 and LiC 6 respectively [9]. All samples were sealed under high vacuum. The experimental sample preparation conditions as well as a detailed

Raman characterization are described elsewhere [9,10,11]. It has been shown that an electronic charge transfer occurs from the aromatic hydrocarbons to the SWNT bundles. Similarly to the intercalation process in other carbon materials, the alkali are expected to be intercalated together with T HF molecules used as a solvent, forming a ternary compound Li(T HF ) y C x [12,13,14].

NMR experiments were carried out on a Bruker ASX200 spectrometer at a magnetic field of 4.7 T and a 13 C NMR Larmor frequency of 50.3 M Hz. High resolution 13 C NMR at magic angle spinning (MAS) was performed at room temperature with spinning frequencies from 4 kHz up to 9 kHz. 13 C NMR static spectra were obtained in the temperature range of 50 -300 K. 7 Li and 1 H NMR measurements were performed on a home built pulsed NMR spectrometer equipped with a sweep magnet working at 4.2 T and 6 T . In this study, the corresponding Larmor frequencies have been used : 70.2 M Hz and 100 M Hz for 7 Li and 180.5 M Hz for 1 H. 1 H and 13 C NMR line shifts were referred to TMS, 7 Li NMR line shifts to 1M LiCl as an external standard. All spectra were recorded using a Hahn echo pulse sequence and Fourier transformation. Spin-lattice relaxation rates T -1

1
were obtained using a saturation recovery pulse technique and a Hahn echo as a detection sequence.

shift σ arises from local orbital magnetic fields caused by local currents in the sample. The Knight shift K arises from the hyperfine coupling of conduction electron spins to nuclear spins [18] and tends to narrow the 13 C NMR lineshape in carbon intercalation compounds [16]. The isotropic part of the Knight shift is paramagnetic and proportional to the conduction electron probability at the nucleus |Ψ(0)| 2 and the density of states at the Fermi level n(E F ):

K iso = 8π 3 |Ψ(0)| 2 µ 2 B n(E F ) (3.2)
K iso has been estimated in pristine metallic SWNT to be less than 10 ppm [15,20]. Since the isotropic Knight shift is proportional to n(E F ), our measurements suggest an increasing of n(E F ) with Li concentration. However, it is not trivial to estimate n(E F ) directly from the isotropic line position because of the unknown isotropic chemical shift in charged SWNT.

In order to obtain a better estimate of n(E F ), we performed 13 C NMR spin-lattice relaxation measurements as a function of temperature. The inset of figure 3.2 presents the magnetization recovery at room temperature for pristine and LiC 6 SWNT. For all Li intercalated samples, 96% of the 13 C NMR signal exhibits a single T 1 component which can be fitted by an exponential recovery curve after saturation [21,22]. The corresponding T -1

1
relaxation rates are plotted in figure 3.2. Above a temperature of 50 K, we observed a linear regime with a slope depending on the lithium intercalation level. Below 50 K, the relaxation rate increases again, which is attributed to relaxation by magnetic catalyst impurities present in the sample [8]. The linear increase of the relaxation rate above 50 K is typical for a metallic Fermi liquid system. In metals the major relaxation mechanism is caused by the hyperfine coupling of conduction electron spins with the observed nuclei. This leads to the Korringa relation given by

1 T 1 T = 2πk B A 2 iso n(E F ) 2 , (3.3) 
where A iso is the isotropic hyperfine coupling constant [18]. As previously reported in pristine SWNT [8,15,23], we assume a hyperfine coupling of A iso = 8.2 × 10 -7 eV and fit the linear regime part of the 13 C NMR spin lattice relaxation. Hence, we were able to estimate the evolution of the n(E F ) with the Li concentration, as reported in table 3.1. In agreement with lineshape modifications, the highest n(E F ) corresponds to a large amount of Li-intercalation. . Inset : 13 C NMR magnetization recovery at room temperature for LiC 6 : • and pristine SWNT : [15].

We turn now to the 7 Li NMR spectrum and spin-lattice relaxation measurements in the temperature range from 50 K to 465 K. In all the samples for all temperatures, the recovery of the magnetization follows a biexponential curve corresponding to two relaxation rates suggesting two inequivalent Li sites that we label α and β with T α 1 > T β 1 . From the fits of the magnetization recovery, the following ratios between α and β sites can be estimated : for LiC 10 -3000 -1500 0 1500 3000 [24]. The quadrupolar broadened 7 Li NMR β-line as observed in our spectrum, suggests the presence of strong interactions between C and Li +β like in GIC (graphitic intercalation compounds). The origin for the two inequivalent sites is unknown, but it is certainly related to the complex structure of bundles of carbon nanotubes which presents different adsorption sites [25,26] giving inequivalent environments and hybridized electronic states for the Li. According to recent calculations [26], the outside-Li adsorption is energetically more favorable than the Li inside the SWNT. In particular, the curvature of the graphene layer in SWNT and the presence of high reactive dangling bonds localized on defects tend to enhance the adsorption capabilities [2,16]. Solid state electrochemistry revealed that electrochemical Li intercalation in SWNT is only partially reversible.

d [ppm] 1/T 1 b [s -1 ] T [K] b)
The authors claim that upon de-doping some Li remains trapped in the SWNT host [27]. This would confirm the strong interactions between Li and C in our samples. Figure 3.3 presents the 1/T β 1 relaxation rate of the 7 Li NMR β-line for LiC 10 . We observe a linear regime below 400 K and a rapid increase above. According to the Korringa relation [18], the linear relaxation regime is typical for the hyperfine coupled Li nuclei to the conduction electrons. Fitting our data we obtain 1/T β 1K T ≈ 0.00081 s -1 K -1 . This value is close to 1/T 1K T ≈ 0.0016 s -1 K -1 for a first stage Li-graphite intercalation compound LiC 6 [29] and well below 1/T 1K T ≈ 0.023 s -1 K -1 for pure Li 0 metal [28]. These results again suggest a strong interaction between the Li with the nearly free electron π system of the SWNT. Let us now turn to the rapid increase of 1/T β 1 above 400 K. We attributed this deviation from the Korringa's law to a diffusion or motion modulated quadrupolar interaction. A thermally activated diffusion path of Li is expected along the channels of the carbon nanotube bundles. Therefore the relaxation of the 7 Li nuclei promoted by conduction electrons and fluctuation of local electric field gradients can be readily expressed according to Ref [19] as

1 T β 1 = 1 T β 1B + 1 T β 1K + 1 T β 1Q , 1 
T β 1Q = 2 25 ∆ω 2 Q J (1) (ω 0 ) + J (2) (ω 0 ) . (3.4)
where ∆ω Q is quadrupolar coupling constant and J (i) (ω 0 ) are the spectral densities corresponding to a thermally activated process,

J (1) (ω 0 ) = τ c 1 + ω 2 0 τ 2 c , J (2) (ω 0 ) = 4τ c 1 + 4ω 2 0 τ 2 c , τ c = τ 0 exp ∆E k B T (3.5)
where ω 0 is the Larmor frequency, τ 0 ≈ 10 -12 s is the infinite temperature correlation time and ∆E is the activation energy. We estimated a constant background 1/T β 1B ≈ 0.12 s -1 and ∆E ≈ 400 meV from a fit shown in figure 3.3. This value is about 2 times higher than reported for a first stage Li-GIC compound LiC 6 with ∆E = 221 meV [30]. Our activation energy is expected to be higher since strong interactions between Li and C and diffusion along nearly one dimensional channels should be overcome.

In order to understand the role of the cointercalated solvent molecules T HF , we performed molecules are rotating between the graphene planes [12] hence similar dynamics could take place inside SWNT bundles above room temperature.

In summary, we have performed 13 C, 7 Li and 1 H solid state NMR measurements on Li intercalated SWNT. We have shown that Li is intercalated as a ternary compound Li(T HF ) y C x (x = 10, 7, 6 and y ≈ 2). Using 13 C NMR, we measured a variable charge transfer which depends on the Li content and calculated the density of states at the Fermi level. We found the existence of two inequivalent α and β sites for Li and suggest the existence of strong interactions between

Li and C which limits the electronic charge transfer. We also point out that T HF molecules and Li show thermally activated dynamics. We attribute this to both a Li-diffusion along the channels of the carbon nanotube bundles as well as a T HF molecules rotation above 300 K.

From 1 H NMR the observed large diamagnetic chemical shift gives evidence for a very high diamagnetic susceptibility of SWNT. However this has to be confirmed by other methods which requires highly purified and catalyst free SWNT.

Chapter 4

Nanomagnetic shieldings

The understanding and control of the magnetic properties of carbon-based materials is of fundamental relevance in applications in nano and bio-sciences. Ring-currents do play a basic role in those systems. In particular the inner cavities of nanotubes offer an ideal environment to test and manipulate the magnetic properties of hybrid materials systems at the nanoscale. Here, by means of 13 C high resolution NMR of the encapsulated molecules in peapod hybrid materials, we report the largest diamagnetic shifts (down to -68.3 ppm) ever observed in carbon allotropes, which is connected to the enhancement of the aromaticity of the nanotube envelope upon doping.

This diamagnetic shift can be externally controlled by in-situ modifications like doping or electrostatic charging. Moreover, defects like C-vacancies, pentagons and chemical functionalization of the outer nanotube quench this diamagnetic effect and restore NMR signatures to slightly paramagnetic shifts compared to non-encapsulated molecules. The magnetic interactions reported here are robust phenomena independent of temperature and proportional to the applied magnetic field. The magnitude, tunability, and stability of the magnetic effects make the peapod nanomaterials potentially valuable for nanomagnetic shielding in nanoelectronics and nanobiomedical engineering. All hybrid carbon nanotube materials are expected to exhibit similar behaviors.

Carbon nanotubes are intriguing new forms of carbon, offering molecular-scale cylinders expected to provide important solutions for challenges of 21 st century materials engineering. Since 1991 [1], they have been extensively studied due to their unique properties presaging potential applications in electronic devices, composites, chemical and biochemical sensors. They have diameters in the range of nanometers and lengths of several centimeters. Filling the interior of molecular cylinders like multiwall nanotubes with Pb metal [2] or single wall nanotubes with fullerene C 60 [3] have been demonstrated. The discovery of these new hybrid materials , which have been given the vernacular name "peapods" has generated a considerable amount of fundamental and experimental studies on their structural and electronic properties. However, little is known regarding their magnetic properties, since experiments are quite difficult to elucidate due to the difficult-to-avoid presence of residual ferromagnetic catalyst in the samples. In this letter, highly magnetically purified samples [4] and specific isotopic enrichment have been used

to circumvent this crucial problem. Hence, 13 C Nuclear Magnetic Resonance turns out to be suited to measure accurately the intrinsic local magnetic properties of hybrid materials such as peapods.

Studies of nanotubes, as with fullerenes ten years ago [6,7], are expected to further our understanding of the magnetism of individual molecules and its relationship with their aromatic character. In the case of peapod materials, the control and manipulation of the magnetism at the nanoscale inside the nanotubule can be considered through the possibility to tune the flow of currents around the ring system of the outer nanotube.

In the experiments discussed here, the magnetic properties of five different types of hybrid materials characteristic of the peapods with different preparation routes have been investigated.

Separate batches of electric arc nanotubes were produced at the University of Montpellier and purchased from Carbon Solutions Inc. They were purified using a novel magnetic filtration method [4] at the University of Pennsylvania. The encapsulation of 25% 13 C enriched fullerenes (purchased from MER Corporation) within the nanotubes was conducted at the University of Pennsylvania and at the University of California Berkeley by using vapor phase filling [8]. The experimental procedures for the hydrogenation of C 60 (University of Umeå) and the Rb intercalation (University of Pennsylvania) can be found in the following references, respectively [9] and [10,11]. X-ray diffraction and Transmission Electron Microscopy were used to ensure the high quality of the peapod samples [4] . High-resolution 13 All the spectra from (ii) to (vi) present two contributions labelled α and β (line shifts and splittings are reported in Table 4.1). Note that on spectrum (iv), the same ∆ splitting is observed on C-C sp 2 and C-H sp 3 lines located at 45 ppm, clearly confirming the magnetic shieldings.

line-splittings can be found in pendence on temperature down to 20 K was observed in the spectra and ∆ was clearly found to be proportional to the applied magnetic field. For all the investigated hybrid peapod materials, these two contributions α and β were observed with similar features as presented in Figure 4.1 and Table 4.1. This phenomenon is universal and even enhanced (∆ ≈ -68.3 ppm) in the case of the sample (v) corresponding to Rb intercalated C 60 peapods for which the outer nanotubes are charged with electrons transferred from the alkali [13].

We show that peapods with several encapsulated molecules in the presence of an external magnetic field present robust diamagnetic and paramagnetic effects (Fig. 4.1) which are independent of temperature and proportional to the magnetic field strength (Fig. 4.3). Our results can be interpreted in terms of the magnetism of the carbon honeycomb structure with the retention and the destruction of delocalized π ring currents circulating around the outer nanotube. Our experimental findings definitively support important theoretical works on the diamagnetism of carbon materials which have been published in the past [5,6,7] and more recently [14,15]. Such magnetic properties are of great interest and in particular the case of charged C 60 peapods which presents the largest diamagnetic shielding ever encountered in carbon allotropes. These experimental results provide new insight into the magnetic properties of carbon allotropes and ring current computations [5,6] as they clearly show that the largest obtainable diamagnetic shielding is not inside a doped C 60 ball [7] but inside a doped carbon nanotube.

Concerning the slightly paramagnetic shifted line α, we suggest, consistent with theoretical studies, that topological defects such as vacancies, bond rotations and holes in the outer shell will enhance the local paramagnetic ring currents [16,17,18]. π electrons are not free to precess in the magnetic field but are constrained to move along the bonds and the defects of the outer nanotube. This phenomenon is well known [6] to quench diamagnetism in carbon allotropes via Van Vleck paramagnetism. The data presented here provides strong evidence that this mechanism exists also in carbon nanotubes and peapods ; this phenomenological observation suggests several unprecedented possibilities. If incorporating defects produces paramagnetic ring currents, electrostatic charging or electron charge transfer by intercalation or substitution are expected to enhance the diamagnetism by increasing the aromaticity of the outer shell.

Peapod hybrid materials present π electrons moving in the outer nanotube which govern the magnetic fields inside the one-dimensional cavity of the nanotube. In the light of our study, it is now possible to tune and control the magnetic properties of peapods at the nanoscale by tailoring the molecular and electronic structures of the encapsulating nanotube. One potential and important application of this phenomenon in Magnetic Resonance Imaging or Spectroscopy would be to interface nanotubes with living cells [19] and to track them at the nanoscale through hyperlocalyzed diamagnetic or paramagnetic magnetic fields which affect nuclear magnetic resonance conditions [20]. Our current investigations presage that peapod hybrid materials and nanotubes in general, are suitable for nanomagnetic shielding in nanoelectronics and nanobiomedical engineering and will presumably enhance in the near future experimental resolution to unprecedented levels. Among the various properties of Single Wall carbon NanoTube [1,2,3,4,5] the quasi one 83 dimensional inner space they provide is unique. They are molecular cylinders of few nanometers in diameter and length of the order of centimeters. Peapod being one dimensional array of molecules inside SWNT is the archetype of molecular engineering at the nano-scale [6,7]. Many interesting applications have been predicted in nanoelectronics, nanochemistry and nanobiomedical based on the physical properties of encapsulated molecules which are expected to be different from those in bulk, because of the one dimensional confinement and the reduction in the number of neighbors [8]. Unfortunately, from an experimental point of view, little is known about the real packing and dynamics of encapsulated species at this level. The discovery of confined fullerenes inside SWNTs by D. Luzzi and coworkers [6,7] initiates the launch of intensive efforts to study such properties in SWNTs. Peapod made of C 60 inside SWNT has turned to be a case study for such hybrid materials.

The discovery of fullerenes in 1985 by Kroto et al. was followed by extensive studies of their electronic, optical and biological properties [9,10,11,12,13,14,15,16]. Looking backward, NMR investigations have played a major role in the understanding of the properties of fullerenes. In particular, the dynamical properties of the plastic crystalline phase of C 60 was elucidated by NMR [12,13,14,15]. C 60 molecules undergo molecular reorientational dynamics with temperature with a phase transition at 260 K. From 300 K to 260 K, they show free rotations with the face centered cubic fcc-structure. From 260 K to 100 K, they perform hindered rotations while changing their structure to simple cubic by orientational ordering [12]. In this temperature range, single or double bonds face the centers of pentagons or hexagons to maximize Coulomb attraction [15]. The hindered rotations stop below 85 K where C 60 molecules finally freeze out.

With the recent success of the magnetic methods of purification of the SWNTs [17,18], NMR spectrocopy is expected also to reveal its high potentialities in nanotube materials. In the present temperature dependence study, with the help of highly purified materials and high resolution Nuclear Magnetic Resonance, we investigate C 60 encapsulated inside SWNTs which has been partly studied by NMR [19] and inelastic neutron scattering [20] and the source of recent confusion. To clarify the debate, our experimental NMR work definetly reveals the strong modifications by one dimensional confinement inside SWNTs, of the molecular reorientational dynamics of C 60 and the existence of a phase transition at 100 K.

The 25% isoptopically enriched in 13 C fullerenes C 60 were purchased from MER Corporation.

As received PII-SWNTs purchased from Carbon Solutions Inc. were purified with the novel magnetic filtration method as described in references [17] and [18]. The magnetically purified SWNT materials (30 mg) and 13 C enriched fullerenes (20 mg) were out gassed in a dynamic This feature suggests that C α 60 are blocked already at room temperature. It has been point out that the cancellation of the diamagnetic shielding from SWNT occurs in the vicinity of defects or holes in its sidewall [23,24] In addition, we suggest that these defects or holes freeze out also the rotational diffusion of C α 60 molecules through strong Coulombic interaction ; the energy barrier becoming to high. We turn to the case of the C β 60 resonance line which is sharp meaning in the motional narrowing of the powder spectrum [25].

The complete temperature dependence of the spin-lattice relaxation time T 1 is shown in Figure 5.3 and should be compared with experiments reported in reference [19].

There is an obvious discrepancy between the two data sets around 100 K that should be clarify. These differences could originate from different type of SWNTs samples . In particular, we report a discontinuity in the temperature dependence of T 1 which is expected if a phase transition occurs. In our experiments, the molecular reorientional motions that dominate the spin-lattice relaxation in C 60 change abruptly at 100 K. In order to go further in our interpretation and to fit T 1 relaxation over the complete range of temperature, we use two different sets of parameters corresponding to above and below the phase transition temperature T c =100 K.

The following contributions to the T 1 relaxation have been introduced [25] :

1 T 1 = 1 T 10 + 1 T 1M + 1 T 1D (5.1) 
where T -1 10 is a temperature independent constant background, T -1 1D represents the contribution due to fluctuating 13 C dipole-dipole interaction and T -1 1M is caused by fluctuating CSA, the two latter are due to molecular reorientation and depend on temperature. T -1 10 amounts in our case to 0.1 s -1 which is quite small compared with other relaxation rates. It is most likely caused by paramagnetic impurities.

We discuss first the relaxation time T 1M caused by fluctuating local magnetic fields due to the reorientational motion of the C β 60 molecules. The CSA at the local 13 C site, leads to a variation of the local field when the molecule reorients. The fluctuation ∆ω M will depend on the details of the isotropic and anisotropic molecular reorientations, but will never exceed the total shift anisotropy. Since the details of the reorientations are not known, it will serve as an adjustable parameter. The corresponding spin-lattice relaxation rate can be readily expressed as [25,26,27] 1

T 1M = 6 40 ∆ω 2 M 2τ 1 + ω 2 0 τ 2 (5.2)
where ω 0 is the Larmor frequency. The relaxation rate is proportional to B 2 0 for ω 0 τ ≪ 1 and field independent for ω 0 τ ≫ 1, which explains the different behaviors at higher field reported in the reference [19]. A minimum in the relaxation time T 1 is expected according to Bloembergen, Purcell and Pound [27] when ω 0 τ = 1. The temperature dependence of the autocorrelation time τ follows an Arrhenius law :

τ = τ 0 exp ∆E M k T (5.3) 
with an activation energy ∆E M , reflecting the rotational barrier between different molecular orientations and τ 0 the autocorrelation time at infinite temperature.

Due to the isotope enrichment of our samples, we have to take into account the homonuclear dipolar couplings. This contribution is modeled by the additional term [25] :

1 T 1D = 2 3 ∆ω 2 D τ 1 + ω 2 0 τ 2 + 4τ 1 + 4ω 2 0 τ 2 (5.4) 
where ∆ω D represents the averaged fluctuations of the dipole-dipole interaction.

The Equations from 5.1 to 5.4 have been applied successfully to the fit of the spin-lattice relaxation times T 1 above and below T c . Table 5.1 summarizes these two sets of fitting parameters corresponding to two different molecular reorientation regimes.

Experiments T 1 peapods T 1 peapods T 2 peapods δν peapods T 1 fcc-C 60 [13] 

T 1 fcc-C 60 [13] Model T c =100 K T c =100 K T c =100 K T c =100 K T c =260 K T c =260 K T (K)
5 to 100 100 to 300 5 to 100 5 to 100 193 to 246 263 to 323 ∆ω We turn now to the discussion on spin-spin relaxation T 2 which is sensitive to fluctuating local fields on a time scale of about the line-width (3 kHz in our case at 4.7 T). Figure 5.4 presents the T -1 2 relaxation rate from 300 K down to 5 K. A peak appears in T -1 2 around 25 K.

M (s -1 ) 2π 2541 2π 3465 - - - - ∆ω D (s -1 ) 2π 475 - - - - - ∆ω S (s -1 ) - - 2π 747 - - - ∆E M (meV)
In order to model the T -1 2 relaxation rate, we apply the following relation [25,28]:

1 T 2 = 1 40 ∆ω 2 S 3 2τ 1 + ω 2 0 τ 2 + 4 2τ 1 + ∆ω 2 S τ 2 (5.5) 
where ∆ω S corresponds to CSA fluctuations caused by reorientational process. The slow motion regime is observed when ∆ω S τ ≫ 1 and the fast motional narrowing case for ∆ω S τ ≪ 1. A peak in the T -1 2 relaxation rate is expected when ∆ω S τ = 1. Equation 5.5 has been applied to fit the experimental data below T c as presented in Figure 5.4. The results are reported in Table 5.1. In agreement with T 1 relaxation, an activation energy of 28 meV was found. As expected above T c , the T -1 2 relaxation rate is independent of temperature with a T 2 ≈ 11 ms. this temperature on a time scale of about 100 µs. The influence of rotational motion on the temperature-dependent line-width can be described by the following implicit equation [25] :

(δ ν ) 2 = (δ HT ν ) 2 + (∆ ν ) 2 2 π arctan(δ ν τ ) (5.6)
where δ HT ν is the line-width at high temperatures, ∆ ν the change in the line-width from high to low temperatures. Using an autocorrelation time τ 0 = 5 10 -11 s, a self consistent calculation gives an activation energy of 35 meV, in good agreement with previous estimations from T 1 and T 2 relaxation rates. Results are reported in Table 5.1.

Table 5.1 summarizes the reorientational motion parameters of one dimensional encapsulated C 60 fullerenes inside SWNTs. The parameters extracted from the fits of T 1 , T 2 , and δν are listed for comparison with the one from fcc C 60 [13]. Above T c =100 K, the measured temperature dependance T 1 , T 2 , and δν clearly indicate fast reorientational dynamics of the C 60 molecules.

The relatively small value of the activation energy barrier (8 meV) suggests that the motion in the high temperature phase approximates continuous rotational diffusion. Rotational diffusion would appear as orientational disorder in diffraction measurements. The dramatic change in kinetic parameters below 100 K, reflects a drastic change in the nature of the molecular dynamics which could be explain by an anisotropic uniaxial molecular rotations, along the axis of the SWNTs. The activation energies below T c = 100 K obtained from the fits of T 1 , T 2 and δν are 27 meV, 28 meV, and 35 meV, respectively. The differences are within the experimental error.

The high rotational mobility of the C 60 molecules is kept down to 25 K where it freezes out.

These features suggest a smooth interaction between C 60 and SWNTs.

Below T c , an average value of 30 meV is almost one eighth of the one admitted in fcc-C 60 (250 meV). Above T c , 8 meV is one fifth of that in fcc-C 60 (42 meV). Yildirim et al. has predicted that in fcc C 60 [15], a single or double bond in a fullerene prefers to face a center of a pentagon or a hexagon in neighboring fullerene to maximize Coulomb attraction. [29,30] Therefore, the activation energy for a rotation, which is a function of Van der Waals interaction as well as the Coulomb attraction, would be as a first approximation, proportional to the number of nearest neighbors. The ratio of the number of nearest neighbors in peapods to that in fcc C 60 is one sixth. which is consistent with the ratios of the activation energies mentioned above.

Reorientational motion of one dimensional C 60 array inside SWNTs has been investigated by 13 C NMR spectroscopy. The encapsulated fullerenes undergo a phase transition at T c =100 K (fcc-C 60 at 260 K) from continuous rotational diffusion to uniaxial rotations and freeze out at 25 K (85 K in fcc-C 60 ). The significant changes in the dynamical properties of C 60 encapsulated inside SWNTs results from the reduction of the number of nearest neighbours and its smooth interaction with the SWNTs sidewalls. Chapter 6

Hydrogenated nanotubes

Ever since the discovery of peapods [1], single walled nanotubes (SWNTs) has been proposed as potential ultra clean nano reactors[2, 3] or gas transport system [4]. We report experimental evidences showing that controlled chemical reactions at the interior space of SWNT is, indeed, Carbon nanotubes provide unique possibilities for the studies of nano scale physics and chemistry in the confined interior space of SWNTs. They can be filled not only by C 60 but also with many other molecules like e.g. pentacene [5], metalloscenes [6] and hexamethylelamine [7].

However, only very few attempts have been made to modify encapsulated species. At present date, these are intercalation of C 60 with alkali metals [8], high pressure polymerization of C 60 [9,10] and catalyst growth of nanotube inside SWNTs [11]. It is well known that C 60 reacts with 101 hydrogen gas at given temperature and pressure [12] and that with correctly chosen conditions hydrofullerenes of high isomeric purity can be synthesized [13,14]. Therefore, it is of great interest, as a case study, to verify if the same reaction is possible and to follow the eventual modifications in the chemical composition, the molecular dynamics and the magnetic properties in the confined space of SWNT. Three samples : peapods, bulk fullerene powder, and reference non-filled SWNTs same as used for filling experiments were exposed to hydrogen gas at 13

Bar and 670-680 K. Analysis of XRD patterns recorded from the reference C 60 sample proved successful hydrogenation with an approximate composition of the final product as C 60 H x with x≈18 [14]. However, it is not given that fullerene molecules encapsulated in SWNT are also hydrogenated at the same conditions. Most likely, molecules close to the open ends or to hole defects of the nanotube will be hydrogenated, but will hydrogen be able to access the whole space of the peapod ? Another open question concerns the possible reaction of hydrogen with nanotube walls. This possibility should be considered and could complicate the analysis further. In order to clarify this important points, we performed solid state Nuclear Magnetic Resonance (NMR) which is widely used for the studies of structural and dynamical properties of fullerene compounds [15,16] but surprisingly limited in the case of SWNTs compounds [17,18,19]. This progress was largely hindered by two main reasons. First, the presence of magnetic catalyst impurities commonly present in SWNT samples. This problem can be circumvented by using magnetically purified SWNT samples [30]. Second, isotopic engineering with specific enrichment of C 60 molecules should be implemented in order to discriminate between the signal of carbons originating from the nanotube walls and from the encapsulated molecules. In this study, nanotubes with 1% 13 C natural abundance and C 60 with 25 % enriched 13 C have been used, leading to an enhancement of the signal of the encapsulated molecules under interest. The filling factor of C 60 inside SWNTs prior to hydrogenation was estimated from high resolution transmission electron microscope measurements to be ≈ 70%, see 6.1. The NMR study was performed first, on an empty SWNT sample, then on a peapod sample synthesized from these SWNTs and finally on that very same peapod sample subjected to hydrogenation treatment.

Comparing the NMR data obtained for pristine and hydrogenated peapods it is possible to assign the observed effects confidently only to molecules of C 60 situated in the interior space of SWNT. inside fullerene molecules [20]. The very sharp character of this line, together with the static spectra (Figure 6.3) discussed below, indicates that the C 60 molecules are still rotating inside the carbon nanotubes (β-position). This result is in agreement with semi-empirical calculations [22] and recent experiments [23], which show that C 60 molecules inside nanotubes rotate at the NMR time scale at room temperature. More details about dynamics of C 60 inside SWNTs are reported in the next chapter. The signal at 118.8 ppm represents the NMR response of the carbons in the SWNTs as in trace II for empty nanotubes [17,18]. Finally the line at 148.2 ppm represents C 60 molecules at the interior of SWNT but located at tube defects, giving rise to a slight paramagnetic shift of the NMR line position compared to pristine C 60 (I). Its significant broadening compared to freely rotating C 60 suggests that the C 60 molecules are no longer rotating when located in the vicinity of nanotube defects (α-position). The broadening indicates also that C 60 molecules are not located outside the SWNT, which would show up as a narrow line at 143.6 ppm [24]. A more distinct sign that the C 60 molecules are static in αposition is the presence of rotational side bands when spinning the sample at 4 kHz instead of 10 kHz (not shown). The hindered rotation is also supported by static NMR measurements as discussed below. Hydrogenation of peapods results in drastic modifications of the NMR spectra. Additional support to the conclusions extracted from the MAS NMR data is obtained from static 13 C NMR spectra (see Figures 6.4 and 6.5). As before, the 13 C spectra from untreated peapods sample is presented first (Fig. 6.4), followed by a discussion of the differences due to hydrogenation (Fig. 6.5). This indicates that 22.5% of the C 60 molecules are still freely rotating after the hydrogenation treatment, probably because they are either not hydrogenated at all or hydrogenated to a lower degree. Recalculating the previous ratio 0.17 for sp 3 /sp 2 carbons using the fact that the sp general trend is observed, with one line assigned to the protons on the C 60 molecules located at β-position inside the SWNTs (-25 ppm) and one line attributed to the protons on the C 60 molecules located at α-position (2 ppm). The latter shift is in very good agreement with the normal 1 H chemical shift that usually lies between 0-10 ppm, while the first diamagnetically shifted line clearly supports the magnetic shielding inside the nanotubes and consequently the presence of hydrogen inside the SWNTs. The average diameter of SWNT in our sample was estimated using Raman spectroscopy (by the position of the radial breathing mode [27]) to be 1.57 nm and that we observe in our experiments. Therefore, some mechanism which involves atomic hydrogen should be suggested. Taking into account the high reaction temperature a high mobility of hydrogen atoms on the surface of C 60 seem to be likely. Migration of atomic hydrogen on the surface of carbon materials is currently actively discussed in connection to hydrogen storage in carbon materials doped with metal nanoparticles ("spill over" mechanism, see e.g. ref [29]).

In this model molecular hydrogen split on atoms by some metallic nanoparticles and migrates in atomic form along the surface on carbon substrate. A somewhat similar mechanism could be proposed for peapods as well. Hydrogen molecules split on the C 60 molecule closest to the nanotube entrance, migrate to the inner walls of the nanotube and diffuse along the walls to fullerene molecules situated deeper inside of nanotube. More theoretical and experimental work is required to verify the proposed mechanisms of C 60 hydrogenation in peapods.

In conclusion, high temperature treatment of peapods with hydrogen gas results in selective hydrogenation of the C 60 molecules inside of SWNT, but not the walls of the nanotube. Chapter 7

New NMR strategies to study carbon nanotubes

The local magnetic properties of the one dimensional inner space of the nanotubes are investigated using 13 C nuclear magnetic resonance spectroscopy of encapsulated fullerene molecules inside single walled carbon nanotubes. Isotope engineering and magnetically purified nanotubes have been advantageously used on our study to discriminate between the different diamagnetic and paramagnetic shifts of the resonances. Ring currents originating from the π electrons circulating in the nanotube, are found to actively screen the applied magnetic field by -36.9 ppm.

Defects and holes in the nanotube walls cancel this screening locally. At high magnetic fields, the modifications of the NMR resonances of the molecules from free to encapsulated can be exploited to determine some structural characteristics of the surrounding nanotubes.

Understanding, tailoring and exploiting the properties of single wall carbon nanotubes (SWNTs) have received major interests since their discovery [1,2,3,4]. In addition to their one dimensional properties, SWNTs have another remarkable characteristic regarding to their inner space where unique experiments can be performed in a physically and chemically inert nanospace. Hence, SWNTs can be used as a template to study the properties of confined materials which could be drastically different from their bulk properties [5]. In addition to fundamental interest, the inner space in SWNTs can be used for various applications. Example of applica-117 tions are gas storage of the next generation of synthetic fuel [6,7]. In biology, they can be used as nano needles to deliver drug to a specific location without destroying cells [8]. A 1D wire of transition metal encapsulated in SWNTs was suggested as an advanced memory device or as a conducting wire needed for high density magnetic storage [9]. For both, the fundamental point of view and for potential applications, it is necessary to study local magnetic properties of SWNTs.

Nuclear Magnetic Resonance (NMR) spectroscopy is an excellent tool for this purpose. Recently, NMR computations using ab-initio calculation and classical magnetic theory have been used to study the local magnetic properties of encapsulated species [10,11,12]. Chemical shifts of the nuclei encapsulated inside SWNTs were predicted to shift diamagnetically in the range from 10 to 25 ppm. Experimentally, it is a challenge to measure this effect since high resolution NMR conditions, highly purified SWNTs samples and isotope engineering are all together necessary to circumvent broadenings and overlapping of the NMR resonance lines. In the experiments discussed here, we investigated the case study of SWNTs filled with C 60 fullerenes, a carbon allotrope well know as 'peapods' which was discovered by Luzzi and coworkers [13,14].

Peapods samples meant for NMR measurements, were prepared from SWNTs with 1% natural abundance in 13 C. As received PII-SWNTs from Carbon Solution, Inc. were purified using the novel magnetic filtration method [15,16]. Purified SWNTs materials (30 mg) and 25% on the diamagnetic shieldings from ring currents circulating on the SWNTs envelop which have been reported in recent theoretical works [10,12,11]. We suggest the following scenario : a major part of the encapsulated C 60 molecules of β-type is experiencing a diamagnetic shielding in agreement with the literature and a minor part of α-type in the vicinity of defects or holes in the SWNTs is not magnetically screened [18]; leading to a splitting ∆ = δ α -δ β . A schematic respresentation of the peapods with the C 60 -α and -β assignments is presented in Figure 7. The ratios between the quantities of α and β molecules can be obtained from I α = (L -s 0 )/2L and I β = (L + s 0 )/2L, respectively. η is sensitive to the transition between the situations α and β and σ is the Lorentzian half-width. The following parameters could be extracted from the fit of the data presented in Figure 7.1, ∆ = -36.9 ppm, δ α = 148.2 ppm, I β = 32%, δ β = 111.3 ppm and I β = 68%. Our results fully support the recent theoretical predictions on the change in the chemical shift of encapsulated molecules arising from ring currents circulating in the nanotube [10,12,11].

We turn now to the interpretation of the spectrum recorded at higher magnetic field, displayed in Figure 7.1 d). The β contribution is splitted into β 1 and β 2 by 2.8 ppm. This doublet was expected at higher magnetic fields but never observed experimentally [10,12,11]. This feature indicates two inequivalent C 60 molecules certainly attributed to two different magnetic behavior of the encapsulating SWNTs. In our case, two different diamagnetic screenings can be invoked to interpret the experiments, the case β 2 corresponding to the larger effect. According to recent theoretical studies, a significant difference in the behaviors of armchair and zizag nanotubes is expected [10,12,11]. From an experimental point of view, further NMR experiments are under progress in order to enlighten these details.

Using the novel-magnetically purified SWNTs and 25% 13 C enriched fullerenes, the local magnetic property of SWNTs and peapods were investigated using NMR spectroscopy. We demonstrated experimentally, that encapsulated fullerenes experience an averaged diamagnetic shielding of -36.9 ppm due to the ring currents produced by the π electrons circulating on the SWNTs.

This diamagnetic shielding is canceled by paramagnetic currents at defects on the walls of SWNTs. In addition, the NMR experiments at high magnetic fields reveal a doublet in the β line, suggesting two different magnetic behaviors of the SWNTs related to their characteristics like the chirality. Our findings open a new route to develop NMR strategies to investigate the magnetic properties of nanotubes and their derivatives by using encapsulated molecules as

Conclusion and Perspectives

NMR studies of carbon nanotubes and derivatives

During the last years, important results on the electronic, dynamical and magnetic properties of carbon nanotubes and derivatives have been obtained in our group in collaboration with researchers working on the synthesis and modelization. Up to now, only few groups have been Selected publications
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 11 Figure 1.1: The C 60 molecule : the bucky ball

Figure 1 . 2 :Figure 1 . 3 :

 1213 Figure 1.2: High resolution transmission microscopy of MWNT produced by the electric arc method

  Figure 1.4: a) Open in air electric arc discharge reactor used to produce carbon nanotubes and fullerenes in Montpellier, France. Scanning electron microscographs of as-produced b) millimetric grains collected from the central part of the collaret around the deposit. Entangled network of bundles of single walled carbon nanotubes at higher magnification d) ×8000 and e) ×90000. The inset c) presents a high resolution transmission micrograph of one bundle.

Figure 1 . 5 :

 15 Figure 1.5: Transmission electron microscopy images of MWNT grown by catalytic chemical vapor deposition methods.

Figure 1 . 7 :

 17 Figure 1.7: A zigzag (18, 0) nanotube

Figure 1 . 9 :

 19 Figure 1.9: A chiral (12, 6) nanotube

Figure 1 .

 1 Figure 1.11: A chiral (6, 3) nanotube corresponding to the rolled up graphene sheet displayed in Figure 1.11.

Figure 1 .

 1 Figure1.13: A multiwalled carbon nanotubes : (6, 5)@(10, 10)@(16, 11) 

Figure 1 . 14 :

 114 Figure 1.14: Densities of states for two metallic carbon nanotubes a) (5, 5) and b) (7, 1).c) is for the semiconducting (8, 0). Adapted from the reference[28].

Figure 1 . 16 :

 116 Figure 1.16: Transmission Electron Micrograph of one suspended single walled carbon nanotube which has been investigated by electron diffraction and micro-Raman in order to determine its structure and vibrational properties[35]. The arrows indicate the free standing nanotube. The scale bar is 1µm

Chapter 2 Structural

 2 properties of nanotubes derived from13 C NMR Structural properties of carbon nanotubes are derived from experimental and theoretical13 C Nuclear Magnetic Resonance investigations. Solid state NMR experiments with Angle Spinning conditions have been performed on single and multi-walled nanotubes with diameters in the range from 0.7 to 100 nm and number of walls from 1 to 110. Depending on the size and shape, we establish the dependence of their NMR signatures and find two universal behaviors for the line shifts and line widths. Increasing the diameter D, from the smallest investigated nanotube corresponding to the inner nanotube of a double-walled to a large multi-walled nanotube, a 23.5 ppm diamagnetic shift of the isotropic line is observed which asymptotically tends to the line position expected in graphene. The experimental isotropic chemical shift follows δ = 18.3/D + 102.5 ppm, in good agreement with ab initio calculations performed on semiconducting nanotubes with diameters in range from 0.7 to 1.4 nm. A characteristic broadening of the line shape is observed with increasing the number of walls. This feature can be interpreted in terms of a distribution of isotropic shifts originating from different diamagnetic shieldings on the encapsulated nanotubes and heterogeneity of the samples. NMR is definitely shown to be a major non destructive spectroscopy on bulk samples which can be used as a source of basic and complementary information to investigate carbon based nanomaterials.

  C NMR investigations of CNTs are reported.Carbon nanotubes used in this study were chosen regarding to their structural characteristics, particularly diameters distribution and number of walls. The single-walled CNTs sample (SW1) was purchased from Carbon Solutions Inc and was filtered through a magnetic field of 1.1 Tesla to remove residual catalyst[4]. Double-walled CNTs sam-ple (DW1) was fabricated by annealing peapods under dynamic vacuum for 48 hours at 1250 • C. The peapods were prepared using 25%13 C enriched C 60 vapor during 10 hours at 650 • C for filling CNTs, followed by 1 hour post annealing in dynamic vacuum to remove non-encapsulated fullerenes. Double-walled CNTs sample (DW2) was synthesized by CCVD technique and was purchased from Thomas Swan and Co. Company, England.Single-walled CNTs sample (SW2) is from HiPco technique at CNI, Houston, USA. The multi-walled CNTs samples named (MW1) and (MW2) were provided by the CRMD Laboratory in Orléans, France. They were prepared respectively by catalytic decomposition of acetylene diluted in nitrogen at 600 • C on Co x Mg 1-x O as described elsewhere[9] 

Figure 2 . 1 :

 21 Figure 2.1: HRTEM of different multi-walled carbon nanotubes : a) MW1 b) MW2, c) MW4 and d) MW3

Figure 2 .

 2 Figure 2.2 shows high resolution Magic Angle Spinning 13 C NMR measurements on these CNTs.

diameter[ 13 ,

 13 14]. These experimental data are presented in figure 2.3 and can be fitted by the following expression with D in nm, relation between 13 C NMR isotropic chemical shift δ versus the average diameter D of the CNTs sample. This relation allows to easily estimate the diameter and its distribution of an unknown CNTs sample by measuring δ, the average 13 C NMR isotropic line position.

Figure 2 . 2 :

 22 Figure 2.2: 13 C high resolution MAS NMR spectra on single, double, triple and multiwalled carbon nanotubes. a) DW1, b) SW2, c)SW1, d) DW1, e) MW4, f) MW1, g) MW2 and h) MW3. Their structural characteristics are listed in Table 2.1. (* are for sidebands).

Figure 2 . 3 :

 23 Figure 2.3: 13 C NMR isotropic chemical shifts for carbon nanotubes versus the inverse of their diameter (D) : experiments (open circle) and ab initio calculations (open square).The dashed line corresponds to δ (see Eq. 2.1), the best fit of the experimental data.

Figure 2 . 4 :

 24 Figure 2.4: The parameter ∆ versus the number of walls.

  1 ppm. The optimized structural parameters obtained in the present work are consistent with those published previously in the literature.[11, 21] Our ab initio results for the isolated CNTs are presented in figure 2.3 (open circle) together with experiments (open square). Unfortunately, ab initio computations on large diameter CNTs or multi-walled CNTs are not accessible. However, the comparison was feasible in the range from 0.7 to 1.4 nm where an overlap between the two approaches was possible. Interestingly, the theoretical results are in good agreement with the experiments. They reproduce the general trends and support the relations for δ and ∆ obtained from the NMR experiments.

Figure 3 . 2 :

 32 Figure 3.2: Temperature dependent 13 C NMR spin lattice relaxation rates (ω 0 = 50.3 MHz) for LiC 10 : ⋆, LiC 7 : • and LiC 6 :. Inset :13 C NMR magnetization recovery at room temperature for LiC 6 : • and pristine SWNT :[15].

  [α : 70% β : 30%], for LiC 7 [α : 55% β : 45%] and for LiC 6 [α : 50% β : 50%]. We found that the first intercalated Li are of type Li +α and increasing the Li concentration a second type Li +β is adsorbed by the SWNT host. In order to estimate the corresponding7 Li NMR resonances, we investigate the lineshift and linewidth during the relaxation measurements. The inset of figure3.3 shows the spectra for LiC 10 at 50 K during the magnetization recovery experiment at two different delays. The best fits of the partially recovered spectrum (figure3.3a) and fully

Figure 3 . 3 :

 33 Figure 3.3: Temperature dependent7 Li NMR spin lattice relaxation rate 1/T β 1 (ω 0 = 100 MHz) for LiC 10 : ⋆. The solid line is a fit according to equations 3.4. Inset:7 Li NMR spectra in LiC 10 at 50 K extracted from magnetization recovery experiments : a) partially recovered spectrum at a short delay : 0.8 s and b) fully relaxed spectrum at a long delay 22 s. The ratios in a) [α : 37% β : 63%] and in b) [α : 70% β : 30%] are obtained from a deconvolution (dashed lines) with one sharp-α and one broad-β Lorentzian line as described in the text.

also 1 H 1 1 1 1

 111 NMR measurements versus temperature. The 1 H NMR spectra for LiC 7 are shown in the inset of figure 3.4. At low temperatures the spectrum consists of a broad Lorentzian line diamagnetically shifted to δ = -29 ppm. This negative diamagnetic chemical shift is unusual and remarkably high for organic materials. 1 H NMR chemical shifts usually range from 0 to +12 ppm. We explain this observation by an extremely large diamagnetic shielding of the carbon nanotubes. Therefore the diamagnetic susceptibility caused by π-electron orbital magnetism of the sp 2 carbon bonds should also be very large for SWNT. Besides the broad line at low temperatures a second sharp Lorentzian line around δ = -3.2 ppm shows up around room temperature. This clearly indicates the existence of two inequivalent proton sites. With increasing temperature a line narrowing is observed giving evidence for molecular motion. As spin-lattice relaxation is sensitive to local field fluctuations induced by the motion of the nuclei we have performed temperature dependent 1 H spin-lattice relaxation experiments. Figure 3.4 presents the 1 H NMR T -data of the sharp line. It is interesting to note that we found a similar temperature dependance for the 7 Li NMR T -data suggesting that T HF molecules and Li + show thermally activated dynamics above 300 K. It has been shown in GIC that T HF

Figure 3 . 4 : 1 H

 341 Figure 3.4: 1 H NMR (ω 0 = 180.5 MHz) spin-lattice relaxation rates for LiC 7 and its fit according to thermally activated dynamics : ∆E ≈ 100 meV . Inset : 1 H static NMR spectra in temperature which show one broad line and one thermally activated sharp line.

  C NMR experiments were carried out at the University of Montpellier on spectrometers Bruker ASX200 and Tecmag Apollo at magnetic fields of 9.4 T, 4.7 T and 3.3 T corresponding to Larmor Frequencies of 100.6 MHz, 50.3 MHz and 35.8 Mhz, respectively. In all the experiments, the spin-lattice relaxation times were considered in order to measure NMR spectra under qualitative and quantitative conditions.

Figure 4 .

 4 Figure 4.1 presents the high resolution 13 C NMR spectra recorded for magnetically purified empty nanotubes compared to the five peapod samples. A summary of line-positions and

Figure 4 . 1 :

 41 Figure 4.1:13 C NMR isotropic lines from high resolution MAS experiments (50.3MHz) at a spinning rate of 10 kHz of (i) magnetically purified single wall carbon nanotubes of 1.4 nm diameter and hybrid peapod materials with encapsulated molecules like (ii) and (iii) fullerene C 60 , (iv) hydrogenated C 60 H x with x<18 , (v) Rb-intercalated C 60 and (vi) carbon nanotubes of 0.7nm diameter (double-walled carbon nanotubes with the inner tube produced through the heating-induced coalescence of encapsulated C 60 molecules). All the spectra from (ii) to (vi) present two contributions labelled α and β (line shifts and splittings are reported in Table4.1). Note that on spectrum (iv), the same ∆ splitting is observed on C-C sp 2 and C-H sp 3 lines located at 45 ppm, clearly confirming the magnetic shieldings.

  and a filling factor of ≈70% of the inner cylindrical space of the nanotubes, the contribution to the total NMR signal intensity from the outer nanotube in the spectra of all the peapods from (ii) to (vi) is estimated to be ≈16%. Consequently, these NMR spectra are dominated by the signal from the encapsulated molecules. A tutorial fit of the 13 C spectrum of a C 60 peapod sample (ii) is given in Figure4.2. The lineshape of the outer nanotube is fixed according to the spectrum presented in Figure4.1(i) and its intensity following the previous remark . Two more contributions are needed to accurately fit the experimental data. The first line α at the position δ α shows a paramagnetic shift of about +5 ppm from the line positions in fcc-C 60 crystal[6] or in polymeric-C 60 phases[12]. The second line β at the position δ β presents a larger diamagnetic shift in the range of ∆ = δ β -δ α ≈ -36 ppm. Approximately 75% of the signal is of β type and diamagnetically shifted with respect to normal fcc-C 60 . As presented in Figure4.3, no de-

Figure 4 . 2 :

 42 Figure 4.2: 13 C NMR isotropic lines from high resolution MAS experiments (50.3 MHz) at a spinning rate of 10 kHz of 25% 13 C enriched C 60 "peas" encapsulated inside natural abundance carbon nanotube "pods" (solid line), 16% outer nanotubes contribution (dotted line), paramagnetic shifted α line and diamagnetic shifted β line from encapsulated C 60 molecules.

Figure 4 . 3 :

 43 Figure 4.3: Temperature dependence of the 13 C NMR lines positions at 4.7 T (50.3 MHz) of the 25% 13 C enriched C 60 peapods, comprised of 1-D chains of C60 molecules encapsulated inside natural abundance carbon nanotubes. Open circles are for δ α and open squares for δ β . Solid circles and stars correspond to experiments performed at 9.4 T (100.6 MHz) and 3.3 T (35.0 MHz), respectively. ∆ is proportional to the applied magnetic field and shows no dependence on temperature down to 20 K. At lower temperature, the broadening of the β line prevents an accurate determination of its shift.

Chapter 5 Molecular

 5 dynamics and phase transition in one dimensional crystal of C 60 encapsulated inside single wall carbon nanotubes One dimensional crystal of 25% 13 C enriched C 60 encapsulated inside highly magnetically purified SWNT was investigated by following the temperature dependence of the 13 C NMR line-shapes and relaxation rates from 300 K down to 5 K. High Resolution MAS techniques reveal that 32% of the encapsulated molecules so called the C α 60 are blocked at room temperature and 68% labelled C β 60 are shown to reversly undergo molecular reorientational dynamics. Contrary to previous NMR studies, spin-lattice relaxation time reveals a phase transition at 100 K associated with the changes in the nature of the dynamics of the C β 60 . Above the transition, the C β 60 exhibit continous rotational diffusion ; below the transition, C β 60 execute uniaxial hindered rotations certainly along the nanotubes axis and freeze out below 25 K. The associated activation energies of these two dynamical regimes are measured to be 6 times lower than in fcc-C 60 suggesting a quiet smooth orientational dependence of the interaction between C β 60 molecules and the inner surface of the nanotubes.

vacuum 10 - 9

 109 Bar for one hour at 650 • C and 300 • C, respectively. The quartz tube containing the SWNTs and fullerene materials was sealed and annealed at 650 • C for 10 hours in order for the fullerenes to fill the interiors of the SWNTs. After the filling step, the resulting peapods materials were post-annealed in a dynamic vacuum at 650 • C for an hour to remove the nonencapsulated fullerenes. X-ray diffraction (XRD copper Kα with a wavelength of 1.54 Å) was used to assess the filling efficiency of the fullerenes into the SWNTs. The micro structures of peapods were examined using a JOEL 2010 transmission electron microscope at 80 keV to avoid electron beam damage. Based on TEM and XRD measurements, a minimum of 70% C 60 filling ratio was found in our samples. Hence, taking into account the 25%13 C isotope enrichment, a contribution of 16% from the SWNTs to the total NMR signal was estimated. Therefore in our study, the observed13 C NMR signal is safely dominated by the contribution of encapsulated C 60 molecules. High resolution 13 C Magic Angle Spinning NMR experiments were carried out using Bruker and Tecmag spectrometers at a static magnetic field of 4.7 T operating at Larmor frequencies of 50.3 MHz. Spectra were recorded by spin echo pulse sequence with four phase alternation an synchronized with the spinning rate for the MAS experiments. The spin-lattice relaxation time T 1 was measured by a conventional saturation-recovery pulse sequence with echo detection. The spin-spin relaxation time T 2 was measured by Carr Purcell Meilboom Gill multiple echoes pulse sequence. Temperature studies were performed in a sealed glass tube after being evacuated overnight at a secondary dynamic vacuum.

Figure 5 .

 5 Figure 5.1 presents the HR-MAS 13 C NMR spectrum of the magnetically purified peapods sample at a spinning rate about 10 kHz. Two sharp resonances labelled α at 148.2 ppm and β at 113.3 ppm are observed with the following ratios 32% and 68%, repectively. According to the line-positions and line-widths, these resonances can not be attributed to SWNTs or nonencapsulated C 60 or polymerized phase of C 60 . They can been interpreted in terms of C α 60 and C β 60 , the latter is diamagnetically shifted by -36.9 ppm from its normal position at 146.3 ppm by

  that the C β 60 molecules are reorienting rapidly. The residual broadening of the line is attributed to the anistropic diamagnetic shielding from the SWNTs [21]. The following axially symmetric Chemical Shift Anisotropy tensor principal values δ β 11 = δ β 22 =106.9 ppm and δ β 33 =119.9 ppm was obtained. According to our findings, the investigation of the molecular reorientional dynamics of C 60 molecules encapsulated inside perfect SWNTs should concentrate on the C β 60 contribution. Hence, our temperature dependence 13 C NMR study presented below, is focussed on the molecular reorientational dyncamics of the C β 60 molecules.

Figure 5 .

 5 Figure 5.1 shows static 13 C NMR spectra as a function of the temperature from 300 K down to 5 K. The sharp C β 60 at 111.3 ppm is observed from 300 K down to 30 K with no shift of the resonant frequency. Below 25 K, the line gradually broadens and develops a lineshape characteristic of a chemical shift anisotropy powder pattern. At low temperature, the C β 60 presents a lineshape characteristic of a CSA powder pattern with tensor principal values δ α 11 =1.4 ppm, δ α 22 =150.4 ppm and δ α 33 =181.4 ppm. This feature indicates that for most molecules, the rate of large amplitude molecular reorientation has become slow compared to the CSA width (3 kHz at 4.7 T). Above 25 K, large rotational motion of the C β 60 molecules averages the CSA and results

12 Table 5 . 1 :

 1251 Reorientational motion parameters : activation energy ∆E, autocorrelation time τ 0 and local field fluctuations ∆ω corresponding to T 1 , T 2 , and δν in peapods and fcc-C 60 fullerenes. The obtained values ∆ω HT M = 2 π 3465 s -1 above T c , ∆ω LT M = 2 π 2541 s -1 and ∆ω LT D = 2 π 475 s -1 below T c are in reasonable agreement with the CSA linewidth at low temperatures (below 25 K). The activation energies ∆E HT M = 8 meV and ∆E LT M = 27 meV are estimated using an attempt autocorrelation time τ 0 = 5 10 -11 s.

Figure 5 .

 5 Figure 5.5 presents the second moment of the C β 60 line from 300 K down to 5 K. The motional narrowing around 25 K, clearly indicates that the C β 60 rotational motion drastically changes at

Figure 5 . 1 :

 51 Figure 5.1: Static 13 C NMR spectra of C 60 molecules encapsulated inside SWNTs at indicated temperatures. Bottom spectrum, HR-MAS 13 C NMR showing the isotropic lines of the C α 60 and C β 60 .

Figure 5 . 2 :

 52 Figure 5.2: Simulated powder pattern line-shape according to CSA tensor values described in the text, for a) SWNTs, b) blocked C α 60 , c) rotating C β 60 , d) the fit of the experimental spectrum e) according to the indicated ratios.

Figure 5 . 3 :

 53 Figure 5.3: Spin-lattice relaxation time T 1 of C β 60 in peapods as a function of temperature. The phase transition occurs at T c =100 K. Note the abrupt change at T c which occurs when C β 60 change from continous rotational diffusion (dashed line) to uniaxial rotation along SWNTs axis (solid line).

Figure 5 . 4 :

 54 Figure 5.4: Spin-spin relaxation time T 2 of C β 60 in peapods as a function of temperature. The peak occurs when autocorrelation rate τ -1 is in the order of the line-width (3 kHz at 4.7 T). Below 25 K, all the C 60 molecules the α and β are blocked.

Figure 5 . 5 :

 55 Figure 5.5: Second moment of the lines of the C α 60 (solid square) and C β 60 (open square). Note the small increase (200 Hz) at T c from the continuous rotational diffusion (dashed line) to uniaxial rotational motion along the axis of the SWNTs (solid line). Below 25 K, the C β 60 molecules are blocked which is evidenced by an increase of ≈ 800 Hz in δν.

  feasible. Hydrogenation of C 60 molecules inside SWNT was achieved by direct reaction with hydrogen gas at elevated pressure and temperature. Evidence for the C 60 hydrogenation in peapods is provided by isotopic engineering with specific enrichment of encapsulated species and high resolution13 C and 1 H NMR spectroscopy with the observation of typical diamagnetic and paramagnetic shifts of the NMR lines and the appearance of sp3 carbon resonances. It is estimated that approximately 78 % of the C 60 molecules inside SWNTs are hydrogenated to an average degree of 14 hydrogen atoms per C 60 molecule. As a consequence, the rotational dynamics of the encapsulated C 60 Hx molecules are clearly hindered. In contrast, hydrogenation is not observed on the wall of the SWNTs in peapods and for the non-filled SWNTs after exactly the same hydrogenation treatment. Our successful hydrogenation experiments open completely new roads to understand and control confined chemical reactions at the nano scale.

Figure 6 . 1 :

 61 Figure 6.1: HR-TEM picture of untreated peapod sample before hydrogenation process.

Figure 6 .

 6 Figure 6.2 shows the magic angle spinning NMR spectra of untreated peapods (III) and hydrogen treated peapods (IV) together with pristine C 60 (I) and empty SWNTs (II). The signal from the untreated peapods (III) can be fitted with three lines, the first at 111.3 ppm (α-position), a second at 118.8 ppm, and a third at 148.2 ppm (β-position). The line at 111.3 ppm is assigned to C 60 molecules in the interior of the SWNT. This signal is diamagnetically shifted from the normal position of FCC C 60 , located at 143.6 ppm (trace I). The diamagnetic shift occurs due to a local magnetic field on the C 60 molecules produced by ring currents circulating on the honeycomb surface of the nanotube[21]. The same effect has been observed for 3 He encapsulated

Figure 6 . 2 :

 62 Figure 6.2: 13 C MAS of pristine C 60 (I), Single walled nanotubes (empty) (II), normal peapods (III), hydrogen treated peapods (IV), and CPMAS of hydrogen treated peapods (V).

The 13 C

 13 NMR MAS spectrum (Figure6.2 IV) shows that the signals of α-and beta-molecules keep their individual ratio but the line positions and their FWHM is changed (see also table 6.1).Both the line representing C 60 located at defects (α-position) and the line representing C 60 in βposition are paramagnetically shifted from the values in untreated peapods. The paramagnetic shift, caused by the charge transfer between hydrogen and fullerenes provides clear evidence for hydrogenation of the C 60 molecules and the sp 2 line position. This experimental observation is in good agreement with13 C NMR shifts between C 60 and C 60 H 18[14]. In addition we can extract, information about the dynamics of hydrogenated C 60 inside of SWNT from the spectrum shown in Figure6.2 IV). This is important since it helps to clarify the interactions between the C 60 molecules and the nanotube walls. The presence of spinning side bands from both resonances, the line at 152.1 ppm (α-positionk) and the line at 117.8 ppm (β-position) suggests that after hydrogenation the α-and β-C 60 molecules are static, indicating an increase of the fullerenenanotube interaction probably due to steric effects. Further evidence for hydrogenation of C 60 in peapods is provided by the appearance of two sp 3 lines located at 48.7 ppm and 14.4 ppm, attributed to C-H bonds from the α-and β-hydrogenated C 60 molecules, respectively. The sp 3 line at 48.7 ppm is interpreted to originate from the sp 3 carbon located at defects and thus expected to be not diamagnetically shifted because of the absence of nanotube ring currents at these positions. Additional support for the succesfull hydrogenation of C 60 is found in the Cross Polarized Magic Angle Spinning (CPMAS) experiments on the hydrogen treated sample (trace V in figure6.2. The CPMAS enhances the signal of carbon spins either directly bonded to a hydrogen (sp
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 63 Figure 6.3: Fit of high resolution MAS NMR spectrum of hydrogen treated peapods. SWNT content (I), paramagnetically and diamagnetically shifted C60 (II), fitted curve (III), and experimental NMR spectrum (IV).Figure 3 a) 13 C Static NMR spectra of peapods fitted with the tensors of SWNT (I), static C60 (II) and freely rotating C60 (III). The total fit is shown in (IV) and the experimental data in (V).

Figure 3 a) 13 C

 313 Figure 6.3: Fit of high resolution MAS NMR spectrum of hydrogen treated peapods. SWNT content (I), paramagnetically and diamagnetically shifted C60 (II), fitted curve (III), and experimental NMR spectrum (IV).Figure 3 a) 13 C Static NMR spectra of peapods fitted with the tensors of SWNT (I), static C60 (II) and freely rotating C60 (III). The total fit is shown in (IV) and the experimental data in (V).
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 6465 Figure 6.4: 13 C Static NMR spectra of peapods fitted with the tensors of SWNT (I), static C60 (II) and freely rotating C60 (III). The best fit is shown in (IV) and the experimental data in (V).

(

  shifted diamagnetically): rotating C 60 (shifted diamagnetically), in the ratio of 31.7: 45.8: 22.5.
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 66 Figure 6.6: 1 H-MAS-NMR of hydrogen treated peapods.

13 C

 13 NMR MAS/static and 1 H NMR provide compiling evidence that encapsulated C 60 molecules in hydrogen treated peapods are indeed hydrogenated and consequently that the rotation of these molecules is blocked. The effect of C 60 hydrogenation is revealed by the freezing of the C 60 molecules, the observations of diamagnetic/paramagnetic line shifts, the appearance of sp 3 carbon lines. It is very likely that also chemical reactions with some other gases (e.g. fluorine, chlorine and possibly even formation of fullerenols) could be possible inside SWNTs thus expanding the research into a new field of physics and chemistry in confined one dimensional nano vessels.

13 C

 13 enriched fullerenes (20 mg) were out-gassed in a dynamic vacuum of 10 -9 Bar for one hour at 650 o C and 300 o C, respectively. The quartz tube containing the SWNTs and fullerene materials was sealed and annealed at 650 o C for 10 hours in order for the fullerenes to fill the interiors of the SWNTs. After the filling step, the resulting peapods materials were post-annealed in a dynamic vacuum at 650 o C for an hour to remove the non-encapsulated fullerenes.X-ray diffraction (copper Kα with a wavelength of 1.54 Å) was used to assess the filling efficiency of the fullerenes into the SWNTs. The micro structures of peapods were examined using a JOEL 2010 transmission electron microscope at 80 keV to avoid electron beam damage.High resolution13 C Magic Angle Spinning NMR experiments were carried out using Bruker and Tecmag spectrometers at magnetic fields of 4.7 T and 9.4 T operating at Larmor frequencies of 50.3 MHz and 100.6 MHz, respectively. Experiments were performed under qualitative and quantitative conditions with respect to the NMR relaxation times.

Figure 7 .

 7 Figure 7.1 presents the 13 C MAS NMR spectra of the magnetically purified SWNTs and the peapods samples at spinning rates about 10 kHz. The spectrum presented in Figure 7.1 a) of the purified SWNTs is characterized by one sp 2 resonance at 118.8 ppm in agreement with previous reports[17]. Its line-width is interpreted in terms of a distribution of chemical shifts related to different chiralities and diameters of the SWNTs. The spectrum of the peapods sample at 4.7 T, displayed in Figure 7.1 c) shows two resonances labelled α at 148.2 ppm and β at 111.3 ppm where the latter is splitted at higher field (9.4 T) into β 1 at 113.4 ppm and β 2 at 110.6 ppm, as shown in Figure 7.1 d). Based on TEM and XRD measurements, a minimum of 70% C 60 filling ratio was found in our samples. Hence, taking into account the 13 C isotope enrichment, a contribution of 16% from the nanotubes to the total NMR signal was estimated. According to the observed line-positions and line-widths, the rest of the signal was attributed to encapsulated C 60 . No residual non-encapsulated C 60 was detected at 143.6 ppm. To go further in the interpretation of our data, we propose a model for the fitting of the NMR line-shape, based

2 .

 2 One expects also to have C 60 molecules in intermediate situations giving contributions to the NMR signal between these two extreme line-shifts. The best fit of our experimental data, presented in Figure7.1 b), was achieved fixing a Lorentzian line for SWNTs at 118.8 ppm and 16% of the total intensity and using a distribution of line-shifts between δ α and δ β according the Equations 7.1 and 7.2. Λ(s) = δ β + ∆ 1 + 2 π arctan (η (s -s 0 ))(7.1) 

Figure 7 . 1 :

 71 Figure 7.1: High resolution 13 C MAS NMR spectra at a spinning rate about 10 kHz at room temperature, a) magnetically purified SWNTs, b) fit of peapods spectrum presented in c) at 50.3 MHz and d) at 100.6 MHz. α and β corresponds to the two inequivalent C 60 situations inside the SWNTs. The doublet β 1 and β 2 is resolved at high magnetic fields and correspond to two different diamagnetic screenings from the SWNTs.

Figure 7 . 2 :

 72 Figure 7.2: Schematic representation of a peapod made of a (10,10) nanotube with a hole on the right and three encapsulated C 60 in the situations : α (red) next to the defect and β (green) diamagnetically screened by the π electrons circulating on the SWNTs. For clarify of the illustration, the carbons from the nanotube in the forefront are not represented.

  using our approach based on Nuclear Magnetic Resonance, since the experiments face two types of problems. First, the quantity and quality of the samples should fit the constrain of NMR experiments, second isotopic engineering is necessary to discriminate between the different NMR resonances. Today, the improving control of the quality of the synthesis and the possibility to produce non-magnetic samples are expected to stimulate the community to look at the potential of NMR in nanotubes and its derivatives. In the future, with the help of our collaborators, we are going to focus on the modifications of carbon nanostructures with functionalization, intercalation and encapsulation of molecules and their potential applications.127Research ProjectnanoNMRI Micro and nano probes for the near field detection of radio frequencies from nuclear spins : NMR and MRI applications to living sciences Nuclear Magnetic Resonance (NMR) and Magnetic Resonance Imaging (MRI) are heavily used spectroscopies in biochemistry, agronomy, biology and diagnosis in medicine. They are based on the detection of radio-frequencies (RF) originating from polarized nuclear spins. This project concerns a new strategy to detect these RF in the near field of the object of interest and to evaluate this new technique to the study of living systems. In the light of these potential developments, one expect unprecedented spatial, time and spectral resolutions leading to accurate understanding of physical, chemical and biological interplays existing in an ensemble or individual living cells. Our approach is based on the scaling down of the RF antenna in a first step to micrometer with the use of micro cantilever and in a second step by taking advantage of the exceptional mechanical and electronic properties of one carbon nanotube (NT) at the end of a microcoaxial tip. Hyperlocalyzed NMR spectroscopy will be possible from nuclear spins located around the tiny antenna. With the help of an accurate control of the positioning of the RF probe, MRI will be performed to sub micronic scales by collecting spectral information like lineshifts, line intensities, relaxations... in correlation with the displacements. The detection of hyperlocalized NMR signals from living systems will be of great interest to better understand the biological, physical and chemical mechanisms opening new route for diagnosis and therapeutic treatments. In the present project, the development of a micro/nano NMR probe will improve the sensitivity and the time-space resolution of the measured parameters in order to study the 129 localization, the occurrence and/or disappearance of biological markers involved in physiological or pathophysiological phenomena. Colloborators • Pr. Michel Zanca CHU Gui de Chauliac Biophysics Department • Eric Nativel et Pascal Falgayrettes, Nanosolo IES • Paul Stein, University Odense, Danmark • Nadia Bertin, INRA Avignon • Manuel Gaviria et Monica Cappelini, Neureva Montpellier • Angel Rubio, University San Sebastian, Spain

  

  

Table 2

 2 

	DWNTs (DW1) inner CNT 25% 13 C	0.7 ± 0.1	1+1 (25% 13 C)	125.8	19.5
	SWNTs HiPCo (SW2)	1.2 ± 0.2	1	123.8	18.9
	SWNTs Carbon Solution (SW1)	1.4 ± 0.2	1	118.8	16.8
	DWNTs Swan (DW2)	(1.3 -3.5) ± 0.4	2 or 3	116.3	25.8
	MWNTs ) Nanocyl (MW4)	(4 -17) ± 2	15 ± 5	106.1	44.8
	MWNTs Co -MgO (MW1)	(4 -20) ± 2	15 ± 5	104.7	44.2
	MWNTs Co -NaY (MW2)	(8 -50) ± 2	90 ± 20	103.4	54.7
	MWNTs Pyrolisis (MW3)	(10 -100) ± 2	60 ± 10	102.3	51.6

.1. First moments were found to range from 125.8 ppm for the CNTs with the smallest diameter, to 102.3 ppm for the largest one, in agreement with the value expected for the graphene which can be seen as a CNT with an infinite

Samples

Diameter distributions (nm) Number of walls δ (ppm) ∆ (ppm)

Table 2 .

 2 1: Structural parameters : diameters and number of walls extracted from statistics on HRTEM images and 13 C NMR parameters : δ = M 1 and ∆ = √ M 2 calculated from 13 C NMR isotropic lines.

Table 3 .

 3 1: Density of states at the Fermi level n(E F ) for LiC x with x = 6, 7, 10 and pristine metallic SWNT.

	SWNT Sample	n(E F ) states/eV spin atom
	LiC 6	0.032
	LiC 7	0.020
	LiC 10	0.021
	Pristine metallic SWNT	0.015[15, 23]

Table 4

 4 

	(ppm)	(ppm)

.1. According to the natural abundance of 1.1% of

13 

C in the outer nanotube, the 25% abundance of

13 

C in the enriched and encapsulated C 60 fullerene Encapsulated Molecules δ α (ppm) δ β (ppm) I β (%) ∆ = δ β -δ α δ outer-NT

Table 4 .

 4 1:13 C NMR isotropic lines parameters for different encapsulated molecules inside carbon nanotubes. Paramagnetic α and diamagnetic β lines are observed in all the hybrid peapod materials in agreement with localized ring currents at the surface of the outer nanotube. We used I α +I β =100%, which gives directly the percentage between α and β encapsulated molecules. The 16% contribution of the outer nanotube is calculated from the integral of the spectra.

Table 6 .

 6 3 carbons) or in its vicinity (sp 2 carbons adjacent to sp 3 carbons), making it 1: Line positions and ratios corresponding to13 C NMR MAS experiments.possible to observe the quite large distribution of the sp 3 carbon signal indicating a high degree of C 60 hydrogenation.To ensure that the signal from hydrogenated carbons does not come from the hydrogenation of the nanotube walls in the peapod sample or from hydrogenated graphitic nanoparticles we performed the same hydrogenation treatment on a purified nanotube sample (containing no C 60 molecules) of the same starting nanotube material that was used to prepare peapods. NMR measurements performed on this sample did not reveal any signals from hydrogenated carbons which mean that nanotube walls and carbon particles are not hydrogenated at the treatment conditions used in our experiments. This result clearly proves that all hydrogenation observed in peapods occurs on the C 60 molecules. Fitting the NMR data for hydrogenated peapods (see Figure6.3) and taking into account the distribution of the magnetic field inside the nanotube, allows us to estimate that the SWNT provides 16% contribution to the measured signal whereas the remaining 84% comes from encapsulated C 60 . This result agrees with 70% filling factor of peapods and 25% enrichment of encapsulated C 60 by13 C[30]. The results of MAS-NMR experiments are summarized in table 6.1 and show the line position for each signal and its intensity in relation to the total carbon signal from C 60 . The ratio between the sp 2 and sp 3 carbons contributions allows us to estimate the number of hydrogenated carbon atoms as ≈ 17 % of all carbons in C 60 molecules. This means that if all C 60 molecules were homogeneously hydrogenated to the same degree (which is probably not the case, as discussed below) they would have a hydrogen content of about 10 hydrogen atoms per C 60 molecule. Summarising, our MAS13 C NMR spectra provides clear evidence for hydrogenation of C 60 encapsulated in peapods and shows that hydrogenation hinders the rotational freedom of the C 60 molecules.

		α-sp 2 (ppm)	β-sp 2 (ppm) α-sp 3 (ppm) β-sp 3 (ppm)
	Peapods	148.2 (31.7%) 111.3 (68.3%)	-	-
	Hydrogenated 152.1 (25.7%) 117.8 (56.3%) 48.7 (5.6%) 14.4 (12.4%)
	Peapods			

  60 molecule. This refinement of our previous estimation using all available experimental data, should be considered as a more precise determination since it takes into account the fraction of non-hydrogenated molecules present in peapods even after treatment. Another direct proof of C 60 hydrogenation inside of peapods is found by 1 H NMR. (see Fig.6.6). Consistent with the 13 C NMR data, the same

3 

signal only comes from 77.5% of the molecules, we obtain a hydrogenation degree of 22% which would correspond to a hydrogen content of 14 hydrogen atoms per C

  1.46 nm. The outer diameter of C 60 molecules is about 1 nm while hydrogen molecule in gas phase has a kinetic diameter of ≈ 4 Å[28]. Taking into account a van der Waals distance from carbon walls of SWNT (≈ 3.2 Åfrom each side), it seems to be difficult for molecular hydrogen to penetrate into the whole lengths of peapods. Our experiments however indicate a rather high amount of structural defects at the nanotube shell (giving rise to hindered C 60 rotation) which could open up channels in the nanotubes where hydrogen could penetrate. Nevertheless, this still probably can not fully explain the quite high hydrogenation degree of encapsulated C 60

nano-probes. Further experiments utilizing He 3 NMR are under progress.

Static and high-resolution MAS 13 C NMR spectra of the pristine and Li-intercalated SWNT are presented in figure 3.1. The static spectra on the left side show the evolution of the sp 2 On the left side, the static 13 C NMR spectra are presented and on the right side the high resolution 13 C MAS NMR spectra. The symbols ⋆ are for the spinning sidebands. Spinning rates are about 9 kHz in a') and 4 kHz in b'), c') and d')

powder pattern lineshape of SWNT under Li intercalation. A clear reducing of the anisotropy is observed with increasing the amount of intercalated Li. The sideband distributions on the corresponding MAS spectra on the right side of figure 3.1 confirms this fact. We estimated a reduction of the anisotropy of about 200 ppm from LiC 10 to LiC 6 . In addition, the isotropic lines positions δ iso are paramagnetically shifted from 126 ppm for the pristine SWNT [8,15] up to 136 ppm in LiC 6 . According to literature on carbon intercalation compounds [16,17], these observations indicate important modifications of the electronic properties and suggest that all samples exhibit a metallic state tunable by the amount of intercalated Li. In order to interpret our data, we developed the following analysis. The observed shift δ can be separated into two parts, the chemical shift σ and the Knight shift K according to δ = σ + K.

(3.1)

σ and K are second rank tensors consisting of an isotropic and an anisotropic part. The chemical