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Preface

Carbon has been studied and used for centuries and carbon science was long thought
to be a mature field. Diamond (3D) and graphite (2D) are two natural crystalline
forms of pure carbon. In 1985, Harold Kroto from the University of Sussex, James
Heath, Sean O’Brien, Robert Curl and Richard Smalley from Rice University, disco-
vered Cgg and the fullerenes [1]. Fullerenes are allotropes of pure carbon where the
carbon atoms form a closed, hollow cage. Kroto, Curl, and Smalley were awarded
the 1996 Nobel Prize in chemistry for their roles in the discovery of this class of
compounds.

One of the most exciting properties among the fullerene molecules family is the su-
perconductivity of alkali intercalated solid materials A3Cgy (where A is an alkali
metal) with transition temperatures among the highest known apart from the high-Tc
cuprates [2,4-7].

Since a short while, fullerenes are under extensive study for potential medical use
binding specific antibiotics to the structure to target resistant bacteria (e.g. blocking
the HIV virus), target certain cancer cells such as melanoma or as contrast agents

for X-ray and magnetic resonance imaging [8-10].

Carbon nanotubes which consist of rolled graphene sheets built from sp? hybridized
carbon atoms were first discovered in the early 1970s by Morinobu Endo [11]. Un-
fortunately this report did not cause a great impact because at this time scientists
were more interested in micron-size carbon fibers. It started to have impact when
Sumio lijima in 1991 found carbon nanotubes accidentally during the arc-evaporation
synthesis of fullerenes [12]. He observed that the sample contained helical carbon mi-
crotubules (now called nanotubes) and nanoparticles. From that point, carbon nan-
otubes attract scientists from various disciplines due to their fascinating electronic,
mechanical and thermal properties.

Worth mentioning are for example their electronic properties: carbon nanotubes can
behave like a metal or a semiconductor depending on their chirality and metallic
nanotubes are nearly one dimensional ballistic conductors. These electronic proper-
ties may be further modified via chemical intercalation of alkali metals, which tunes
the Fermi level and plays an important role in superconductivity of graphite and

Cgo. All in all; carbon nanotubes are believed to have very promising applications
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in future as stated by Richard Smalley: 'These nanotubes are so beautiful that they

must be useful for something’.

Since the invention of lithium-ion batteries, carbon based materials such as natural
graphite, carbon fibers, and pyrolytic carbon were investigated as possible candidates
for the use as battery anode materials [13,14]. In 1990, Sony was the first company
to commercialize lithium-ion batteries. At present multi-walled carbon nanotubes
(MWNT) of 10 nm to 100 nm in diameter (Endo fibers) are in regular use to prolong
the lifetime of these batteries. Recently, new progress have been reported for the use

of single-walled carbon nanotubes (SWNT) as battery anode materials [15].

These examples show how alkali intercalation in SWN'T is able to bring fascinating

properties applicable in commercial high-end products.

In the present work, the structural and electronic properties of alkali intercalated
SWNT are investigated using nuclear magnetic resonance (NMR). High
resolution NMR techniques have proven to be a remarkably versatile tool for the
elucidation of key properties of graphite, alkali-graphite intercalation compounds
(GIC) and Cg fullerides, addressing static and dynamic structural properties as well

as characteristics of electronic structures [4,16,17,19].

In the first two chapters of this work, the fundamentals of carbon nanotubes and
NMR are introduced. After a brief presentation of the spatial and electronic
properties of SWNT, the most important structural properties of alkali intercalated
graphite are discussed. In the NMR chapter emphasis is put on the origin of shift
interactions in NMR as well as relaxation theory due to electron-nuclear couplings
and molecular dynamics. Finally, basic *C NMR shifts in SWNT are presented and

discussed.

Chapter 3 deals with Li intercalation in SWNT bundles. After presenting the
applied wet chemical Li intercalation technique, it is shown how 3C NMR can be
used to determine the density of states at the Fermi level for various intercalated
samples. Afterwards, “Li NMR is used to determine the intercalation sites in the
SWNT bundles. Li-C hybridization effects as well as free thermally activated Li
diffusion are treated. In order to clarify the role of the cointercalated solvent THF,

temperature dependent 'H NMR measurements are presented and discussed.
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Cs intercalated SWNT are in the centre of attention of chapter 4. First, a
new preparation method for obtaining well defined Cs intercalation stoichiometries
is shown, followed by ¥*C NMR measurements in order to elucidate the electronic
properties of the system.

Electron charge transfer limitations are discussed in context with hybridized and
diffusing Cs™ cations intercalated in the interstitial channels of SWNT bundles. In
connection with 33Cs NMR measurements, electron charge transfer limitations are
discussed in context with hybridized as well as diffusing Cs™ cations. The obtained

results are compared with NMR investigations in alkali intercalated graphite.
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Chapter 1

Properties of Carbon Nanotubes
and Graphite

In the following chapter, single-walled carbon nanotubes (SWNT) are introduced.
The description is limited to aspects, that are of importance for understanding the
experiments in the present work.

For more far-reaching information on preparation of carbon nanotubes as well as
the various physical properties of SWNT refer to various monographs in literature
[12,49-52].

Possible fields of SWNT application and current progress are generally discussed in
Ref. [52-58]. The nanometer dimensions of the carbon nanotubes together with the
unique electronic structure of a two-dimensional graphene sheet make the electronic
properties of these one-dimensional carbon nanotubes highly unusual (quantum
wires). Specialized SWNT applications in nano- and microelectronics are treated
in Ref. [59-66]. Furthermore, SWNT are expected to have very good mechanical
properties because of the carbon-carbon chemical bond in the graphene layer. This
bond is probably the strongest chemical bond ever known in nature. Applications

using the outstanding mechanical properties of SWNT are discussed in Ref. [67-70].

After a brief introduction of the spatial SWNT structure, the resultant electronic
bandstructure is described. Finally, the most important structural properties of

alkali intercalated graphite are introduced.
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1.1 Spatial Properties of Carbon Nanotubes

As illustrated in Fig. 1.1 SWNT can be viewed as single graphene sheets rolled into a
cylinder with typical diameters in the range of 1-2 nm and length up to several hundred
micrometers. These quasi one-dimensional cylindrical tubulus can either have open
ends or closed caps at each end, such that the caps can be joined together to form a
fullerene. There also exist so-called multi-walled carbon nanotubes (MWNT), which

can be seen as several coaxially aligned SWNT.

It is convenient to specify carbon nanotubes in terms of the chiral vector
w = na; + may (Fig. 1.2). a; and ay are unit basis vectors on the graphene
honeycomb lattice and the integers (n, m) uniquely determine the tubule diameter d,
and the chiral angle ©. A nanotube with a chiral angle © = 0° is called a ’zigzag
tube’, whereas a nanotube with © = 30° is called an ’armchair’ tube. A nanotube
with a general chiral angle with 0 < |©] < 30° is called a ’chiral’ tube (see Fig. 1.3).
The SWNT diameter is given by d; = av/n? + m? + nm/n = |w|/7 with a being the
length of the graphene unit vector (a =2.46 A) [50].

Figure 1.1: Schematic of a graphene layer, rolled up in order to form a carbon
nanotube [58].
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Figure 1.2: 2D graphene sheet. The chiral vector w is defined with respect to the
zigzag axis. a; and ag are unit basis vectors on the graphene honeycomb lattice [71].

Figure 1.3: Molecular models of SWNTSs exhibiting different chiralities: (a) arm-
chair configuration, (b) zigzag arrangement, and (c) chiral conformation. (d) Molec-
ular model of a SWNT that is capped by six pentagons in each nanotube end [57].
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1.1.1 Production and Purification of SWNT

Carbon nanotubes are produced by different methods [50] like arc-burning of graphite
rods [72], laser ablation of graphitic targets [73] and chemical vapor deposition (CVD)
of hydrocarbons [64, 74].

In the arc discharge method, a vapor is created by an electric arc between two carbon
electrodes and nanotubes self-assemble from the resulting carbon vapor.

In the laser ablation technique, a high-power laser beam impinges on a graphite laser
vaporization target inside a furnace. Nanotubes are formed and flowing argon gas
sweeps the nanotubes to a cooled collector.

In the CVD method, nanotube growth involves heating catalyst nanoparticles placed
at well-defined surface sites in a reactor with flowing hydrocarbon gases. Carbon
nanotubes grow from the particles via catalytic dissociation of the hydrocarbon
molecules. With CVD, true scalability is possible what favors commercial produc-
tion. This method also makes it possible to control the growth of the tubes and to

construct nanometer sized devices [63, 64, 74].

The SWNT in the present work are made by arc-burning of a carbon rod consisting

of graphite and either Ni/Y metal catalysts or non magnetic Pt/Rh catalysts.

Generally, the catalysts are needed to preferably favor the formation of SWNT
than the formation of fullerenes or other kinds of carbon allotropes. However, the
production yield of pristine SWNT is claimed to be less than 40-50%. Metal catalyst
nanoparticles and carbon impurities mask the intrinsic properties of the SWNT
and purification or special sample part selection of the as-grown material is needed.
Pt/Rh catalysts have the advantage of being non-ferromagnetic materials which

favors their use in NMR experiments [34, 75].

Common to all SWNT production techniques is a wide diameter and length distribu-
tion of as produced SWN'T, which can be poorly controlled. Separation of nanotubes
according to diameter and chirality is not considered under the topic of purification
[76]. Nevertheless, length and diameter separation of nanotubes is required for many

applications [53,54], which is still an unsolved problem and considerable challenge.

Various methods for the purification of pristine SWNT exist in literature [77-81].

Removal of amorphous carbon by oxidation in air, as well as chemical oxidation and
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Figure 1.4: (a) SEM image of a SWNT bundles produced using the laser ablation
technique; (b) TEM image of the cross section of a SWNT bundle showing various
tubes of the same diameter (e.g., 1.38 A) [57].

subsequent removal of metal catalysts are claimed to be very efficient purification
techniques. However, they also induce defects in the SWNT by removing end caps
or chemically functionalization of the reactive surface of the tubular carbon cylinders
[82].

1.1.2 SWNT Bundeling

As shown in Fig. 1.4, due to van der Waals interactions between individual tubes,
SWNT favor to bundle to ropes of ten up to hundreds of nanotubes, forming a regular
triangular lattice. For typical samples of pristine SWNT with a mean nanotube
diameter of 1.2 A, the lattice constant is about a = 17 A, which corresponds to the

natural interlayer spacing found in natural graphite.

Separation of the bundled SWNT into individual nanotubes is only achievable by
sonication dispersing of SWNT bundles in solutions of aqueous micellar suspensions
[83]. The reason for using micellar suspensions is to apply a coating on the individual
SWNT surfaces to prevent reaggregation. Typical solutions are dimethyl formamide
(DMF) or sodium dodecyl sulfate (SDS).

However, the individual SWNT only exist stable in micellar suspensions or after
highly diluted adsorption on a silicon surface. Filtering the solution through a Teflon
filter membrane will always result in a reaggregation of the individual tubes to
bundles. Therefore it is impossible to perform any experiments on bulk samples of
individual SWNT.
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One possibility to avoid any bundeling of SWNT is the usage of freestanding individual
nanotubes on a substrate [64]. However, this always requires the substrate to be

included in the experimental investigations.

1.1.3 SWNT Intercalation

Similarly to graphite [16,17,31,84-98] and Cgg [3,4,19,99-103], it was shown that
SWNT bundles can be intercalated with various electron donors or acceptors through
physisorption or chemisorption [104-138,140, 141]. Preferable binding sites of inter-
calants are located at the external surface of a SWNT bundle and the interstitial
channels of the triangular bundle lattice. If the ends of the nanotubes are open, the
interior of the tubes provides additional intercalation sites [110,111,142-144].
Theoretical calculations on alkali metal intercalations can be found in Ref.
[70,142,143,145-160].

Three common techniques are known to intercalate alkali metals in SWN'T, wet chem-

ical intercalation, electrochemical intercalation and vapor phase intercalation.

e Wet chemical intercalation is mainly used to intercalate Li in SWNT by
using solutions of aromatic hydrocarbons and SWNT [125,161]. The advantage
of this method is the controllability of the intercalated sample stoichiometry by
tuning the redox potential and therefore choosing appropriate kinds of aromatic

hydrocarbons. The disadvantage is a cointercalation of solvent molecules.

e Electrochemical intercalation is typically performed with Li as inter-
calant. The reason is the application of Li in new secondary Li-ion batteries
[13,15,123,129,137, 138,140, 162-173]. Electrochemical intercalation allows to
simultaneously study a variety of electrochemical testing techniques as well as

performing conventional spectroscopy techniques like NMR.

e Vapor phase intercalation is performed following the two-bulb method by
applying a temperature gradient between the alkali metal and the host sample
[174]. Many alkali metals like K, Rb and Cs are usually intercalated using
this simple sample preparation technique [96, 104,110, 111,116, 122, 124, 175].
In materials like Cgg it was shown, that controlling the amounts of used alkali
metal and host carbon material enables to prepare intercalated materials in well

defined stoichiometries.
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In case of carbon nanotubes such a kind of stoichiometry control should be rather
difficult, since SWNT always contain impurities like metal catalysts, graphite

and amorphous carbons in unknown amounts.

Most of intercalation works have been devoted to alkali metals. After reaction with
heavy alkali metals like Rb or Cs, the saturation composition of the intercalated
SWNT was reported to be MCg (M=Rb, Cs) [104,122,176-179].

1.2 Electronic Structure of Carbon Nanotubes

1.2.1 Bandstructure

Due to the basic interconnection between graphene and single-walled carbon
nanotubes, the electronic structure of a SWNT can be obtained from the energy
dispersion relations of two-dimensional graphite [50, 180-185]. By using periodic
boundary conditions in the direction of the chiral vector w, the wave vector
associated with this direction becomes quantized, whereas the vector along the
nanotube axis remains continuous for an infinite long nanotube. Therefore, the one
dimensional energy bands of carbon nanotubes correspond to cross sections of the

energy dispersion relation in graphene.

Figure 1.5: Energy dispersion relations for the 7 and 7* bands in 2D graphite.
Inset: Energy dispersion along the high symmetry directions of the 2D Brillouin zone
[180].
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As illustrated in Fig. 1.5, the dispersion relation of graphene shows K points, where
the m and 7* energy bands are degenerate. If for a particular (n,m) nanotube, the
cutting line passes through a K point, the one dimensional energy bands have a
zero energy gap and the density of states at the Fermi level has a finite value. This
corresponds to a metallic carbon nanotube.

If, however, the cutting line does not pass through a K point, the carbon nanotube
is expected to have a finite energy gap between valence and conduction band, which

corresponds to a semiconducting carbon nanotube.

The density of states (DOS) of semiconducting (10,0) and metallic (9,0) SWNT calcu-
lated by tight binding approximation is shown in Fig. 1.6. The DOS does not consist
of one smooth band, but shows a number of side-bands with spikes. These spikes are
called van Hove singularities.

The side-bands are the characteristic signatures of the one-dimensional nature of
conduction within the nanotube 1D system. The singularities arise from a linear
crossing of 7 and 7* bands near the Fermi level with dE/dk = 0. The spacing of
the van Hove singularities is determined by diameter and chirality of the SWNT.
For larger-diameter tubes, the singularities move close together and merge, thereby

making the DOS resemble that of a graphene layer.

All armchair (n,n) nanotubes are real metals with zero energy gap. (n, m) nanotubes
with (n —m) = 3j, where j is a nonzero integer, show metallic character with a tiny
band gap of several meV. The small band gap is due to the curvature of the SWNT.
Considering finite temperatures, such a small energy gap can be neglected. All SWNT
with n —m = 35 £ 1 are large gap (~ 1 eV for d; ~ 0.7 nm) semiconductors.

Therefore, about one third of all carbon nanotubes are metallic. All other (n,m)
combinations correspond to semiconducting carbon nanotubes with energy gaps in

the range of several hundred meV.

1.2.2 Tomonaga-Luttinger Liquid Theory

The electronic properties of conventional three-dimensional metals are successfully
described by the Fermi-liquid theory. This theory deals with properties of many-
fermion systems at low temperatures in the so-called normal state, which means that

the system is not subject to a symmetry breaking phase transition.
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Figure 1.6: Calculated electronic density of states of (a) semiconducting (10,0)
and (b) metallic (9,0) SWNT [182]. The dashed line indicates the density of states
of graphene. The spike-like peaks are 'van Hove singularities’ that are characteristic
of one-dimensional materials.

In case the dimensionality of such a system is reduced to one, electron-electron
interactions start to play a dominant role leading to a behavior significantly different
from that of conventional Fermi liquids. The electrons exist in a state called a
Tomonaga-Luttinger liquid (TLL), a one-dimensional correlated electron state char-
acterized by a Luttinger parameter g that measures the strength of the interaction
between electrons [186,187]. Strong repulsive interactions are characterized by g < 1,

whereas g = 1 for the non-interacting electron gas [188].
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Metallic SWN'T are considered to be ideal one-dimensional systems for realizing TLL
states [186, 187,189-192]. The long-range Coulomb interaction between electrons is
expected to yield a TLL state in SWNT with g ~ 0.28 [192]. A crucial point of the
TLL theory is, that the electron density of states (DOS) near the Fermi level n(ep)
shows a power law dependence n(cr) oc £, where o depends on the size of Coulomb

interaction and can be expressed as a = (g — g~ ' — 2)/8.

1.3 Spatial Structure of Graphite — Intercalation

Carbon atoms in graphite are arranged in planes (graphene sheets), where each plane
consists of a two-dimensional network of hexagons with a carbon-carbon distance of
1.42 A. The carbon-carbon bonding can be described by a planar sp? hybridization
with the remaining perpendicular p, orbitals providing delocalized electrons around

the network of benzene rings.

Graphitic intercalation compounds (GIC) are formed by the insertion of atomic or
molecular layers of different chemical species, called the intercalant, between the
graphitic planes of the graphite host material. A remarkable feature of GIC is the
occurrence of the staging phenomenon. Staging means, that the intercalant species

are arranged in well-defined layers between the graphitic planes.

Upon intercalation, the distance ds; between graphite layers sandwiching an interca-
late layer, is increased. The interplanar spacing can vary from d; = 3.35 A in pure
graphite up to 12.4 A for big stage I intercalants like Li-THF complexes. In stage I
Li-GIC without cointercalation of THF (tetrahydrofuran) , d, ~ 3.7 A and in stage I
Cs-CIC, dy ~ 5.9 A [16,92].

The schematics of Cs intercalation in graphite is shown in Fig. 1.7. The stoichiometry
CsCg corresponds to stage I, since the Cs atoms are located between every pair of
graphite layers. CsCyy has a Cs layer after every second graphite plane (stage II). For
Cs, this pattern is possible to extend in a well defined way up to stage VI.
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Figure 1.7: Schematic staging arrangement of Cs ions intercalated in graphite. For
CsCsg, stage I configuration is obtained. CsCayy corresponds to stage II, CsCsg to stage
III. This pattern is extended up to stage V (CsCgg) [96].
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Chapter 2

Fundamentals of NMR

Nuclear magnetic resonance (NMR) has proven to be a suitable tool for the elucida-
tion of structural properties as well as characteristics of electronic structures in many
carbonaceous materials [4,16,17,19]. Various monographs introduce NMR as a spec-
troscopic tool [20-24]. Therefore, in this chapter only some fundamental parameters
of NMR are mentioned and properties which are important for this work are discussed
in more detail. First, the mechanisms leading to NMR frequency shifts are presented,
considering chemical shift, Knight shift and quadrupolar splittings. Subsequently;,
relaxation processes due to electron-nuclear couplings as well as dynamically induced
relaxation effects are discussed. Finally, typical NMR responses of SWNT like 3C

spectra and relaxation effects are presented.

2.1 Spin Interactions and Spectra
In general, the effective nuclear-spin Zeeman Hamiltonian H is given by [23]
H=—whHo-(1+ K —o0)-I+H, (2.1)

where Hy is the vector of the applied magnetic field, v, is the nuclear gyromagnetic
ratio, I is the nuclear-spin vector, and H is the Hamiltonian describing the interac-
tion of the nuclear electric quadrupole moment with the local electric-field gradient.
o and K are called the chemical- and Knight-shift tensors.

By measuring the shift § of the Larmor frequency of a nuclear spin, NMR provides
information about the chemical environment and the electronic, metal-like properties
of a compound. The NMR shift §, which represents the perturbation of the applied
magnetic field due to electrons, consists of a sum of two tensorial contributions, the
chemical-shift & and the Knight-shift K with

0=0+K. (2.2)

13
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Both represent the fractional shifts of positions of the magnetic resonance frequencies,
relative to the frequency in a reference compound containing the same nucleus.

As the shift tensors are in general anisotropic, their appropriate line positions depend
on their principal axis orientation to the magnetic field. For powdery samples this

results in a distribution of many lines and therefore broad powder spectra.

2.1.1 Magic Angle Spinning

In solids, line broadening due to second rank tensor interactions like the chemical
shift anisotropy (CSA), dipole-dipole couplings or first order quadrupolar splittings
usually govern the anisotropic shape of a NMR spectrum. By rotating a sample about
an axis which is tilted by an angle ¥ with respect to the external magnetic field By,
the second rank shift tensor becomes time dependent and the average frequency w()

of the respective spectral line is given by [23]
1 2
(W) = wo |Tiso + B (3cos® ¥ — 1) (022 — 0ys0) | - (2.3)

Under the magic angle condition (3 cos? Umagic — 1) = 0, Umagic = 54°44’, all second
rank shift tensor interactions are averaged out which leaves only d;5,. Spinning
a sample with a rotation frequency w, at the magic angle is called magic angle
spinning, (MAS).

This process of sample spinning additionally causes sidebands with multiples of the
rotation frequency w, relative to the isotropic line position in the spectrum. Thereby,
the intensities are determined by the anisotropy [22,24]. By analyzing the distribution
of the sidebands, Herzfeld and Berger [25] have shown that shift tensor elements o1,

099 and o33 can be determined from powder sample MAS spectra.

2.1.2 Magic Angle Turning

MAS has several limitations. One limitation is of technological character: Increasing
static magnetic fields By have the advantage of increasing the scaling of CSA
which simplifies the separation of narrow spaced NMR lines. However, obtaining
freestanding isotropic lines with MAS under these conditions requires higher and
higher spinning rates. Since in this thesis, special glass sample tubes had to be used,

the upper limit for the MAS-frequency was 5 kHz.



2.1. Spin Interactions and Spectra 15

-y y -y y -y t—’
/3 /3 /3 a
s s s Y T
2 D, 2 M, 2 D, 2 M, 2 @, (\
A
Pi P> \ U \
0 T/3 2T/3 \

|

Figure 2.1: Pulse sequence for one of the four steps in the MAT-experiment. The
time T is an integral number of rotor periods, excluding a multiple of three. The
magnetization process along the longitudinal axis z is labeled M,.

Another limitation considers NMR of samples, where spectral overlap of several
broad isotropic lines prevents the use of MAS. Even though, the separation of
these isotropic lines might be possible using MAS at large magnetic fields and high
spinning rates, any potentially useful information embodied in the CSA pattern, i.e.

the anisotropic shift tensor elements o1, 092 and o33, will not be accessible.

All these problems can be overcome using Magic Angle Turning (MAT), a two-
dimensional Fourier transform technique which presents the isotropic chemical shift
projection in one frequency dimension (F}) and the static anisotropic powder pattern
along the other frequency axis (F3) [26]. In the following, the discussion will be
related to chemical-shift anisotropy (CSA), but it can be extended to any other kind

of second-rank tensorial interaction.

The MAT experiment is carried out by mounting a sample at the magic angle Vyagic
relative to the static external magnetic field By and turning it with a constant rotor
frequency accounting up to several tenth of Hz (typically 30-150 Hz). The MAT
NMR pulse sequence is shown in Fig. 2.1.

In general, the experiment starts with a /2 pulse which stores the z-magnetization
M, in the x —y plane, where precession through an angle ®; around the z-axis occurs.
After a time 7/3, this transverse magnetization is stored back along z by a 7/2 pulse.
The phase of the latter projection pulse selects either cos(®) or sin(®) transverse
components.

In case of Fig. 2.1, starting with a 7/2_, pulse and using a second /2, pulse "p;’,
My cos(®Pq) is stored back along the longitudinal axis z. At a time 7'/3, where T
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is an integral number of rotor periods (excluding a multiple of three), a m/2 pulse
reestablishes transverse magnetization which precesses for another time 7/3 by an
angle ®,, before being projected back into z-direction by a 7/2 pulse 'ps’. Again, the
phase of this pulse selects either cos(®) or sin(®P) transverse components.

In case of Fig. 2.1, the magnetization after this m/2, pulse is given by
My cos(®y) cos(Py). At the time 27/3, this process is repeated a third time
starting with a m/2 pulse projecting z-magnetization in the z — y plane, where
precession with an angle ®3 occurs for a time 7/3. After this last period of time,
data acquisition in the ¢, domain is started under the consecutive evolution of the

transverse magnetization.

In the case of the illustrated MAT-sequence in Fig. 2.1, the FID of the final transversal

magnetization after ¢, = 0 can be written as
M (t) = Moy cos(Pq) cos(Py) cos(P3) F,(ta) (2.4)

with F,(t,) describing the evolution of the transverse magnetization during data
acquisition.  F,(t,) additionally considers longitudinal and transversal relaxation

effects which occur during the complete pulse sequence.

The precession angles ®; can be written as time integrals of the resonance angular
frequency w(vy(t)) which itself is a function of the rotor position 7(¢). Since the
magnetization precession with ®; starts at well defined rotor positions given by the
angles v(t), v(t +7T/3) and ~(t + 27/3) (e.g. rotor positions equally spaced at 120°

around the circle of rotation), it can be shown that [27]
Q1 + Qg + D3 = wjsoT- (2.5)

wiso 18 the resonance angular frequency of the isotropic shift. Finally, in MAT a
repetitive four-step phase cycling and therewith a combination of FID signals has to
be performed. This is done by choosing an appropriate variation of the phases of the
projection pulses p; and ps as well as additionally varying the detector phase [27,28].
In this case, Fourier transform of the phase cycled FID as a function of ¢, yields a
frequency domain (F3) from which the anisotropic powder pattern can be extracted.
Fourier transform as a function of 7 will result in a frequency domain (F}) containing
a sideband-free isotropic-shift spectrum. Thus, usage of the MAT 2D spectroscopy
technique enables measuring of isotropic shifts and anisotropic powder patterns

simultaneously.
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In order to obtain simplified phase tables in the four-step phase cycling, a slightly
modified MAT-pulse sequence can be used by starting the data acquisition di-
rectly after the last pulse. However, omission of the phase angle ®3 results in a
sheared 2D-spectrum with inclined bands relative to the acquisition axis at an angle
arctan((2/3¢1)) (12 are the evolution and acquisition spectral widths, respectively)
[27].

2.1.3 Chemical Shift

The chemical shift tensor o consist of two components, the London ring-current con-
tribution and the Pople correction. The first contribution is an effect due to delo-
calized electronic interatomic currents well known in aromatic materials, whereas the
second term describes a local contribution due to hybridization effects.

The axial symmetric, diagonalized shift tensor o can be separated into two parts, the
isotropic part which is equal to the average of the three principal components of the

tensor, and the remaining traceless anisotropic part:

O 0 0 o011 0 0
g = 0 Oyy 0 = 0Ojs0 ° 1+ 0 099 0 (26)
0 0 o.. 0 0 o33

Oiso 18 the isotropic chemical shift given by

1
Oiso = g (Uxx + Oyy + Uzz) . (27)

and the elements of the anisotropic chemical shift tensor are given by 011 = 0., — 0450,

022 = Oyy — Oiso and 033 = Ozz — Ojso-

2.1.4 Knight Shift

The Knight shift is only observable in metallic compounds and arises from electron-
nuclear spin-spin hyperfine interactions. Comparable to the chemical shift, the axial
symmetric, diagonalized shift tensor K can be separated into the isotropic Knight

shift K, given by

1
Kiso = g (Kxx + Kyy + Kzz) (28)

and the traceless anisotropic part with Ky, = K, — Kis, Koo = Ky, — K5, and
K33 = Kzz - Kiso-
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Isotropic Knight Shift

The following survey is related to '3C nuclei but can be extracted to any other type

of nuclei. The isotropic Knight shift is composed of several contributions:

(1)

(i)

(iii)

Direct Fermi contact coupling of the nuclear spin with the s spin density at the

site of the nucleus.

Core polarization: coupling of the nuclear spin to the on-site 2p, electron spins.
This coupling polarizes the (filled) on-site 1s core electrons which produces a

net unpaired spin density at the nucleus.

Spin polarization of o-bonds: the on-site 2p, electron polarizes the on-site sp?
orbitals that make up o-bonds with neighboring nuclei. This causes a net polar-
ized spin-density at the nucleus, which interacts with the nucleus through the

Fermi contact mechanism.

Transferred hyperfine coupling: 2p, electron-spin densities in neighboring nuclei
polarize sp? orbitals that make up o-bonds. This causes a transferred oppositely
net polarized spin-density of the according on-site (o-bond) sp? orbitals, which

interacts with the nucleus through the Fermi contact mechanism (Fig. 2.2).

Direct Fermi contact coupling (i) and spin polarization of o-bonds (iii) give rise to

positive Knight shifts, whereas core polarization (ii) and the transferred hyperfine

coupling (iv) cause negative Knight shifts [3,4].

Figure 2.2: Schematics of transferred hyperfine coupling for two 3C nuclei. The
two carbon atoms (1) and (2) are connected by a o bond. The unpaired up-electron
spin in the 2p, orbital of atom 2 generates an up-polarization of the spin density in
the sp? orbital of atom (2). This causes a transferred net down-spin density on atom
(1) and therewith a negative hyperfine coupling with the '3C nucleus (1) [4].
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In general, electron-nuclear Fermi contact hyperfine interactions can be described by
the isotropic Knight shift

Kiso = o (0(0) P 29

(|1(0)]?) is the average probability density at the nucleus for all electronic states on
the Fermi surface [22]. The reduced Pauli spin-susceptibility xs can be described by
[29]

1

Xs = 59%%%(@7), (2.10)

with pup = 7.h/g being the Bohr magneton, g ~ 2 the Lande factor and n(eg) the

density of states at the Fermi level. !

Another possibility to express the Knight shift is to introduce a hyperfine coupling
constant which modifies the Knight shift to [30]

Aiso du

= T3 Xss Kij=——
TnYeh

s (=1,23z9,z2). 2.11
YnYeh ( ) (211

150
;5o 18 the isotropic hyperfine coupling constant and d;; represents the (ii)-component
of the dipolar hyperfine coupling tensor. v, and 7, are the gyromagnetic ratios of the

electron and the observed nuclear spin, respectively.

Isotropic Knight Shifts in Curved Carbon Materials

Generally, p-electrons will not contribute to isotropic Knight shifts, since their proba-
bility density at the nucleus vanishes. Thus in carbon materials for the case of perfect
sp? hybridization K., should be zero, since sp? orbitals and the residual p, orbitals
have a zero probability density at the carbon nuclei.

However, sp? hybridization appears to yield a slightly paramagnetic Knight shift in
Cgo. The simple explanation is, that pure sp? hybridization exists only in the absence
of curvature, which is not the case for carbons on a buckyball sphere, neither on a
carbon nanotube tubulus. On curved carbon surfaces, the sp? orbitals which ordinarily
lie within the xy plane (defined by the p, orbital) must tilt somewhat to match
neighboring carbons. This is achieved by a small admixture of the 2s wave function
into the 2p, orbital (2p, in order to retain its orthogonality), reaching a rehybridized

state which lies in between the planar sp? and the tetrahedric sp® character. This

n order to practically use susceptibilities often represented in CGS-units [emu/mol], a conversion

to Sl-units [J/T?] has to be performed by using the relation x5 = xs1 = %XCGS-
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Figure 2.3: Schematics for sp*-hybridization. One s, p, and p, orbital form three
sp?-hybrid orbitals lying in the x —y plane. The leftover p, orbitals are perpendicular
to the sp? orbitals.

process can also be described as a small ¢ — 7 hybridization if the overlap of orbitals
with neighboring carbon atoms is considered.

By the rehybridization process, a small 2s-character of the carbon is retained, resulting
in a non zero direct Fermi contact interaction and therefore in a small isotropic Knight
shift. Even in alkali-GIC, the existence of such an isotropic Knight shift was proven
[31]. In alkali intercalated Cgo, K5, is known to depend on the intercalation level as
well as the type of intercalated alkali nuclei and can vary up to a few tenth of ppm

relative to pure Cgg [32].

Anisotropic Knight Shift

Due to the discussed predominant p, and sp? orbital character of the electrons in
graphene, Cgy and carbon nanotubes, the main electron-nuclear interaction arises
from couplings of non-s electrons to the nuclei through dipole-dipole interactions,
which causes the anisotropic Knight shift K,,;s,- Assuming an anisotropic dipolar
hyperfine coupling tensor which is traceless with dy; = —ds3/2, the dipolar hyperfine

coupling for interaction with the electrons in the p.-orbital is given by [4, 33]

2 1
di1 = Aaip = gi—i%%h <7"_3> . (2.12)

Ho is the vacuum permeability constant and (1/r3) describes the distance between the

electronic spins in the p, orbital and the interacting nuclear spin, averaged over the
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conduction electron wave function.
The Knight shift anisotropy K,piso is defined by
1 Ki1=Ko2

Kaniso == Kzz - 5 (Kxx + Kyy) E— K33 - K11- (213)

Since in later discussions, a comparison of ¥C NMR anisotropic Knight shifts with
corresponding Knight shifts in alkali-GIC is needed, the experimental behavior of
Kniso upon alkali metal intercalation in graphite will be briefly mentioned here:

In alkali-GIC, the 3C NMR isotropic Knight shift upon intercalation is relatively
small compared to variations in K,,;s. For higher stages of intercalation (> 2), the

anisotropy upon charge transfer to a carbon atom is reduced to about [34]

Kam'so = K33 - KILQQ ~ —1800ppm/electr0n. (214)

2.1.5 Quadrupolar Interactions

Nuclei with spin quantum number I > 1/2 possess an electrical quadrupolar moment
() which may interact with an electric field gradient (EFG) present at the site of the

nucleus. {Vi;} are the tensor elements of the electric field gradient tensor V' with

0*V

Vik = i

(2.15)

In the principal axis frame (XY, Z) of the traceless electric field gradient tensor, the

quadrupole Hamiltonian can be written as

hwg |- 1 1
Ho =7 |17 = 31U+ 1) + on(I% + I}) (2.16)
with the quadrupole frequency
3eQ)
_ v 2.17
QT 9T — )R 7 (2.17)
and the asymmetry parameter
Vxx — W
=" ([Vazl 2 [Viex| = Vi) (2.18)
77

with 0 <n < 1. I X, fy and [ 7 are operators of the nuclear spin I and e is the elemen-
tary charge. If the surroundings of a nucleus have cubic symmetry, the quadrupole

coupling vanishes since Vx x=Vyy=Vzz.
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The complete interaction Hamiltonian is given by the sum of the Zeeman Hamilto-
nian Hy (magnetic interaction) and the quadrupolar Hamiltonian H¢ (quadrupolar

interaction) with

H =Hn + Ho, (2.19)

Hoy = hwoly. (2.20)
wo = —¥nBp is the Larmor frequency and ~, the gyromagnetic ratio of the observed
nucleus.

With the assumption, that the quadrupole interaction is small compared to the Zee-
man interaction, perturbation theory can be applied to calculate the energy levels of
the spin system. Because of the quadrupolar perturbation, the energy levels are not
any more equidistant like for pure Zeeman interaction. Instead of a single resonance
frequency, several transition frequencies (satellites) with Am = 1 are present. |m >

describes the eigenstates of the Zeeman Hamiltonian with m = -1, I +1..1 — 1, 1.

The first order satellite transition frequencies are given by [20, 23, 139

1
Winmt1 = Wo + %2 [3 cos® 3 — 1 — nsin? f cos 204} (m + 5) (2.21)

with « and 3 being the Euler angles of the magnetic field By in the principal axis
system of the quadrupole tensor. This results in quadrupolar spectra of first order
with pairs of lines being symmetrical with respect to wy. Additionally, a central
transition line in the centre (at wp) is observable for half integer spins. The intensities
2

of the various lines are proportional to | (m|Ix|m — 1) |* and given in Table 2.1 for

some spin quantum numbers .

Spin Central and satellite transition intensities Bopt [3]
3/2 3:4:3 64°
5/2 5:8:9:8:5 40°
7/2 7:12:15:16:15:12:7 30°

Table 2.1: Line intensities of the central and satellite transitions for various
quadrupolar spin I. Byt represents the optimum rotation angle to obtain the highest
quadrupolar spin echo amplitude in a 7/2 — 3 experiment.
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Quadrupolar Excitations

A one pulse FID (free induction decay) experiment for spin / = 1/2 nuclei is mainly
determined by the Rabi frequency w,; and duration 7,; of the pulse and a maximum
FID signal intensity is obtained for (w),s = m/2. Due to the additional presence of
satellite transitions in quadrupolar spectra, this simple rule does not hold any more.
Excitations of quadrupolar spectra can be divided into selective and non selective
excitations. The case of a nonselective excitation of a quadrupolar spectrum is char-
acterized by [36]

e a pulse which has to be strong compared with the internal interactions

|Hrf| > |HQ|a |Hdipolar|7 |HCSA| (222)

e a sufficiently large bandwidth of excitation dvys and the probe dvpope:

5Vrfa 5Vprobe > ’HQ‘/ha ‘Hdipolar’/ha ’HCSA‘/h- (223)

For non selective excitations, the dependence of the FID intensity G, 11 is sinusoidal

on wys and 7y for all transitions with
Gmm+1 ~ sin((w7)yf) (2.24)

and the maximum FID intensity is obtained for (w7),f = /2, similarly to excitations
in a spin 1/2 system.

In the case of sufficiently large quadrupole splittings with |Hg| 2 |H.el, a selective
excitation of transitions can be obtained by applying a soft pulse. In this case, the
intensity of the FID is modified to

@m,mﬂ ~ sin(W(wr),s) = sin((07),s) with (2.25)

W =+{I(I+1)—m(m+1). (2.26)
Comparison with Eq. (2.24) shows that for a selective excitation of the central tran-
sition (m = —1/2), the nutation frequency is enhanced by

O = (L + 1/2)wys. (2.27)

This nutation frequency enhancement can be used as a criterium for the selectivity
of pulses by comparing appropriate to pulse length in aqueous solutions of the same
quadrupolar nuclei. In solutions, the quadrupolar satellites are usually hidden within
the central transition and a non selective excitation of the complete spectrum is

achieved even with soft pulses.
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Figure 2.4: Pulse sequence to create the quadrupolar echo. The (7/2),-pulse is
followed by a delay 7, after which a second (3),-pulse is applied. The spin echo
intensity at ¢ = 27 depends strongly on the pulse angle 3.

Magnetic and Quadrupolar Echoes

Due to quadrupolar broadenings and wide distributions of resonances, it is often
difficult to completely record NMR spectra of quadrupolar nuclei within a simple
FID experiment (spectrometer dead time problem). This can be bypassed using spin
echo techniques. The treatment of spin echo phenomena in quadrupolar nuclei can
be carried out using the operator formalism introduced in detail in [23].

The typical spin echo sequence is shown in Fig. 2.4. The pulse sequence consists of
a set of two rf pulses near or at the Larmor frequency of the spin system delayed by
the time 7 with respect to each other. For half-integer spins, the primary echo at
t = 27 separates into a central transition contribution (broad pedestal) and a satellite
contribution (narrow signal). Besides this primary echo, under specific conditions
additional multiple echoes are expected.

Considering the primary echo it can be shown, that in the delta pulse approximation
the response function G(t) describing the time dependent behavior of the magnetiza-

tion after the last pulse, can be separated into two parts:
G(t) ~ Cu(L, B) + Co(L,m, 3). (2.28)

The echo amplitude factor Cy/(I, 5) describes the central (magnetic) transition and
Co(I,m, 3) describes the quadrupolar satellite transitions. Remarkable is the strong
dependence of the magnetic and quadrupolar echo amplitudes on the pulse angle 3
of the second pulse.

As shown in Fig. 2.5, by choosing an appropriate pulse angle, echo signals from central
and satellite transition contributions can be separated. The maximum (primary) spin
echo amplitude is obtained at the optimum rotation angle 3,,;, which is listed for

various spin-quantum numbers [ in Table 2.1.
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Figure 2.5: Echo amplitudes C for a spin 3/2. (3 is the rotation angle of the second
rf pulse. The solid line represents the sum of the magnetic contributions (dotted line)
and quadrupolar contributions (point-dash line).

Multiple Echoes

As already mentioned, besides the primary echo at t = 27, additional multiple echoes
can show up in multi-level systems like quadrupolar nuclei. The full response function

for the quadrupolar echo is given by [23]

G(t>T) Z Ay i Gy ma (8, T) with (2.29)
Gml,,,_7m4(t,7):exp<iw7Q [(t = 7)(m3 = m3) + 7(m3 — m3)]) (2.30)

X exp (10w [(t — 7)(my — ma) + 7(my — m3)]) .

A, ...m, are prefactors and m; is given by —1 < my,...,mqy < +1. Multiple echoes
appear only in case of a fairly homogeneous local field distribution p(dw) and spin
I > 3/2. By neglecting the distribution of local fields and offsets of type dw, the
condition for echo formation at time ¢ can be extracted from Eq. (2.30) to

t—T1 - mi m§

_ 2
T my — ml

=k>0  (mj#mi). (2.31)

Spin echoes are only observable, if matrix elements of corresponding transitions do
not vanish. This limits Eq. (2.31) to ms = m; — 1 and the echo condition can be
rewritten to a more restricted form

2 2
L—7  mj—mj

=k > 0. (2.32)

T 2my—1
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Spin [ Quadrupolar echo positions,

multiples of 7

3/2 2
5/2 3/2,2,5/2*, 3, 4*
7/2 4/3,3/2,5/3, 2, 5/2, 8/3*,

3,7/2%, 4, 6%, T*

Table 2.2: Echo positions for multiple quadrupolar echoes occurring at multiples of
7 for different nuclear spin I. The (%) marked echo positions correspond to forbidden
echoes.

In the limit wys > wg, Eq. (2.32) becomes additionally restricted to my = ms £ 1,
transitions with my4 # ms + 1 are termed forbidden.

This restriction can be eased for wy =~ wg. In the case of spin I = 3/2 this leads
to the formation of only one echo, the usual Hahn echo at t = 27. In case of spin
I =5/2, in principle 5 echoes are expected with 2 of them being forbidden. For spin
I =7/2, 7 allowed and 4 forbidden echoes can be calculated. The corresponding echo

positions are summarized in Table 2.1.5.

2.1.6 Spectra Under Molecular Motion
Definition of the n-th Moment

The nth moment M, of a shape function f(w) with a maximum at a frequency wy is

given by

I (w = wo)™ f (w)dw
S fw)dw

Two commonly used line shapes are the (1) Gaussian and the (2) Lorentzian line

M, =

(2.33)

shape.

(1) A Gaussian line shape can be described by

_ A;ﬁ exp (_(%2“’0)2) _ (2.34)

It has a second moment given by M, = A% and the corresponding half width at
half height equals 6 = Av2In2 ~ 1.18A.

fw)
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(2) Very often in FID experiments the magnetization follows a single exponential

decay vs. time described by
G(t) = exp(—t/T3). (2.35)

In general, the spin-spin relaxation rate 1/7; has the form

with 1/T} being the spin-lattice relaxation rate. Spin-lattice relaxation is neg-
ligible since usually, 1/75 > 1/T} and for Eq. (2.35), the corresponding Fourier
transformed spectrum is a Lorentzian lineshape described by
1 9
flw) = L
where ¢ is the half width at half intensity corresponding to the spin-spin relax-
ation rate 6 = 1/T5.

(2.37)

No second or higher moment can be defined for a Lorentzian shape, since the
corresponding integrals diverge. However, by cutting off the line very far in the
wings, finite values of My (describing the width of the line) can be obtained [24].

Motional narrowing

At low temperatures in the absence of molecular motions, the rigid lattice linewidth
dwp is determined by various static interactions like dipolar couplings, quadrupo-
lar couplings, or couplings to conduction electrons or paramagnetic impurities. The
length and orientations of the vectors r;j, describing the relative positions of the spins
do not change in time. In a powder average, the second moment M, of a rigid molecule
exhibiting pure dipolar couplings can be expressed by [20]

M, = g[(I +1) (5—2)273# > % (2.38)
i<k 7

The sum runs over all spin-spin distances rj; in the molecule.

However, in the case of molecular motion, the vectors 7, are not static any more.
The spins are in rapid relative motion and only an average value of the fluctuating
local field will be observed, leading to a motional narrowing of the line. The rate
of these fluctuations can be described by a correlation rate 7, ' and the criterion for

motional narrowing is given by

(dwi)y 12 < 1. (2.39)
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It can be shown, that the narrowed linewidth dw is correlated with the second moment
My = éwj of the rigid lattice by the implicit formula [20]

2
dw? = dwy + dwy— arctan [adwT,] . (2.40)
m

« is a phenomenological numerical factor of order unity and dw{ takes into consider-
ation, that upon motional narrowing not all interactions become completely averaged

over the motion.

Typically, 7. can be assumed to follow an Arrhenius like activated behavior with

AFE
Te = To €XP (k‘B_T> ; (2.41)

where 79 is the value of 7. at infinite temperature and AFE the activation energy.

2.2 Relaxation Effects in NMR

Spin systems excited into a quantum state are subject to couplings to the environment.
Fluctuating magnetic interactions introduce irreversible processes, called relaxation or
decoherence of the spin system. Possible interactions or couplings are of scalar, dipo-
lar or quadrupolar order. In the following, various kinds of relaxation are introduced,
starting with relaxation due to electron-nuclear coupling, followed by relaxation due
do fluctuating homonuclear dipole-dipole interactions. Since in this thesis, quadrupo-
lar relaxation effects where not dominantly observed, they will be not be addressed

here.

2.2.1 Hyperfine Relaxation

In a metal, spin-lattice relaxation is usually dominated by the hyperfine interaction
between conduction electrons and nuclear spins. This relaxation process can be
treated as a nuclear transition involving a simultaneously elastic electron scattering

process.

As shown for the case of the Knight shift, both the isotropic and the anisotropic hyper-
fine coupling play an important role for electron-nuclear interactions. For appreciable
s character of the conduction electron wave function, the isotropic Fermi contact in-
teraction is dominating, whereas for electrons with non-s character the distant dipolar

hyperfine coupling is more important.
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A relation between the spin-lattice relaxation rate 1/77 and the Knight shift can be
given by the Korringa relation [37]

T\TK?

180

(1+ %g)cosK “1 with
(2.42)

The Korringa relation is valid in both cases of isotropic and dipolar hyperfine interac-
tions. The dimensionless Korringa enhancement factor Sx equals ~ 1 in conventional
metals. Its deviation from unity is a sign of the importance of electron-electron in-
teractions (electronic correlation). Using the definition d = d,, — a;s, = d33 which

describes the dipolar hyperfine coupling, ¢ is given by

ds3 d? Eq. (2.11) (Kzz - Kiso)2
&, e - R,

S0 150 S0

(2.43)

By relating the Knight shift in Eq. (2.11) with the spin susceptibility of a Fermi liquid
(2.10), a modified expression for the Korringa relation (2.42) is obtained:

1 1
T’l_T = WthSKa?S()(l + 58)%(85')?50 (244)

= nkphSk(aZ,, + 2d7,)n(er)i, - (2.45)

S0

Assuming a pure dipolar hyperfine coupling with electrons in the p,-orbital described
by Eq. (2.12) and setting Sx = 1 since in ordinary metals, the spin-lattice relaxation

expression for dipolar hyperfine interaction (di; = Agp) can be calculated to [4,30,33]

1 . 27TkB

2 2 :
T’l_T = TAdipn(EF) with (246)
_ 2p0o 2/ 1
Agip = 5 47T7nveh <T3>. (2.47)

All the above expressions for spin-lattice relaxation were derived for a powder aver-
age since both, isotropic and dipolar hyperfine interaction depend on the orientation
angle of the magnetic field. This powder average leads to a non mono-exponential
magnetization recovery in a spin-lattice relaxation measurement. Upon excitation of
the spin system with hard pulses covering the total spectral width, the magnetization

recovery is given by a sum of exponentials with different 7 values [37].
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2.2.2 Scalar Spin-Spin Coupling

In the last section the nuclear hyperfine coupling of a nuclear spin with conduction
electron spins was treated as a scattering process with an ensemble of conduction
electrons. Now the case of an interaction between a single nuclear spin I and a
single electron spin S will be addressed. Only for an electron wave function having
a non-vanishing value at the position of the nucleus, a scalar spin-spin coupling can

exist.

Scalar couplings between different spins cause relaxation due to the time dependence
of the spin-spin coupling Asg (called scalar relaxation of the first kind). In the follow-
ing it is assumed, that the spin state of the spin S fluctuates fast in time compared
with the strength of the spin-spin coupling A;s. The source of such a spin state fluc-
tuation could be a rapid spin-lattice relaxation of the spin S with the consequence,
that only the average value of the spin-spin coupling is observed. If the spin-spin
interaction is not too strong, the coupling can be treated as a small perturbation on
the Zeeman energy of the spin /. Resonant transitions between nuclear Zeeman levels

can be induced and detected.

Spin-Spin Relaxation

By applying standard relaxation theory, Abragam [20] calculated the corresponding

spin-spin relaxation rate to

1 A2 Tle
— =15(5+1
7= 3o+

with 7. describing the spin-lattice relaxation rate of the spin .S, wy/g being the Larmor

3 + Tie (248)

frequencies of the corresponding spins I and S and A describing the spin-spin coupling
strength.
If S is an electron spin with the spin quantum number S = 1/2; the first term in
Eq. (2.48) can be neglected for higher magnetic fields, since wg > wy. Therefore, the
transversal relaxation rate of a nuclear spin due to scalar coupling to a fluctuating
electron spin can be written as
2

Tiz = AZTle- (2.49)
It is usually considered that the temperature dependence of the electron spin-lattice
relaxation time 71, due to spin-phonon interactions is to follow the law 7, ~ 71
for a direct process, while stronger dependence of 7, on temperature is typical for a

Raman process [38].
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Spin-Lattice Relaxation

The spin-lattice relaxation rate for relaxation due to scalar electron-nuclear coupling
is composed of several functions of type [23]

Te
14 w?r2

Ji(w) ~ (2.50)
However, electron-nuclear coupling terms comprising w; = wg — wy can be neglected
due to the high electron spin Larmor frequency wg. The final spin-lattice relaxation
rate for relaxation due to scalar electron-nuclear coupling can be written as

1 242 [ Tie }

—_— = TS(S + 1) 1 +w%7_128 (251)

It is important to note, that both, Eq. (2.48) and Eq. (2.51) only consider dipolar
and isotropic exchange interactions, whereas antisymmetric tensor components are

neglected.

2.2.3 Dynamic Relaxation - Weak Collision

As already mentioned, local magnetic or electric field fluctuations at the site of a nu-
cleus can induce transitions among Zeeman levels and thus will effect the spin-lattice
relaxation rate 1/T;. The changes in the local field can be caused by molecular or
lattice dynamics and the mean time between different sterically states of the molecule
is described by the correlation time 7.

In the case the correlation rate 1/7 of a molecular motion exceeds strongly the spin
interaction coupling, that is 1 > dwr (7 < T5), many atomic jumps are required
to relax the spin system. Relaxation in this limit is described by a weak collision
theory, originally developed by Bloembergen, Purcell and Pound (BPP), who treated
the fluctuating interaction Hamiltonian as a perturbation on the Zeeman levels [39)].
The stochastic nature of the fluctuating spin interactions can be generally described
by introducing the memory function K,(t), a rapidly decaying function of time given

by [23]

([fa, Aﬂint(o)} B [fa’ Aﬂint(t)} )
w2 (L)1)

(The rectangular brackets [...|_ are commutator relations). The memory function

Kao(t) =

(2.52)

contains the interaction Hamiltonians Aﬂint(t) which describe the (averaged) time
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dependence of the perturbation on the spin system. The appropriate spin relaxation

rate is then given by

Ti ~ Re / T KL (Bt~ J(w), (2.53)
J(w) = Re /0 " G () expl—iwt)dt. (2.54)

The spectral density J(w), which is the Fourier transform of the corresponding au-
tocorrelation function G(t), describes the spectral distribution of the fluctuating spin
interactions.

Depending on the type of spin interaction and model of molecular motion, K,(t) has
to be adapted individually. A detailed approach is given in [23]. For the case of
Debye fluctuations typically occurring for many types of isotropic molecular motion
processes, the spectral density J(w) is provided by the Lorentzian distribution
Te

o) = T

(2.55)

and the temperature dependence of the correlation time 7. can be described by an
Arrhenius activated process

7(T) = 1 exp (%) . (2.56)

Evidently, the maximum in the spectral density and thus in the relaxation rate
occurs for wor, = 1 (BPP mazimum). This can be understood illustratively by
considering that, since the nuclei precess at the Larmor frequency wy, the fluctuating
fields will appear static to the precessing nuclei, when 1/7 = wy. Such static fields
will be highly effective in spin-lattice relaxation and thus give rise to a 7T} minimum

(BPP maximum).

For the sake of completeness, the spin-lattice relaxation relations for dipolar and

quadrupolar relaxation (case of isotropic molecular reorientations) are given here:

1
1
For dipolar couplings, the prefactor ay is given by
1
ag = 5J(I +1)d? (2.58)

with the dipolar coupling constant d defined by

2
povih
d— 40m{3 (2.59)
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r is the distance a pair of like spins with gyromagnetic ratio ~; is separated.

For pure dipolar relaxation, Eq. 2.60 can be modified to

2
7 =3 [J (wo) + 4 (2wp)] (2.60)

with M, describing the second moment of a dipolar broadened line [24].
For quadrupolar relaxation, ag is given by

1 2

with the quadrupolar coupling constant wg given by Eq. (2.17) [23].

2.2.4 Dynamic Relaxation - Strong Collision

The range of validity of the weak collision BPP theory sketched above is for 1 > dwr,
which in particularly includes relaxation processes due to fast motions or fluctuations.
Even though, slow motions in conventional magnetic fields of the order of several
Tesla leave spin-lattice relaxation almost unaffected (as the accompanying couplings
become quiet ineffective), relaxation can still be described by the standard weak

collision theory.

However, in case of slow motions in weak applied magnetic fields, the correlation rate
of the molecular motion decreases to the order of the spin-spin coupling strength.
With 1 < dwr, 7 > T3, the BPP theory does not hold any more. Note that the
term weak applied fields applies to both, weak external magnetic fields as well as

considerations in the rotating frame.

The first reason for the failure of the BPP theory is, that the fluctuating interac-
tion Hamiltonian is not any more a perturbation on the Zeeman levels. The correct
eigenstates are now determined by the spin-spin couplings. The second reason for the
failure of BPP originates from the fact, that 1/7 < dw. This results in a very high
efficiency of interactions with fluctuations: every atomic jump (or fluctuation) relaxes
the spin system (strong collision theory), This is different from the weak collision case,

where only an average due to many fluctuations caused the relaxation.
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Ailion [40-42] treated the case of a diffusion-induced modulation of dipolar couplings
in the rotating frame using the assumption of sudden approximation. This assumption
includes, that the actual time a nucleus spends in a jump is so short compared to a
nuclear precession period that it can be assumed, all spins have the same orientation
just after a jump as they do just before a jump. The spin-lattice relaxation rate in

the rotating frame 1/77, was obtained to

11 +2(1—p) H?,
T, T Tse H}+ H3'

(2.62)

1/T] is the spin-lattice relaxation rate due to all mechanisms other than molecular
jumping, Hp is the dipolar contribution to the local field and H; the external rf field.
The parameter p represents the fact that the local field is not completely randomly
after a jump. It depends on the local lattice geometry and was calculated e.g. for a
powder averaged BCC-lattice to p = 0.26 [43].

1/7se ('sc’=strong collision) is given by

1 N,

Tee NT,

(2.63)

Here, N is the number of nuclei per unit volume, N, the number of available vacancies
and 7, the mean time a nucleus spends between jumps.
In order to adapt Eq. (2.62) for spin-spin relaxation 75, which occurs in 'zero’ magnetic

field, H; has to be set to zero. In the strong collision case 1/T5 can be described by

11 21-p)

— = — 2.64
TQ T2/ + Tsc ( )

This approach is possible since the derivation of Eq. (2.62) is only based upon the
assumption that H; is sufficiently small to allow cross relaxation between the Zeeman

H; systems and dipolar Hp systems prior to each jump (theory of spin temperature).

2.2.5 Stimulated Echo

The decay of solid echo intensity upon variation of 7 in a 7/2 — 7 — 7/2 — 7 — echo
pulse sequence can be used to measure the spectral density of slow spin fluctuations.
Thereby, solid echo probes the transversal spin-relaxation in the x —y plane. Longitu-
dinal relaxation due to slow spin fluctuations can be investigated using a three-pulse
stimulated echo sequence 7/2 —t; — /2 — ty — /2 — t; — echo, where the time delay
ty is fixed and ¢, is varied [44-46].
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The first m/2 pulse creates a transverse magnetization in the rotating frame. The
second /2 pulse stores the phase-encoded transversal magnetization along the z-axis
(population grating), where during the t5 period it is subject to 77 relaxation only.
The spin polarization and spin alignment are transferred by the third /2 pulse into
coherent transverse states, which then evolve in a reverse manner to that occurring
during the first evolutionary period t;. After a delay time t;, the spin states are

refocussed and an echo is formed.

However, if spin fluctuations during the t, period cause perturbation of the phase-
encoded magnetization pattern, an incomplete refocusing of the spin packets at the
moment of the stimulated echo detection occurs. In such a case increasing of ¢, leads
to an exponential decay of the stimulated echo with a rate 1/75"™ due to increasing
modification of the population grating [46-48].

The response function G(t > t; + t2) consists of six different contributions causing
several unwanted echoes besides the genuine stimulated echo at t = t5 + 2t; [23].
Cancelation of all unwanted signals can be achieved by the phase cycling sequence
shown in Tab. 2.3.

0 |0 |[37/2]0

/2 | 7w T 0

T 0 x/2 |0

3n/2 | w 0 0

Table 2.3: Phase cycling scheme for the stimulated echo 7/2(¢1) — t1 — 7/2(p2) —
to — m/2(p3) — acquisition(py).
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2.3 BC NMR Shifts in Carbon Nanotubes

NMR of SWNT can be found only in a limited number of papers. Thereby the
major topics can be subdivided in *C NMR of pristine SWNT [34,190,193-199, 242,
NMR of alkali intercalated SWNT [129,137,138,140,164,173] and NMR of hydrogen
storage in SWNT [201-208]. In the following, the key features of pristine SWNT will

be summarized.

2.3.1 Spectra and Sample Purity

Fig. 2.6 shows typical static and MAS *C NMR spectra of pristine SWNT. The
static spectrum shows a powder lineshape with principal tensor values 6,, = 240 ppm,
dyy = 171 ppm and J,, = —36 ppm and the main peak around 183 ppm. Such values
are typical for sp? carbons belonging to aromatic materials like frozen benzene, Cg

and graphene and confirm the aromatic character of the SWNT.

Figure 2.6: 3C MAS high resolution room temperature spectrum (a) and static
spectrum at 170 K (b) of purified SWNT, recorded at a Larmor frequency of wy =
100.6 MHz. The symbols * indicate the sidebands. The SWNT are 10% '3C enriched
and produced using the electric arc method with 1 at% Y and 4 at% Ni as catalyst
[34].
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For comparison, for Cg the principal tensor values were reported to d,, = 213 ppm,
dyy = 183 ppm and 0., = 33 ppm with an isotropic shift of 143 ppm [37].

The MAS spectrum in Fig. 2.6 consists of one broad isotropic line (FWHM ~ 50 ppm),
centered around 126 ppm. The measured isotropic line position corresponds very well
with the isotropic value calculated using the principal tensor values 6,50 = 1/3(00 +
Oyy + 922) = 125 ppm.

The line broadening is usually interpreted as a distribution of several isotropic lines
related to the different chiralities and diameters of SWNT present in a sample. The
static spectrum shows about 300 ppm of CSA (chemical shift anisotropy) which is

again typical for sp? carbons belonging to curved graphene sheets.

Of particular importance is the purity of the investigated SWNT sample. Nanopar-
ticles like amorphous carbons, free para- or ferromagnetic catalyst clusters, as well
as metallic catalysts encapsulated in graphitic shells disturb the NMR experiments
since they drastically affect the homogeneity of the external magnetic field. Without
purification, the MAS spectrum in Fig. 2.6 would show a very broad line with about
1500 ppm of anisotropy.

Thus, the prerequisite for obtaining well defined NMR spectra of SWNT is either
purification of pristine samples in order to remove metallic catalyst particles or even
the production of SWNT containing non-ferromagnetic catalysts. The disadvantage
of SWNT purification is the modification of the electronic properties of SWNT due
to nanotube-sidewall functionalization, the formation of defects in the SWNT and

even the possibility of nanotube-opening by oxidative end-cap removal.

As an example, Fig. 2.7 shows a high-resolution 3C NMR spectrum of purified SWNT
recorded with proton-decoupling in order to remove 3C NMR line broadenings due to
dipolar coupling with 'H nuclear spins. Upon SWNT purification with 65% nitric acid
treatment and subsequent chromatographic separation of SWNT and nanoparticles,

the NMR line structure becomes drastically changed.

Besides a modification of the sp? line, the appearance of an additional -COOH line as
well as a sp® line is observable. This is a clear signature of SWNT functionalization
and existence of a large variety of defects. Even though, reversibility of the func-

tionalization by high temperature treatment was proven, a regeneration of removed
SWNT end-caps is rather improbable [194].
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Figure 2.7: 3C proton decoupled MAS NMR spectrum of purified SWNT (a) and
its deconvolution with five Lorentzian lines (b) [194].

In order to overcome these problems, the usage of SWNT produced with only
small amounts of catalysts is preferable to a purification process. Already molar
proportions of 89.92% C, 0.54% Ni and 0.54% Y catalysts have shown to provide
reasonable SWNT material suitable for NMR investigations. Best results can be
obtained by using non-ferromagnetic Pt/Rh catalysts. With molar proportions of
96.1% C, 1.1% Pt and 2.8% Rh, corresponding *C NMR spectra show no significant
difference compared to high quality Ni/Y SWNT.

By performing a Raman selection of pristine Pt/Rh SWNT (eg. by only selecting
grains of SWNT that show an intense Raman RBM-signal using the Raman micro-
scope), high quality SWNT can be obtained that are particularly suitable for NMR

investigations.

2.3.2 Shift Interactions in SWNT

Theoretical calculations have shown that the total degree of carbon sp? — sp?-
rehybridization required to form the curvature of a nanotube surface is rather
small, constant and independent of nanotube chiralities. Therefore, the Pople part
contribution to chemical shifts in SWNT should be more or less negligible. This is
different from the chemical shift behavior in fullerides, where the hybridization Pople

part is dominant in chemical shifts [4,194].
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Furthermore, the Knight shift contribution in pristine SWNT is rather small and
negligible. It depends on the density of states at the Fermi level which, as will
be shown later, accounts only for about n(eg) ~ 0.015 states/eV - spin - atom in
metallic SWNT [210]. Therefore, the difference between the isotropic line position
of isolated metallic and semiconducting SWNT is solely determined by the London
ring-current shift contribution. This leads to a calculated isotropic line splitting of
12 ppm (Fig. 2.8) [194,196,209].

However, this splitting of metallic and semiconducting SWNT 3C NMR lines should
be rather difficult to observe, since paramagnetic impurities and defects in SWNT
will broaden NMR spectra.

Fig. 2.9 shows the calculated CSA tensor for a powdered mixture of (1/3) metallic
and (2/3) semiconducting SWNT since this mixing ratio represents the theoretical
composition of a carbon nanotube sample. The metallic nanotubes are of type (10,10)
and the semiconducting of type (12,8) SWNT. Depending on the nanotube surface
orientation with respect to the external magnetic field, axial, orthoradial and radial

London ring-current components contribute differently to the CSA tensor lineshape.

200 180 160 140 120 100 80 60
ppm

Figure 2.8: Isotropic *C NMR line at 126 ppm and its deconvolution with two
Lorentzian lines attributed to metallic and semiconducting SWNT [34].
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Figure 2.9: Simulation of the CSA tensor of a powdered sample of SWNT (top).
Illustration for the three different sources of interatomic currents contributing to the
chemical shift tensor (bottom) [209].



Chapter 3

Lithium Intercalated SWNT

This chapter deals with NMR of chemically Li-intercalated SWNT with different
stoichiometries. After a brief presentation of the intercalation technique, *C NMR
spectra are discussed and relaxation measurements are used to determine the density
of states at the Fermi level. It is shown how the alkali content controls the electronic
properties of the metallic SWNT ground state. By using “Li and 'H NMR, the status
of Li and the solvent THF concerning their structural and dynamical properties is
clarified.

3.1 Sample Preparation and Experimental Condi-

tions

SWNT samples were synthesized by the electric arc method under the conditions
described in the references [72,195]. In order to improve the 3C NMR signal to noise
ratio, 10% '3C 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% Pt. The
SWNT bundles were collected directly from the collerette and used as produced
without any purification. In order to obtain high quality samples, nanotube grains
were selected according their RBM-mode intensity using Raman spectroscopy. A
content over 80% in carbon nanotubes was estimated showing an average diameter

of 1.4 nm and bundle length of several microns.

Lithium was chemically intercalated in SWNT bundles by using solutions of aromatic
hydrocarbons, pure tetrahydrofuran (THF, C;HgO) and SWNT.

From a chemical point of view, in a first step electrons are transferred from Li to the
aromatic hydrocarbons due to their high electron affinity. The Li* cations become
coordinated by THF molecules and paired with aromatic hydrocarbon anion radicals.

In a second step, the solvated Li metal ions are intercalated into the SWNT host by

41
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gradual charge transfer from the aromatic hydrocarbons to the SWNT. Thereby the
amount of charge transfer depends on the aromatic hydrocarbons redox potential,

which allows to control the stoichiometry of the intercalated Li [92].

Using this mechanism of redox reactions between the radical-anions of fluorenone,
benzophenone and naphthalene with Lit as counter ion, intercalated SWNT were
synthesized with stoichiometries of LiCyg, LiC; and LiCg respectively [125,161]. All
the samples were sealed under high vacuum. The experimental sample preparation
conditions, as well as a detailed Raman characterization are described in Ref.
[161,211,212].

Since raw and chemically untreated SWNT are used as intercalation starting
material, the nanotubes are expected to have closed end caps. Therefore, possible Li
adsorption sites are only provided by the interstitial channels as well as the surface
of a carbon nanotube bundle. The interior space of the present SWNT is supposed

to be predominantly inaccessible for penetration by Li atoms.

It was shown that an electronic charge transfer occurs from the aromatic hydrocar-
bons to the SWNT bundles as expected. Similarly to the intercalation process in
other carbon materials, in order to establish charge neutrality, alkali are expected
to be cointercalated together with THF molecules, forming a binary or ternary
compound Li,(THF),C [92,93,213-215].

NMR experiments were carried out on a Bruker ASX200 spectrometer at a magnetic
field of 4.7 T and ¥*C NMR Larmor frequency of 50.3 MHz. High resolution MAS
13C NMR was performed at room temperature with spinning frequencies from 4 kHz
up to 9 kHz. '3C NMR static spectra were obtained in the temperature range of
50 — 300 K. “Li and *H NMR measurements were performed on a home built pulsed
NMR spectrometer equipped with a sweep magnet working at 4.2 T and 6.0 T. The
following Larmor frequencies have been used: 70.2 MHz for “Li and 180.5 MHz for 'H.

13C and 'H NMR line shifts were referred to TMS, “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 7, ' were obtained using a

saturation recovery pulse technique and a Hahn echo as a detection pulse.
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3.2 1C NMR

3.2.1 Spectra

Static and high-resolution MAS 3C NMR spectra of the pristine and Li intercalated
SWNT are presented in Fig. 3.1. The static spectra at the top show the evolution
of the sp? powder pattern lineshape of SWNT under Li intercalation. For pristine
SWNT, the spectrum has a CSA of about 600 ppm. A clear reducing of the anisotropy

is observed with increasing amount of intercalated Li. The sideband distributions at

N
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Figure 3.1: 3C NMR spectra recorded at a Larmor frequency of 50.3 MHz at room
temperature of pristine SWNT (a) and LiC,, intercalated compounds with = = 10,7, 6,
(b), (c) and (d), respectively. Top: static 1*C NMR spectra. Bottom: high resolution
13C MAS NMR spectra. The symbols (%) are for the spinning sidebands. For more
details refer to the text.
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Figure 3.2: 3C NMR CSA tensor components &;; for the room temperature spectra
of pristine SWNT (1/x = 0) and LiC, intercalated compounds with z = 10, 7, 6
(1/x = 0.1, 0.14, 0.17), respectively.
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Figure 3.3: '3C NMR isotropic shift positions at room temperature for pris-
tine SWNT (1/x = 0) and LiC, intercalated compounds with z = 10,7,6 (1/x =
0.1,0.14,0.17), respectively. The isotropic shifts are the sum of the chemical o and
the Knight shift K.
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the corresponding MAS spectra at the bottom of Fig. 3.1 confirm these facts. By
performing a Herzfeld-Berger analysis [25], a continuous reduction of the anisotropy
of about 200 ppm from LiCyy to LiCg is observed (Fig. 3.2).

As described by Eq. (2.14), for higher stages of intercalated graphite, the anisotropy
is reduced to about 1800 ppm/electron upon charge transfer to the carbon host.
Even though GIC and SWNT systems are not necessarily identical, they should
present similarities. Following the spectral line shapes from LiCyq to LiCgs and
transferring the scenario of anisotropy reduction in GIC to Li intercalated SWNT, a
reduction of the anisotropy up to ~450 ppm is expected. A simple comparison with
the lower observed value of 200 ppm in Li-SWNT suggests an incomplete electron

charge transfer at higher intercalation levels.

With increasing intercalation level, the isotropic line positions d;s, are monotonically
paramagnetically shifted from 126 ppm for pristine SWNT [34,195] up to 136 ppm
for LiCq (Fig. 3.3).

These observations indicate important modifications of the electronic properties and
suggest that all samples exhibit a metallic ground state which can be monitored simply
by the amount of intercalated Li [216]. The observed shift § can be separated into
two additive parts, the chemical shift & and the Knight shift K with

§=0+K. (3.1)

As shown in Chap. (2.1), o and K are second rank tensors consisting of an isotropic
and an anisotropic part. In the following, the evolution of the isotropic part under

L7 intercalation is discussed.

According to Eq. (2.9) and (2.10), the isotropic part of the Knight shift is paramag-
netic and proportional to the conduction electron probability at the nucleus (|¢(0)]?)
and the density of states (DOS) at the Fermi level n(ep):

Kiso = 25 (9(0) PYidiner) 32
Since the isotropic Knight shift is proportional to n(er), the measurements in Fig. 3.1
suggest an increasing of the DOS with increasing Li concentration. However, it is
not trivial to estimate n(ep) directly from the isotropic line position because of the
isotropic chemical shift contribution which is completely unknown in charged SWN'T.
The isotropic shift values given in Tab. 3.1 represent the sum of chemical shift and

Knight shift 6 = o + K.
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LiCg LiC, LiCyg
diso [pPmM] | 136 129 127.7
.. [ppm] | 18 -36 -78

Table 3.1: Experimental values for d;5, and 0., for LiCg, LiC7 and LiCio. The
shifts are always the sum of chemical shift and Knight shift 6 = o + K .

Assuming a weak dependence of the chemical shift on the Li intercalation, the mono-
tonic increase of d;,, suggests a strong modification and increase of the density of
states at the Fermi level n(er) with increasing Li intercalation level. However, in
order to confirm this assumption and obtaining an estimate of n(ep), temperature

dependent *C NMR spin-lattice relaxation measurements were performed.

3.2.2 1/T; Relaxation Rate

Fig. 3.4 compares the room temperature magnetization recovery for pristine and Li
intercalated SWNT (LiCg). For all Li intercalated samples, 96% of the *C NMR
signal exhibits one T} component which can be fitted by an exponential magnetization
recovery curve after saturation. The corresponding 7, ' relaxation rates are plotted
in Fig. 3.5.

In pristine SWNT, the magnetization recovery typically consists of two components
with a ratio of 60:40 and room temperature relaxation times of 90 s and 5 s, re-
spectively. In general, these two relaxation components are attributed to relaxation
of semiconducting (60%) and metallic (40%) carbon nanotubes [34,193,194]. Since
in the intercalated SWNT only the fast relaxing component is observable it can be
assumed, that due to intercalation the band structure of the semiconducting SWNT
is modified and these nanotubes behave like metallic ones with increased DOS.
Above a temperature of 50 K a linear regime of the spin-lattice relaxation rate versus
temperature is seen in Fig. 3.4. The slope depends on the Li intercalation level. Below

50 K, the relaxation rate seems to increase with decreasing temperature.
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Figure 3.4: '3C NMR magnetization recovery at room temperature for LiCg : o
and pristine SWNT: W [34].
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Figure 3.5: Temperature dependent 3C NMR spin lattice relaxation rates for
LiCyp : %, LiCy7 : o and LiC; : . The dashed line is a guideline for the eyes.
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Low Temperature Increase of 1/T}

In the following, several explanations for the increase of 1/7; with decreasing tem-

perature below 50 K are discussed.

e One possible origin for the low temperature increase of 1/7} could arise from
couplings between 3C nuclear spins and unpaired electron spins which are fixed
in space. Such a kind of coupling is different from the scalar spin-spin coupling
discussed in Chap. (2.2.2), where rapid relative motions of nuclear and electron

spins were considered.

Fixed electron spins could originate from either fixed ferro- or paramagnetic
impurities or unpaired electrons due to local defects in the SWNT. Generally,
SWNT are known to possess defects like Stone-Wales defects, single vacancies,
point defects and dangling bonds around vacancies, which are all known to
influence the physical and chemical properties of SWNT to some extend [217-
219]. The present samples were prepared using the non-ferromagnetic catalyst
Pt and Rh. Platinum is a paramagnetic metal, whereas bulk Rhodium shows
diamagnetic properties. However, below 93 K small clusters of Rh (up to ~
80 atoms, size of several nm) show superparamagnetism. In general, below
a certain temperature in strong external magnetic fields, superparamagnetic
clusters possess a giant magnetic moment. Above that temperature, thermal
fluctuations prevent the magnetic moment from fully aligning with the external

field and the clusters show paramagnetic behavior [220-222].

Paramagnetic spin-lattice relaxation is highly effective even for small concen-
trations of unpaired electrons, since the relaxation among neighboring nuclear
spins is dispensed through spin diffusion to other nuclei (mutual spin flips be-
tween neighboring spins). The corresponding nuclear spin-lattice relaxation rate

is given by [20]

1 _C
T1 7’6 (3 3)
2 2 TS '
C=- h)*S(S+1)———
5 ('YSVI ) ( + )1 + ngg’

where 7 is the distance of the observed nucleus to the unpaired electron and vg
and ~y; are the gyromagnetic ratios of the electron and nucleus, respectively. S
is the electron spin quantum number and 75 the electron spin-lattice relaxation

time.
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This kind of 1¥*C NMR 7T} relaxation behavior in SWNT was observed by Goze
at. al in pristine SWNT [195]. The authors reported an increase of 1/7; below
50 K, corresponding to the high temperature part of Eq. (3.3). However in their
investigations, the dominant source of relaxation most likely originated from

ferromagnetic Ni/Y impurities, present as catalytic particles in the sample.

Another proposed origin for a low temperature increase of *C NMR 1/7} with
decreasing temperature is the opening of a band gap in the SWN'T electronic

band structure at low temperatures [223].

Generally, in the presence of a small band gap, the highest occupied band just
below the gap and the lowest occupied band just above the gap are equally oc-
cupied at higher temperatures. With decreasing temperature, the upper band
is depleted, which leaves unpaired electrons in this band. These unpaired elec-
trons effectively relax the spin-system causing an increase of 1/7T. At very low
temperatures, the relaxation rate decreases again, since the upper band becomes
completely unoccupied and the number of available unpaired electrons in the

upper band is exhausted.

The reason for the opening of a gap in metallic SWN'T is manyfold. Theoretical
calculations have shown, that deformations of carbon nanotubes, close packing
of nanotubes in a bundle and even the adsorption of transition metal atoms on a
metallic SWNT can give rise for the opening of a band gap [183,224,225]. Since
the catalyst impurities in the present intercalated samples are the transition
metals Rhodium and Platinum, the presence of a band gap is very likely [225].
Also due to the close packed triangular lattice of the nanotube system, the
presence of a pseudo gap of 0.1 eV width at the Fermi level is imaginable as
shown by ab-initio calculations [224]. However, it is unknown how effectively '3C
NMR spin-lattice relaxation will be affected by a band gap in the investigated

temperature range.

A third possibility for an increase of *C NMR 1/T; with decreasing temperature
could originate from the formation of a Tomonaga-Luttinger liquid (TTL) at low
temperatures. TLL-states describe one-dimensional correlated electron states

which are expected in metallic SWNT at low temperatures (see Chap. 1.2).

It is theoretically predicted, that electron-electron Coulomb interactions cause
a deviation of the linear 1/77 behavior from the classical Korringa relaxation
law. In three dimensional metals, a Korringa type 1/(777") is known to be

independent of temperature. However, in nearly one dimensional systems like
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SWNT, the TLL state is expected to cause an increase of 1/(117) (e.g. of 1/T})

by a power law with decreasing temperature [190].

However, this should be only the case for very low alkali intercalation levels. For
potassium intercalation in SWNT bundles, Pichler et. al [226] has shown, that
already above an intercalation level of KCi59, a transition from TTL states to
a Fermi liquid state occurs. Since in the present Li intercalated samples, the Li
content is at least more than a factor 10 above this stoichiometry, the existence

of a TLL state seems to be unlikely.

Correspondingly it can be stated, that the source for the increase of *C NMR 1/T;
with decreasing temperature has to be either attributed to couplings between '3C
nuclear spins and unpaired electron spins (paramagnetic relaxation) or the opening of
a band gap at low temperatures. A clear statement is not possible using the present
data and further detailed low temperature *C NMR experiments with according

data-fits have to be performed.

Linear Increase of 7, ' Above 50 K

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 hyperfine
coupling of conduction electron spins with the observed nuclei. Additionally, this
coupling causes a Knight shift. Both the isotropic and the anisotropic hyperfine
coupling play an important role for the electron-nuclear interaction. As discussed in
Chap. (2.1.4), the isotropic Fermi contact interaction is dominating, if the electron
wave function has appreciable s character and therefore a non vanishing probability
density at the carbon nucleus. For electrons with non-s character (e.g. p, or sp?

orbital character), the distant dipole-dipole hyperfine coupling is more important.

From graphene and particularly Cgg, a predominant p, and sp? orbital character of the
13C electrons is known, causing an anisotropic Knight shift K, [4,33]. Therefore
it is obvious to fit the increase of 1/77 in Fig. 3.5 by using the Korringa relation (see
Chap. 2.2.1), which describes a linear temperature dependence of the spin-lattice re-
laxation rate. Considering an isotropic dipolar hyperfine coupling, the corresponding

spin-lattice relaxation rate is given by Eq. (2.46)

1 271']{33 2 2 .
ﬂ_T = TSKAdipn(é‘F) with

2 u 1
Agip = gﬁ%%ﬁ? <ﬁ> -
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This formula includes the Korringa enhancement factor Sk defined in Eq. (2.42).

However, up to the present no experimental or theoretical data are available which
would enable to calculate the required dipolar hyperfine coupling constant Ag;, of
intercalated SWNT. Thus, due to the similarity of the curved carbon structure of
intercalated Cgg and SWNT, it is reasonable to use a dipolar hyperfine coupling con-
stant of A3Cgg in order to obtain a rough estimate of the density of states at the Fermi
level in SWNT [193]. By using ab initio calculations, Antropov et al. [33] showed,
that in the case of potassium intercalated graphite K3Cgp, {(ao/r)?) = 3.71 with ag
being the Bohr radius. This yields a dipolar hyperfine coupling of Ag;, = 8.2-1077 eV.

In pristine SWNT, the applicability of applying the dipolar hyperfine coupling of
K35Cg was demonstrated. *C NMR spin-lattice relaxation measurements proved
that the resulting n(ep) = 0.022 states/(eV-spin-atom) is remarkably close to the
theoretical value of n(ep) = 0.015 states/(eV-spin-atom) calculated for a (10,10)
armchair SWNT with a diameter of 14 A [193,210].

The Korringa enhancement factor Sk for the three Li intercalated samples can be
extracted from Eq. (2.42)

1
TiTK}, (14 5¢)CoSk =1 with

(Kzz - Kiso)2
K? '

180

(3.4)

However, this requires the knowledge of K;,, and K., which cannot be directly ex-
tracted from Fig. 3.1. As already mentioned, the shift values in Tab. 3.1 contain an
unknown contribution from the chemical shift due to orbital currents.

In the following, a rough estimate for the chemical shifts, the Knight shifts and the
Korringa enhancement factor Sk is developed. It is assumed, that the main principal
axis of the chemical and Knight shift tensors are identical, which is not necessarily
the case. Finally, by fitting the linear part of the 1¥C NMR spin lattice relaxation
rate in Fig. 3.5, the evolution of n(er) with the Li concentration is calculated.

To simplify matters, first, shift tensors of pristine SWNT are examined followed by
tensors of intercalated SWNT.

e In pristine SWNT, K, was estimated to be less than 10 ppm. [34, 196].
Since d;, in pristine SWNT typically amounts to 126 ppm, the corresponding
isotropic chemical shift should be expected to follow 116 ppm < o4, < 126 ppm.
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0., = 0., — K., can be calculated using Eq. (3.4) to 0,, = —35 ppm for pristine
SWNT. This corresponds to a Korringa enhancement factor Sk ~ 2.2 and
the theoretically expected DOS of n(ep) = 0.015 states/(eV-spin-atom). The
Korringa enhancement factor is comparable to Sk ~ 2.5 as observed in A3Cgg
[37].

Finally, by using Eq. (2.44), the isotropic hyperfine coupling constant can be
calculated to a;s, = 27 - 2.8 x 107 s71.

For the intercalated SWNT, this analysis is much more difficult, since there
exist no isotropic chemical shift calculations for this kind of material. However,
by comparison with the isotropic chemical shift behavior observed in Cgg upon
potassium intercalation (experimental data on K3Cgp), the isotropic chemical
shift 05, can be estimated to be around ~ 120 — 130 ppm [37].

With increasing intercalation level, n(ep) is expected to increase due to the
rising availability of electrons transferred from the Li nuclei. Thereby, in order to
keep Sk in a reasonable range (1 < Sk < 4), J,, has to decrease with increasing

intercalation level. The corresponding results are summarized in Tab. 3.2.

LiCgq LiC, LiCyg Pristine
Tiso [ppm] 120-130 116-129 116-128 116-126
Osz [ppm] -85 -85 -40 -30
Kio  [ppm] 0-16 |0-13 0— 12 0— 10
K., [ppm] 103 49 -38 35
Sk ] 1.2 2.2 2.6 2.2
sy 27 571 54%x107 | 4.8 %107 |3.8x107 | 2.8 x 107
n(er) 0.042 0.021 0.020 0.015
[states/(eV-spin-atom)]

Table 3.2: Analysis of the CSA tensors for Li intercalated SWNT LiC, and pristine
SWNT: Calculations of chemical shift ¢ and Knight shift K tensor values, Korringa
enhancement factors Sk, isotropic hyperfine coupling constants a;s, and density of
states at the Fermi level n(ep). The main principal axis of the chemical and Knight
shift tensors are assumed to be identical.
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In agreement with the lineshape modification, the highest n(eg) corresponds to the
highest Li intercalation. However, assuming a complete electron charge transfer, the
increase in n(ep) from LiCyg to LiCy is expected to be stronger than is observed. An
explanation for the similarity of the DOS in LiC;y and LiC; could arise from a severe
limitation in charge transfer in LiCs.

Using first principle calculations, Jo et. al [131] determined the dependence of n(ep)
on potassium intercalation stoichiometry. Comparable to the present results, the
authors found a rapidly increasing DOS at low intercalation levels, saturating at
a stoichiometry of KCyy. This behavior was explained by a partial (not complete)

charge transfer occurring in between the potassium and the SWNT.

Nevertheless, the density of states at the Fermi level increases monotonically with in-
creasing charge concentration and no evidence for features originating from van Hove
singularities (spikes) in the DOS is observable. In general, SWNT bundles are made
of tubes of different diameters and chiralities. Correspondingly the van Hove singu-
larities in the DOS are expected to be broadened due to a distribution of diameter
and chirality [191,227]. Additionally, upon intercalation the SWNT band structure is
modified and various van Hove singularities tend to coalesce with increasing intercala-
tion density [142]. The van Hove singularities are smoothed out and not resolvable any
more. This is in agreement with in-situ conduction measurements during intercalation

on the present Li intercalated samples [161].
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3.3 "Li NMR

3.3.1 Spectra

Fig. 3.6 shows the static “Li NMR spectrum of LiC;, at a temperature of 50 K. No
Li® metal line was observed which is expected to be paramagnetically shifted up to
Ometal = 262 ppm.

The lineshape in Fig. 3.6 can be fitted using two quadrupolar inhomogeneously
broadened lines suggesting two inequivalent sites for the Li with different environ-
ments and hybridized electronic states. The motivation for using a fit combination
of two quadrupolar lines arises from the spin-lattice (77) relaxation behavior of the

spectrum, which will be discussed in detail in the next section.

T

3000 -1500 0 " 1500 3000
S [ppm]

Figure 3.6: Static "Li NMR spectrum of LiCyg at a temperature of 50 K and a
magnetic field of 4.2 T (Larmor frequency 70.2 MHz). The dotted lines are fits using
two quadrupolar broadened lines. Inset: magnetization recovery after saturation
for LiC1g at a temperature of 50 K showing two o and 3 magnetization recovery
components.
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Figure 3.7: "Li NMR spectra in LiCyg at a Larmor frequency of 70.2 MHz and a
temperature of 50 K extracted from magnetization recovery experiments: a) partially
recovered spectrum at a short delay of 7 = 0.8 s and b) fully relaxed spectrum at a long
delay of 7 = 22 s. The ratios in a) [a: 37% [ :63%] and in b) [a: 70% 3 : 30%]
are obtained from a deconvolution (dashed lines) with one sharp-a and one broad-/3
Lorentzian line as described in the text.

In all samples at all temperatures, the recovery of the magnetization follows a
biexponential curve (Fig. 3.6, inset). This corresponds to two sources of spin-lattice
relaxation rates suggesting two inequivalent Li sites. In the following, these two sites
are labeled o and 3 with T > T

In order to estimate the corresponding ‘Li NMR resonances, the line shift and
linewidth during relaxation measurements were investigated. Fig. 3.7 shows the spec-
tra for LiCyg at 50 K during the magnetization recovery experiment at two different
delays (a: 7=0.8s, b: 7 =225).

For the sake of simplicity, Lorentzian lines instead of quadrupolar broadened lines are
used in order to fit the partially recovered spectrum (Fig. 3.7a) and fully relaxed one
(Fig. 3.7b). The best fits are performed assuming a sharp-o (FWHM ~ 29 kHz) and a
broad-5 (FWHM ~ 64 kHz) Lorentzian line shifted to d, ~ 10 ppm and dg ~ 70 ppm,
respectively. The intensities were determined according to their relaxation behaviors
at 50 K with spin-lattice relaxation times 71 ~ 3.8 s and Tlﬁ ~ 0.54 s and their ratios

extracted from the magnetization recovery curve.
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The two Lorentzian lineshapes reflect well the quadrupolar broadened lines in Fig. 3.6
— the corresponding quadrupolar lineshape parameters are Awg‘ )~ 27 - 45 kHz
and Awg )~ 27 - 140 kHz with Gaussian broadenings of the central transitions
with dw® ~ 27 - 8 kHz and dw® ~ 27 - 19 kHz. The line broadenings indicate an
inhomogeneous linewidth due to a large distribution of quadrupole frequencies. The
significant difference in quadrupolar interaction of the o and (3 line suggests profound

difference in their environment.

These results confirm the presence of two different Li* cations, one Li®* with an

ionicity close to +1 and a Li‘®* cation with an ionicity < 1, i.e. f < o ~ 1.

The paramagnetic shift of the (-line has to be attributed to either a Knight or a
chemical shift. However, the (-line shift is already about 30% of the pure metal
Knight shift. The maximum range of Li chemical shifts is known to be in the order
of only (45,-10 ppm) which suggests that the chemical shift is small [90].

Thus, the large remaining shift is dominantly a Knight shift, which is typically for a
limited charged transfer of the 2s electron of Li stored in a dense form in nanoporosi-
ties [228].

The quadrupolar broadened "Li NMR B-line as observed in Fig. 3.6 suggests the
presence of strong interactions between C and Lit®* nuclei comparable to observations

in graphite intercalation compounds [90, 229].

The origin for the two inequivalent Li-sites is unknown, but it is certainly related
to the complex structure of bundles of carbon nanotubes which presents different
adsorption sites giving inequivalent environments and hybridized electronic states for
the Li [131,142,143]. According to recent calculations, the outside-Li adsorption is
energetically more favorable than the Li inside the SWNT [143]. In particular, the
curvature of the graphene layer in SWNT and the presence of highly reactive dangling

bonds localized on defects tend to enhance the adsorption capabilities [15,216].

Solid state electrochemistry revealed that electrochemical Li intercalation in SWNT
is only partially reversible. The authors claim that upon de-intercalation some Li
remains trapped in the SWNT host [162]. This would confirm the strong interac-
tions between Li and C in the present samples. It should be emphasized that this
effect, which limits the charge transfer for higher levels of intercalation could explain
the similarities in *C NMR relaxation between LiC;y and LiC; despite the different

stoichiometries.
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Remarkable is the similarity of the present "Li spectra with spectra obtained from
Li graphite intercalation compounds (Li-GIC) [90]. Depending on the stoichiometry,
two coexisting lines located around +17 ppm and +45 ppm are observed for stage
IT and stage IIT Li-GIC. At higher stoichiometries of LiCq (stage I), only one single
quadrupolar shaped line at 45 ppm is observable. The line positions and line shapes
suggest that the electronic states of the Li(®* and Li®* nuclei are comparable to
the ones in Li-GIC.

3.3.2 1/T7 Relaxation Rate

"Li NMR spin-lattice relaxation measurements were performed by saturation-recovery
experiments in the temperature range from 50 K to 450 K. Due to the limited stability
of the intercalated samples, it was not possible to measure above this temperature.
The work on the relaxation experiments was mainly focused on the sample LiCy, since
T in the other samples showed very long relaxation times and bad signal to noise
ratios. Therefore, in case of LiCg and LiC7, spin-lattice relaxation measurements were

limited to only a few temperatures.

For all samples at all investigated temperatures, the magnetization recovery followed
a biexponential curve confirming the two Li®* and Li®»* inequivalent sites. From
fits of the magnetization recovery, the ratios between v and [ sites can be estimated.
The results are summarized in Tab. 3.3. Obviously, at low intercalation levels the
first intercalated Li are of type Li(®*. While increasing the Li concentration, a second
type Lil7 is adsorbed by the SWNT host.

The temperature dependence of the a— and § — 1/T7 relaxation rate is presented in
Fig. 3.8. For later discussions it is important to note, that relaxation measurements

on LiC7 yield a similar relaxation behavior in temperature.

a-site (-site
LiCyo | 70% 30%
LiC; | 55% 45%
LiCgs | 50% 50%

Table 3.3: Ratios of a and g sites in LiC, (x=6, 7, 10) at room temperature. The
ratios are extracted from magnetization recovery experiments.
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Figure 3.8: Temperature dependence of the "Li NMR spin-lattice relaxation rate
1/Ty of LiCyg for the a-line (M) and the S-line (o). The solid line is a fit assuming
a combination of a linear Korringa relaxation process and a BPP-type quadrupolar
relaxation mechanism. The dashed line is a fit assuming a Korringa relaxation process.

a-Line Ti-Relaxation

The a-line spin-lattice relaxation rate follows a linear increase with increasing tem-
perature below ~ 400 K and a rapid exponential increase above. According to the
Korringa relation Eq. 2.44, the source of the linear relaxation regime can be inter-
preted as a hyperfine coupling of the Li nuclei to conduction electrons of the carbon
nanotube host at low temperatures.

By applying a linear fit to the low temperature run of 1/77 in Fig. 3.8, a
slope of 1/T1(a)T ~ 0.00081 s'K~! is obtained. This value is below the result of
1/TZT = 0.0016 s~'K~! for a first stage Li-graphite intercalation compound LiCg [91].

The exponential increase and deviation from Korringa’s law of 1/7} above a tem-
perature of 400 K is typical for a thermally activated BPP-type diffusion or motion
modulated quadrupolar interaction. A thermally activated diffusion path of Li®* is

expected along the channels of the carbon nanotube bundles.
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A quadrupolar relaxation of the "Li nuclei promoted by fluctuations of local electric

field gradients can be readily expressed according to Chap. (2.2.3) as

1 2

where the spectral densities J(wg) include a thermally activated process with

T, 4T,
J» _ L J® S — 3.6
(o) 14+ wit? (0) 14 4wdT? (36)
Since the high-temperature tail of the BPP-peak in Fig. 3.8 is missing, the infinite
temperature correlation time 7y remains indefinite. Nevertheless, in order to fit the
data a typical value of 7y ~ 10712 s is assumed. With an Arrhenius type thermally

activated correlation time given by Eq. (2.56)

7.(T) = Ty exp (li—?) , (3.7)

the activation energy for the Li relaxation process can be determined to AE ~ 0.4 eV.
Additionally, a constant background relaxation rate 1/77) ~ 0.12 s~! has to be as-
sumed. The quadrupolar coupling constant can be estimated to Awg" )~ 27 - 40 kHz.

It confirms the quadrupolar a-line fit parameter Awg) ~ 2w - 45 kHz in Fig. 3.6.

(-Line Ti-Relaxation

In the investigated temperature range, the (-line spin-lattice relaxation rate in in
Fig. 3.8 follows a linear Korringa relaxation process. By applying a linear fit, a
slope of 1/T¥T ~ 0.0135 s~'K~! is obtained. This value is in between 1/T}T =
0.0016 s™'K~! for a first stage Li-graphite intercalation compound LiCg [91] and
1/TZT = 0.023 s7'K~! for pure Li® metal [230].

These results confirm the interpretation of the substantial paramagnetic §-line Knight
shift in Fig. 3.6: a strong hyperfine coupling between Li(® nuclei and the nearly free
electron 7 system of the SWNT, which participates in the density of states n(er) of the
conduction electronic states. The strong Li-C hyperfine coupling suggests a Li(2s)-
C(2p) hybridization which explains well the charge transfer limitations observed with
13C NMR measurements in Chap. (3.2.2).
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3.4 'HNMR

3.4.1 Spectra

In order to understand the role of the cointercalated solvent molecules THF, tem-
perature dependent 'H NMR measurements were performed. The *H NMR spectra
for LiC; are shown in Fig. 3.9. At temperatures below 300 K, the spectrum consists
of one broad line with a FWHM of about 72 ppm (évp ~ 13 kHz). Above 300 K,
a second narrow line is visible (FWHM < 17 ppm dvy < 3 kHz) and the spectra
can be fitted using 2 Lorentzian lines, a broad and a narrow one. This suggests the
presence of two types of inequivalent THF solvent molecules with different chemical
environments and dynamical behavior.

Assuming a Gaussian lineshape, the FWHM for a THF molecule in a rigid lattice can
be calculated by using Eq. 2.38 to dv ~ 46 kHz. This value is comparable with the
linewidth obtained in Li-GIC (LiC,,(THF),,) at low temperatures (FWHM ~ 60 kHz).

At elevated temperatures, a linewidth narrowing to ~ 14.9 kHz is observable in Li-GIC

480 K

>

!
1

431K

365 K

305 K

:

176 K

300 -150 0 150 300
ppm

Figure 3.9: Static 'H NMR spectra of LiC7 at different temperatures between
176 K and 480 K and a magnetic field of 4.2 T (180.5 MHz). The spectra show one
broad line and the evolution of one thermally activated narrow line.
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Figure 3.10: Relative intensities of the broad (M) and the narrow 'H NMR line
(o) extracted from fits with two Lorentzian lines. The solid lines represent fits using
sigmoidal curves. For more details refer to the text.

which is characteristic of an anisotropic hindered motion of THF molecules (rotation
around the dipolar axis) [18]. This is comparable with the observed dvp ~ 13 kHz
reported here and suggests a rotation of the THF molecules around their dipolar axis

as the origin of the broad proton line.

On the other hand, isotropic rotation of the THF molecules is understood as the

source of the linewidth of the narrow line (dvy ~ 3 kHz).

At room temperature, the broad line is located around § = —30 ppm whereas the
second narrow line is shifted to around 6 = —3 ppm. The observed negative shifts
are unusual and remarkably high. 'H NMR chemical shifts usually range from 0 to
+12 ppm. The phenomenon of negative shifts can be either explained by a negative
paramagnetic Knight shift or an extremely large diamagnetic shielding of the carbon

nanotubes and will be addressed later.

Following the line positions in the temperature range from 300 K to 480 K, the broad
line is slightly paramagnetically and the narrow line slightly diamagnetically shifted.

This is a signature of an exchange process [20)].
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Another signature is the growing intensity of the narrow line with increasing tem-
perature at the expense of the broad line as Fig. 3.10 shows. For the case of an
exchange process, the temperature dependence of the intensities can be described by

a sigmoidal curve

Iy — I

T-T;
1+exp( F2)

Iy and I, are the intensities at 0 K and infinite temperature, respectively and I" is a

I(T) = + I (3.8)

measure for the bending of the curve. At T' = T% the intensity of the curve is given
by I% = (lo+ Ix)/2.

The solid lines in Fig. 3.10 represent fits using sigmoidal curves with Iy = 0 (narrow
'"H NMR line, o), Iy = 1 (broad 'H NMR line, ®) and I, = 0.5 for both lines. The
temperature T% is found to T% =514 K.

For an exchange process, the correlation time 71 at the temperature T" = T 1 is

described by
10wy =1 (3.9)

with dwy being the rigid lattice linewidth. By assuming an Arrhenius behavior of the

correlation time

Ea
T1 = Toexp <k3T5> : (3.10)

setting 79 = 1-107'2 s and dwy = 2mdvp the activation energy for the exchange

process can be roughly estimated to E4 ~ 0.72 eV.

Since the linewidth behavior of the narrow line gives strong evidence for molecular mo-

tion, temperature dependent 'H spin-lattice relaxation experiments were performed.

3.4.2 1/T; Relaxation Rate

Fig. 3.11 presents the temperature dependent 'H NMR spin-lattice relaxation rate
1/Thy of the broad and 1/T7,, of the narrow line. With increasing temperature, 1/77,,
(broad line) follows an exponential increase, whereas 1/T}, (narrow line) remains
nearly constant. In the following, the spin-lattice relaxation behavior of broad and

narrow line are discussed separately.
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Figure 3.11: 'H NMR spin-lattice relaxation rate 1/7} for LiC7 as function of
temperature (narrow line: o and broad line: M). The solid line is a fit assuming
isotropic molecular reorientations with dipolar interactions. More details are given in
the text.

Broad-Line Spin-Lattice Relaxation

The spin-lattice relaxation rate of the broad line, caused by the anisotropic rotation
of the THF molecules, exhibits a maximum around a temperature of T" ~ 450 K. The
exponential increase of 1/77, with subsequent decrease is typically for a thermally ac-
tivated BPP peak behavior due to proton dipole-dipole couplings. Using the relations
for dynamically dipolar relaxation given in Chap. (2.2.3),

1 3
—=_—d*[J 4J(2 3.11
7 = 25 [ w0) + 40 (200)] (3.11)
1/T}, can be fitted with an activation energy AE ~ 0.13 eV, an infinite temperature
correlation time 7y ~ 1.7-107! s and a dipolar coupling constant of d ~ 27 12-10% s~
By comparing Eq. 3.11 with relation Eq. 2.60 which describes dipolar spin-lattice
relaxation using the second moment M, of a lineshape, M, can be calculated to

(Ms)retas = 9/20d? ~ 2.6 - 10° 572
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For the case of a Gaussian lineshape, the observed high temperature linewidth dvg ~

—2_ This value is

2 kHz corresponds to a second moment (Ms)spectrum ~ 1.2 - 107 s
comparable to (M3),eq,; and confirms the dipolar character of line broadening and

spin-lattice relaxation.

Narrow-Line Spin-Lattice Relaxation

The spin-lattice relaxation rate 1/7}, of the narrow line shown in Fig. 3.11 is rather
low and slightly increasing with increasing temperature. This is compatible with
a slow motion as expected for the high activation energy for isotropic rotation as

discussed in the previous section.

3.4.3 Structural THF Arrangement

Concerning the structural THF and therefore the proton arrangement in the system,
several scenarios are conceivable. In the following, comparisons with systems of THF
co-intercalation in potassium intercalated graphite (K-GIC) as well as systems built

up from polymer electrolyte matrix formations are drawn.

THF in GIC

From the point of chemistry, THF and potassium should form a stable coordinated
complex. The main driving force for the geometrical THF arrangement are ionic
interactions in between the strongly electronegative oxygen atoms and the positively
charged Li" cations. Similarly due to electron affinity reasons, the THF-hydrogen

atoms tend to point towards a graphene layer.

Facchini et. al [93] performed 'H NMR of the graphite intercalation compound
KCyy(THF)s. The authors claimed a free rotation of the THF molecules around
their oxygen atom (dipolar axis) perpendicular in between adjacent graphene lay-
ers at room temperature (Fig. 3.12). The K% cations located halfway between the
graphene planes pin the oxygen atoms to their immediate neighborhood.

Only for this perpendicular THF-arrangement, high stoichiometries of Li intercala-
tion can be reached. Since the dimension of the THF molecules along their dipolar
axis extends to 5.4 A, perpendicular standing THF molecules require a drastically

enlargement of the graphene layer spacing d;.
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Figure 3.12: Schematic of potassium intercalation in graphite. At room tempera-
ture the cointercalated THF molecules show a rotation about their oxygen atoms in
between two adjacent graphene layers.

Indeed XRD measurements proved an increase from dy; = 3.35 A in pure graphite to
d, = 8.8 A in stage I K-GIC binary compounds. Upon intercalation of the larger
Li-THF ternary complexes, even an increase of the graphene layer spacing up to
dy, = 12.4 A was reported [92].

Similarly to the situation in graphite, in SWNT an expansion of the triangular SWNT-
bundle lattice has to be expected upon Li-THF intercalation. However, also imagin-
able would be a distortion of the triangular SWNT-bundle lattice. For the case of a
simple lattice expansion, the lattice spacings can be easily calculated by geometrical

considerations.

THF in SWNT

Following the sketched scenario of KCyy(THF)(2) with THF molecules standing per-
pendicularly to the hexagonal carbon surface and alkali ions located halfway between
the graphene planes, a conceivable Li-THF-SWNT configuration is illustrated in
Fig. 3.13. The Li" cations are located halfway between two adjacent SWNT and
pin the oxygen-(THF) atoms to their immediate neighborhood. The number of
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Figure 3.13: Schematic of sites for intercalation of THF-Li complexes in a SWNT
bundle with triangularly arranged individual nanotubes. a) side view. b) top view.
The black dots symbolize oxygen atoms. The LiT ions are located above and below
the THF molecules.

next neighbor THF molecules is determined by the Li-THF coordination number.
Applying the values of lattice expansions in KCoyy(THF)(9), an expansion of the
SWNT bundle lattice of 30% has to be expected.

Since in the investigated Li intercalated SWNT samples, XRD measurements never
yielded any diffraction patterns of carbon nanotubes, protons or Li ions, a strong
disorder in the SWNT-Li-THF system has to be assumed [110, 132,162, 173]. This
distortion might originate from the existence of various Li-THF coordination numbers

as well as a wide distribution of SWNT diameters in the samples.
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The discussed geometrical THF-arrangements strongly remind to atomic configura-
tions in polymer electrolytes matrices like poly(ethylene oxide) (PEO). Its monomer
ethylene oxide (CyH40) is very similar to THF and the polymerized form tends to
form crystalline complexes enwraping metal ions like Li*. Thereby the ions are able
to move along crystalline channels formed by the PEO matrix, while only a restricted
sequential motion of the polymer chains (for example by bond rotations) is possible
[232,233].

Transferring this picture to Li-intercalated SWNT, the presence of the "Li NMR Li(®+
line and related spin-lattice relaxation could arise from a Li™ diffusion in channels
formed by a THF-matrix in the interstitial channels of the SWNT bundle. The THF
matrix could explain the observed broad proton line in the spectra of Fig. 3.9 since
THF molecules in between adjacent SWNT exhibit a restricted rotation around their
dipolar axis with an activation energy of AE ~ 0.13 eV. At higher temperatures,
formation of detached THF molecules is possible. These detached molecules are able
to diffuse along the interstitial channels of the SWNT bundle, which in the expanded
lattice provide enough space for an additional isotropic THF molecule rotation. This

explains the appearance of a narrow 'H NMR line at higher temperatures.

3.4.4 Negative Line Shifts

Yet unclear is the origin of the huge negative shifts of the broad and the narrow 'H
NMR line. Conceivable are both, a negative paramagnetic Knight shift or a large
diamagnetic shielding of the carbon nanotubes. In the following both effects will be

discussed in consideration of the above discussed structural THF arrangement.

e The origin of negative paramagnetic Knight shifts is a negative transferred
hyperfine coupling at the site of the protons (see Chap. 2.1.4). The Knight shift
comprising the hyperfine coupling is given by Eq. 2.10 and Eq. 2.11 with

1.
Kiso = E%Gisohn(é'}?). (312)
By applying the DOS at the Fermi level n(ep) calculated in Chap. (3.2.2) from
13C NMR measurements, as well as the 'H NMR line shift of the broad proton
line in Fig. 3.9, a lower limit of the isotropic hyperfine coupling constant can be

estimated to a;e, ~ —27 - 10° s71.
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However, DFT calculations considering the above discussed structural THF
arrangement resulted an average hyperfine coupling constant of only a;z, ~
—27-5.6x10% s71. Applying again the n(ep) extracted from *C NMR measure-
ments to this value yields an upper limit of the Knight shift of K, ~ —1.6 ppm.

This value is much smaller than the measured Knight shift.

The observed Knight shift of 30 ppm would result only if the THF orbitals would
contribute 100% to the SWNT conduction band and the DOS would be a factor
of twenty larger. This is very unlikely. The conclusion is that the observed shift

is of different origin, probably a diamagnetic shift.

The reason for a large diamagnetic shift could be a diamagnetic shielding
of the carbon nanotube bundles. Such a diamagnetic shielding is expected to
originate from an anisotropic diamagnetic susceptibility caused by SWNT 7-

electron orbital magnetism of the sp? carbon bonds.

However, in case of a diamagnetic shielding, an similar negative shift would be
expected for all types of THF molecules in the sample. Since the THF molecules
corresponding to the narrow 'H NMR line exhibit only a weak diamagnetic shift,

an averaging of the anisotropic susceptibility upon diffusion has to be assumed.

On the contrary, THF molecules corresponding to the broad and strongly nega-
tively shifted 'H NMR line are subject to the full diamagnetic SWNT shielding

since motion is restricted to a rotation around the dipolar THF axis.

3.5 Comparison of 'H and 'Li NMR 1/T; Relax-

ation Rates

Both, H and Li nuclei show a thermally activated motion behavior. In the following a

possible correlation of these two types of motions is discussed. For a direct comparison

of the 'H and "Li NMR spin-lattice relaxation results, the following aspects have to

be considered:

'H and “Li NMR spin-lattice relaxation measurements were performed on dif-
ferent samples (*H: LiC7, "Li: LiCyg). Nevertheless, since “Li NMR on LiCy
and on LiC;y show a similar relaxation behavior in temperature, the "Li NMR
1/T; results can be treated universally valid for LiC; and LiCyg. The spin-
lattice relaxation measurements on LiC; (*H) and LiCyy (“Li) can be directly

compared.
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e The 'H and "Li NMR 1/7} measurements were performed at different Lar-
mor frequencies. Nevertheless, correlation rates and therewith activation ener-
gies can be directly compared, since according to the BPP-maximum condition
woT, = 1 only the BPP-maximum position will be shifted for different Larmor

frequencies.

The activation energies AFE; ~ 0.4 eV and AFEy ~ 0.1 eV differ by a factor of four
which implicates that dynamical Li-H interaction is not very effective. Rotational
proton (THF) and diffusive lithium motion are predominantly not dynamically cor-
related.
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3.6 Summary

Lithium was chemically intercalated in SWNT bundles by using solutions of aromatic
hydrocarbons, tetrahydrofuran (THF) and SWNT.

13C NMR spectral analysis shows a reduction of the spectral anisotropy upon Li
intercalation. However, this reduction is weaker than expected by comparison with
results from Li-GIC, which can be explained by an incomplete charge transfer
at higher intercalation levels. This assumption is emphasized by *C NMR spin-
lattice relaxation measurements, where the behavior of n(ep) does not uniformly
follow the Li intercalation level. Nevertheless, upon intercalation the system reveals
a pure metallic behavior and no signature for semiconducting SWNT can be found.
At low temperatures, *C NMR shows an increase of 1/7T; with decreasing temper-
ature. This relaxation behavior is a possible indication for the presence of either
unpaired electron spins due to defects or paramagnetic impurities or the opening of

a band-gap at low temperatures.

By performing “Li NMR experiments, the presence of two types of Li-nuclei
with different environments was shown: at low intercalation levels the first interca-
lated Li are of type completely ionized a-type Li ions. While increasing the Li
concentration, a second type of partially ionized [-type Li is adsorbed by the
SWNT host.

For both types of Li ions, considerable line broadenings suggest a large distribution
of quadrupole frequencies. This quadrupole frequency distribution could arise from

the existence of various Li-THF coordination numbers as well as a wide distribution
of SWNT diameters.

e 3-type Li: the origin of the above sketched limited Li-C charge transfer is
explainable by the presence of Li*®* jons in the system. “Li NMR demon-
strates a remarkable Knight shift for these nuclei as well as a strong hyperfine
coupling to SWNT conduction electrons. Both facts suggest a Li(2s)-C(2p)
hybridization.

A charge transfer limitation due to the presence of THF molecules in the system
is rather unlikely. The electron charge transfer occurs independently of the
presence of THF molecules during the first step of intercalation by transferring
electrons from the aromatic hydrocarbon anion radicals directly to the SWNT
host.
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e a-type Li: "Li NMR on the a-type nuclei proves a high-temperature dynamical
process with an activation energy of AE ~ 0.4 eV which can be interpreted as
a Li(®* cation diffusion along the interstitial channels of the SWNT bundles.

However, the measured activation energy is 2 times higher than reported for a
similar Li motion process in the first stage Li-GIC compound LiCg with AE =
0.22 eV [231]. Actually the activation energy in the present intercalated SWNT
is expected to be higher since strong interactions between Li and C must be
overcome ((-Li). Additionally, a hindered nearly one dimensional motion of Li
in the channels of the carbon nanotube bundle is expected rather than a two

dimensional diffusion as in graphite.

Temperature dependent TH NMR experiments have proved the existence of two
types of inequivalent THF solvent molecules with different chemical environ-

ments and dynamical behavior.

e At low temperatures only one broad line is observable. THF molecules per-
pendicularly arranged in between adjacent SWNT presumably exhibit a re-
stricted rotation around their dipolar axis with an activation energy of
AFE ~ 0.13 eV. The Li* cations are located halfway between two adjacent
SWNT and pin the oxygen-(THF) atoms to their immediate neighborhood.

e At higher temperatures a narrow dipolar broadened line develops due to
detaching and formation of THF molecules isotropically rotating and dif-

fusing along the interstitial channels of the SWNT bundles.

The two types of THF molecules are most likely coupled by a thermally activated

exchange process with an activation energy of F4 ~ 0.72 eV.

The remarkable diamagnetic shift of the 'H NMR lines suggest an extremely large
diamagnetic shielding of the carbon nanotubes due to high anisotropic
diamagnetic susceptibilities. This shielding is expected to likewise affect the "Li
NMR spectra which suggests an underestimation of the observed "Li NMR line

positions.

'H and "Li NMR dynamics are predominantly not dynamically correlated. Neverthe-
less, Li and THF are deeply structural coupled, since they coexist confined in a nearly

one dimensional system.
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Chapter 4

Cesium Intercalated SWNT

In this chapter, vapor phase Cs intercalation in connection with a new preparation
method for obtaining well defined Cs intercalation stoichiometries is treated. Using
high resolution ¥C and static *3Cs NMR. techniques, the dynamical and structural
properties of the intercalated system are investigated. The observed Cs-C hybridiza-
tion and Cs* cation diffusion are discussed and the charge transfer characteristics of

the system is compared with Cs intercalated graphite.

4.1 Sample Preparation and Experimental Condi-

tions

Similarly to the sample production process described in Chap. (3.1), SWNT samples
were synthesized by the electric arc method with 10% 3C isotope enrichment and a
catalyst mixture in the molar proportions of 96.8% C, 2.1% Rh and 1.1% Pt. After
Raman-selection the pristine SWNT bundles were vapor phase intercalated with ce-
sium following the two-bulbs method [174]. By using a temperature gradient between
the alkali metal and the SWNT (7 = 186°C, Ty = 200°C), a saturation intercalation
stoichiometry of CsCy is expected [16,96].

In order to obtain samples with lower intercalation densities under controlled
conditions, the saturation intercalated sample CsCg was mixed with pristine SWNT
in different ratios. Upon vacuum annealing at 7" = 300°C for 3 days, Cs primarily
deintercalates and uniformly disperses on the complete sample. Subsequent cooling
in a closed vessel is expected to re-intercalate the sample leading to new intercalation

stoichiometries CsC, (z > 8). All the samples were sealed under high vacuum.

13C NMR experiments were carried out on a Bruker ASX200 spectrometer working
at a magnetic field of 4.7 T and a 3C NMR Larmor frequency of 50.3 MHz. Static

spectra were obtained in the temperature range of 10 — 300 K. Room temperature

73
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13C MAT NMR was performed on a Varian/Chemagnetics Infinity 300 spectrometer
at a magnetic field of 7 T and a *C NMR Larmor frequency of 75.7 MHz. !33Cs
NMR measurements were carried out on a home built pulsed NMR spectrometer
equipped with a sweep magnet working at 9.1 T and a *3Cs NMR Larmor frequency
of 50.7 MHz. The 3C NMR line shifts were referred to TMS and the *3Cs NMR line

shifts to an aqueous solution of 1M CsNOj3 as an external standard.

4.2 13C NMR

4.2.1 Static Spectra

In order to estimate the stoichiometries of the Cs intercalated SWNT samples, static
13C NMR was performed on the various mixtures of pristine SWNT and CsCg just
before vacuum annealing. As the samples without heat treatment are composed of

two well defined phases of pristine and saturation intercalated SWN'T, the associated

d)

400 200 0 200  -400
S [ppm]

Figure 4.1: Static room temperature *C NMR spectra of various mixtures of
pristine SWNT and CsCg just before vacuum annealing. The Larmor frequency was
50.3 MHz. From fits of the spectra, the following stoichiometries were extracted as de-
scribed in the text: (a) Pristine SWNT, (b) CsCay, (c¢) CsCia, (d) CsCg. The straight
line is a guideline illustrating the shift of the maximum intensity upon increasing Cs

concentration.
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spectra are expected to be composed of the *C NMR lines of pristine SWNT and

CsCg with their weights describing the exact stoichiometries of the samples.

All static '3C NMR spectra were recorded using a Hahn echo pulse sequence and
Fourier transformation. The spectra of pristine SWNT (a) and CsCg (d) strongly
differ as can be seen in Fig. 4.1. Therefore, combining the pristine and CsCg tensorial
lineshapes allows to accurately estimate the stoichiometry of the investigated samples
by changing the weights of each tensor. Following this concept, seven different samples
were characterized with stoichiometries CsC, (z=8, 12, 30, 31, 33, 34, 40).

In Fig. 4.2 static '*C NMR spectra of pristine (a) and saturation intercalated SWNT
CsCg (b) are directly compared. The tensorial powder pattern lineshape of pristine
SWNT reveals a maximum around 150 ppm and an anisotropy of about 450 ppm,
whereas in the Cs intercalated SWNT sample the maximum is diamagnetically shifted
to 100 ppm and the anisotropy is reduced from 450 ppm to 200 ppm. Possibly, an

inversion of the tensor lineshape in CsCg is present.

a)
b)
c)
* *
d)
5(I)O 3(|)0 1(|)0 (I) -1 I00 -3|00
3 [ppm]

Figure 4.2: Static room temperature *C NMR spectra of (a) pristine SWNT and
(b) Cs intercalated SWNT CsCg. (c): MAS spectrum of Cs intercalated SWNT
CsCs; after vacuum annealing. The isotropic sp? line splitting is clearly visible is.
(d): high resolution MAS spectra of the corresponding pristine SWNT. The symbols
(%) are for the spinning sidebands. All spectra were recorded at a Larmor frequency
of 50.3 MHz. For more details refer to the text.
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The observed reduction of the anisotropy is comparable with the anisotropy reduction
behavior in higher stage GIC, where the reduction is known to account for about
1800 ppm/electron (cp. Eq. 2.14). This corresponds to a reduction 225 ppm for a
stoichiometry of CsCsg.

4.2.2 MAS

In order to estimate the isotropic *C NMR line positions, room temperature MAS was
performed at a spinning rate of 5 kHz. Fig. 4.2 (c) shows the 13C MAS NMR spectrum
of CsCs;. The spectrum consists of two isotropic lines located around 111 ppm and
128 ppm. However, the weights of the two lines cannot be extracted directly since
the spectrum was not recorded fully relaxed. Relative to the isotropic line position of
119 ppm in the corresponding pristine SWNT material (Fig. 4.2 (d)), the two lines
are paramagnetically and diamagnetically shifted.

The appearance of two isotropic lines is rather surprising. In case of a simple Cs
intercalation process, a charge transfer from Cs to the SWNT and consequentially a
dominant positive Knight shift is expected. Compared to the line position in pristine
SWNT, the isotropic line position in CsCs; should only be paramagnetically shifted
and a diamagnetic shift is rather unusual.

In order to exclude measurement errors as source for the isotropic double-line structure
in the spectrum, as well as resolving the lines in better resolution, MAT experiments
were performed. MAT as a two-dimensional Fourier transform technique is able to
properly resolve splittings of several isotropic lines even in case of strong spectral line

overlaps.

4.2.3 MAT

The ¥C MAT NMR experiment was carried out using the 5-pulse sequence illustrated
in Fig. 2.1. Data acquisition was performed directly after the last 7/2 pulse. The
MAT rotor frequency was 150 Hz and 7 varied from 0.1 s to 6 s within 40 steps. The
FID acquisition during ¢, included 1024 points with a dwell time of 4 pus. The MAT
experiments were performed on pristine SWNT as well as Cs intercalated SWNT

CsCs3p. Two dimensional Fourier transformation as a function of 7 and ¢, results the
2D-MAT spectrum of pristine SWNT in Fig. 4.3.

It is important to note, that projections of the 2D-spectrum onto the two axis

of the contour plot in Fig. 4.3 do not directly represent the isotropic and CSA
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Figure 4.3: Room temperature *C MAT NMR spectrum of pristine SWNT at a
Larmor frequency of 75.7 MHz. (A) indicates an artifact peak, whereas (B) can be
assigned to SWNT. The scaling of the axis is displayed in arbitrary units.

patterns, since data acquisition is already started after the last 7/2-pulse of the
MAT pulse sequence (see Chap. 2.1.2). Therefore, the scalings of the axis in Fig. 4.3
are displayed in arbitrary units. Projecting the spectrum onto the acquisition
dimension axis at an angle arctan((s/3¢;)) will result in the isotropic-shift spectrum,
while projection on a perpendicular axis will result in the CSA powder pattern.

C1/2 are defined by the number of acquisition points and dwell times given by 7 and ¢,.

In the 2D-spectrum of Fig. 4.3 two main peaks A) and B) are clearly visible. However,
the peak A) is an artifact and only peak B) represents the real 2D-spectrum of pristine
SWNT.

By performing the described spectral projections onto the acquisition dimension axis,
the isotropic ¥*C NMR spectrum in Fig. 4.4 was extracted from the MAT 2D-data.
In order to calibrate frequency displacement and scaling, preliminary *C MAT NMR
experiments with subsequent 2D-Fourier transformations and isotropic spectra cal-
culations were performed using Cgo (d;50 = 143 ppm) and Adamantane (2 isotropic

lines, d;5, = 28 — 38 ppm) as a reference.
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Figure 4.4: Isotropic '*C NMR spectrum of pristine SWNT at room temperature at
a Larmor frequency of 75.7 MHz. The spectrum was extracted from the corresponding
2D-MAT experiment.

The ¥C NMR spectrum in Fig. 4.4 is typical for sideband-free isotropic lineshape
in pristine SWNT. The isotropic line is paramagnetically shifted to about 126 ppm
which is comparable to results from MAS experiments on pristine SWNT as described
in Chap. (2.3). Additional line broadenings arise from the imperfect projection of

the 2D-spectrum on the acquisition axis.

In Fig. 4.5 the 1¥*C NMR 2D-contour plot of CsCsyy is displayed. Besides the artifact
peak A) already known from pristine SWNT, two peaks B) and C) are observable.
Projecting the spectrum onto the acquisition dimension axis yields the isotropic *C
NMR spectrum in Fig. 4.6. Contrary to the isotropic spectrum of pristine SWNT
which consists of only one main peak around 126 ppm, two sp? peaks observable.
Due to the broad spectrum, the line positions can only be roughly estimated to
around 84 ppm and 124 ppm. Nevertheless, the presence of two peaks confirms the

isotropic line splitting observed by MAS in Fig. 4.2 (c).

The sp?-line splitting suggests the existence of two inequivalent carbon sites in the Cs
intercalated samples. In order to allow further interpretations of the observed shifts

and line splittings, 3C NMR spin-lattice relaxation measurements were carried out.
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Figure 4.5: Room temperature *C MAT NMR spectrum of CsCsg at a Larmor
frequency of 75.7 MHz. (A) indicates an artifact peak, whereas (B) and (C) can be
assigned to 'C nuclei of intercalated SWNT. The scaling of the axis is displayed in
arbitrary units.
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Figure 4.6: Isotropic room temperature '*C NMR spectrum of CsCsg at a Larmor

frequency of 75.7 MHz. The spectrum was extracted from the corresponding 2D-MAT
experiment. A splitting of the isotropic sp? line is clearly visible.
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4.2.4 1/T) Relaxation Rate

All C NMR spin-lattice relaxation rates 1/7; were obtained at a Larmor frequency
of 50.3 MHz using a saturation recovery pulse technique and a Hahn echo as a
detection pulse. At all temperatures for all samples, the magnetization recovery
follows a biexponential recovery curve, confirming the two inequivalent carbon sites.
The magnetization recovery is composed of a fast and a slow relaxation component.
As shown in Fig. 4.7, the fraction of the slow relaxation component decreases from

75% in CsCg to 50% in CsCs; and is constant in temperature for each sample.

In pristine SWNT, the magnetization recovery typically consists of two components
with a ratio of 60:40. However, *C NMR spin-lattice relaxation in this system is
different from the present relaxation processes in Cs-SWNT. In pristine SWNT,
room temperature relaxation times are in the order of 5 s (40%) and 90 s (60%),
respectively, whereas in CsCg the corresponding relaxation times are Tj, ~ 0.25 s
and T, ~ 2.3 s. In general, the two relaxation components in pristine SWNT
are attributed to relaxation of semiconducting (60%) and metallic (40%) carbon
nanotubes [34, 193, 194]. The higher relaxation rate of the spin system in CsCg

indicates an increased metallic character of the SWNT system.
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Figure 4.7: Stoichiometry dependence of the fraction of the slow relaxation com-
ponent in the *C NMR magnetization recovery for the samples CsC, with z =8, 12,
30 and 40, respectively.
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As shown in Fig. 4.8 (top), both relaxation components 1/73, (high relaxation rate,
25%) and 1/T3, (low relaxation rate, 75%) follow a linear increase with increasing
temperature, which points to a Korringa type relaxation process of the *C nuclei.
In order to prove a Korringa relaxation in the complete observed temperature range,
the temperature dependence of T7,T and T3, is plotted in Fig. 4.8 (bottom).

For Korringa relaxation, 777 is expected to be constant and independent of tem-
perature, which is not the case for both 77,7 and T},T. Below a temperature of
T ~ 150 K, T1,T deviates strongly from the Korringa law. Also 7T},7T" shows a tempera-

ture dependent behavior varying from a constant 777 value, however less pronounced.

A similar deviation from the Korringa law was already observed for 3C NMR
spin-lattice relaxation measurements in Li intercalated SWNT which is discussed
in detail in Chap. (3.2.2). The origin of the deviation was explained by either
localized electron spins or the opening of a band gap. Here, a similar mechanism
could be active. However, the high temperature of 150 K where the deviation from
the Korringa law in CsCg sets in makes the scenario of a band-gap-opening rather
unlikely. Furthermore, relaxation due to the development of Rh superparamagnetism
at low temperatures is also rather improbable, since Rh clusters show incipient
superparamagnetism only below 93 K. This leaves localized paramagnetic relaxation
due to impurities and defects like dangling bonds as the main reason for the strong

increase of 17T at low temperatures.

Similarly to the procedure in Chap. (3.2.2), the slope of the linear 1/77 dependence
in Fig. 4.8 (top) enables to determine the density of states at the Fermi level n(ep)
by using the relation

L 27kp

T’l_T = TSKA?lipn(EF)2 with

2 1
Adip = gﬁ%%ﬁ? <ﬁ> :

However, an exact treatment generally requires detailed knowledge of the both, the
dipolar hyperfine coupling constant Ay, as well as the Korringa enhancement factor
Sk. Since these values were not measured in CsCg until now, in the following the
Korringa enhancement factor will be assumed to Sy = 1. By using the dipolar
hyperfine coupling constant A, of potassium intercalated Cgy (K3Cgo), the DOS at

the Fermi level n(ep) for various Cs stoichiometries was calculated.
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Figure 4.8: '3C NMR temperature dependence of 1/T} (top) and 74T (bottom)
for CsCg. The two spin-lattice relaxation components are T3, (W) and Ty (o).
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Figure 4.9: Density of states at the Fermi level n(ep) for various stoichiometries
CsC,. The n(er) were derived from 3C NMR 1/T} relaxation measurements as
described in the text.

As shown in Fig. 4.9, for both types of relaxing *C nuclei, n(er) follows a monotonic
increase with increasing Cs intercalation level. Such a behavior is well understand-
able, considering that with increasing Cs concentration the amount of electron charge

transferred to the SWN'T is expected to simultaneously increase.

4.2.5 Discussion of *C NMR Data

The two 1/7; components as well as the spectral lines suggest the presence of at
least two different kinds of carbon sites with different environments. In a first simple
consideration, the appearance of two carbon sites could either be explained with

inhomogeneous intercalation of Cs, finite size bundle effects or localized Cs-C effects.

e Inhomogeneous Cs intercalation corresponds to different, in space well sep-
arated domains of intercalated SWNT with various Cs stoichiometries. How-
ever, it is rather questionable why exactly two well defined carbon environments
should coexist in this scenario, even though this could explain two 3C NMR

lines with two associated spin-lattice relaxation components.

The applied two-bulb sample preparation method for Cs intercalation in SWNT
is the same method as usually applied for the preparation of A3Cgy (A= K, Rb,
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Cs). From A3Cg it is known, that for higher temperatures (200-300 °C) alkali
diffusion with an activation energy around 0.1 eV provides a very homogeneous
alkali intercalation throughout the whole sample [102,103]. Since SWNT can be
considered as a comparable system with diffusion activation energies in the same
order of magnitude it can be assumed, that a homogeneous Cs distribution in

the present samples occurs rather than a random inhomogeneous intercalation.

Finite size effects of the bundle could also play an important role, since
SWNT bundles are finite crystal structures with sizes of a few nanometers.
Due to completely different structural environments, C atoms corresponding to
SWNT located on the outer surface of the bundle are expected to be subject to

modified interactions compared to C atoms on SWNT in the center of a bundle.

Even though, generally samples exhibit a wide random distribution of bundle
sizes, a categorical subclassification of the structure into bundle surface- and
"bulk’ is always possible. Since 'H NMR on Li intercalated SWNT proved a large
diamagnetic susceptibility of the SWNT bundle structure (see Chap. 3.4.4), the
effect of diamagnetic shielding for SWNT located on a bundle surface or SWNT
located in the 'bulk’ of a bundle are expected strongly differ.

Therefore, finite size effects are supposed to substantially influence 3C NMR
spectra and spin relaxation. This could also explain the diamagnetic shift of
one of the observed ¥C NMR isotropic lines relative to the isotropic pristine
SWNT line position.

Another possibility could arise from an in plane localization of the density
of states which was observed in stage-n alkali-GIC (n > 2), where only every

n-th graphene plane has a neighboring alkali layer [94,95].

This effect limits the electron charge distribution to neighboring graphene planes
and results in two well defined densities of states for 1) direct alkali-neighbor
graphene planes and 2) graphene planes distant by more than two graphene

sheets away from the alkali ion layer.

Accordingly, transferring this scenario to Cs-SWNT, the higher DOS and the
stronger paramagnetically shifted line could be attributed to Cs ions located
next to the SWNT, whereas the lower DOS and the less paramagnetically shifted

line would correspond to SWNT not in direct contact with Cs ions.

In order to understand the structure and dynamics of the intercalated Cs ions, 133Cs

NMR experiments were performed on the samples CsCg and CsCgg.
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4.3 133Cs NMR

4.3.1 Nutation Experiments

Preliminary '**Cs NMR FID experiments on the sample CsCz; (not shown here) have
given evidence for a broad 33Cs NMR spectrum. In order to determine correct /2
pulse length to excite the complete spectrum, nutation experiments were carried out.
Fig. 4.10 shows the *3Cs NMR nutation experiment on the sample CsCsy and a fit
(solid line) using a sin(«) function. The maximum FID amplitude is obtained at a
7/2 pulse length of 3.2 us. For comparison, calibrating the spectrometer with CsNOj
yielded a /2 pulse length of 2.4 us. The longer pulse length in the intercalated
carbon nanotube sample can be attributed to a screening of the electromagnetic field
of the pulse due to the high conductivity of SWNT.

As Cs atoms are quadrupolar nuclei, powder spectra consist of the central transition
as well as satellite lines. A selective excitation of the central transition enhances the
nutation frequency by a factor 4 for Cs (Chap. 2.1.5). For an aqueous solution of
CsNQg, in general a complete excitation of the spectrum can be expected. Since the
7/2 pulse length of CsNOj and CsCjy are comparable, a full excitation of the spin

system in CsCsq can be concluded.
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Figure 4.10: 133Cs NMR nutation experiment on CsCso (M) at room temperature.
The solid line is a fit using a sin(«) function, which describes the dependence of the
FID amplitude on the pulse angle . For comparison, the 33Cs NMR nutation of an
aqueous solution of CsNQOj3 is shown as dotted points.
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Figure 4.11: Echo amplitude of the !33Cs NMR 7/2 — 3 experiment on the sample
CsCsp (M) at room temperature. The amplitudes were recorded as a function of the

2nd pulse angle .

4.3.2 7/2 — ( Experiments

In general, the spin echo height at time t = 27 after a 7/2 — 7 — § pulse sequence
varies strongly with the rotation angle 5. In Chap. (2.1.5) it was shown that in the
case of electric quadrupolar interactions, the optimum pulse angle § depends on the
spin quantum number.

The maximum echo amplitude in CsCsy is obtained for a S-pulse angle of G, ~ 30°
as can be seen from Fig. 4.11. This value is in good agreement with theoretical

calculations of quadrupolar echoes in spin 7/2 systems [35].

4.3.3 General Considerations of the Static Spectra

Using the determined optimum pulse length, static *3Cs NMR spectra of Cs
intercalated SWNT were recorded using a Hahn echo pulse sequence and subsequent
Fourier transformation. Fig. 4.12 shows the static room temperature 33Cs NMR
spectra for Cs intercalated SWNT with different intercalation stoichiometries of CsC,
(x =8, 12, 30, 40). Following the stoichiometry dependence, at low intercalation
levels, only one single quadrupolar broadened line located at 0 ppm is present.
Above a stoichiometry CsCyg, a second line located around 2700 ppm is showing

up with increasing intensity depending on the Cs concentration. However, it is
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Figure 4.12: Room temperature 33Cs NMR spectra of Cs intercalated SWNT
with different intercalation stoichiometries of CsC, with x =8 (a), 12 (b), 30 (c¢) and
40 (d). The Larmor frequency was 50.7 MHz

difficult to judge if the 2700 ppm line is growing at the expense of the 0 ppm line

since this could only be proven by in situ NMR measurements during Cs intercalation.

To simplify matters, in the following the 0 ppm line is labeled as a- and the 2700 ppm
line as (-line. The presence of the two lines at high Cs concentrations suggests the
existence of at least two inequivalent Cs a— and [ adsorption sites in the SWNT
bundle. It is again important to note, that possible Cs adsorption sites are only
provided by the interstitial channels as well as on the surface of a carbon nanotube
bundle. The interior space of the present SWNT is supposed to be predominantly
inaccessible for penetration by Cs atoms since the used nanotubes are expected to

have closed end caps.

The position of the « line around 0 ppm indicates the presence of almost fully ionized
Cs®@* cations, whereas the strongly paramagnetically shifted B-line indicates the
presence of Cs(®+ cations with 8 < a ~ +1. The paramagnetic shift of the $-line
can be interpreted as a Knight shift corresponding to a slightly metallic character of
CsM* ions located at 3 adsorption sites. The presence of pure metallic Cs in the
present samples can be excluded, since the associated NMR line would be located
around 14900 ppm [234].
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4.3.4 «o-Line FWHM

Fig. 4.13 shows the FWHM temperature dependence of the a-line at low intercalation
levels of CsCs;, where a clear separation of the a- and ( line is possible. At tem-
peratures around 100 K the a-line exhibits a weak symmetrical quadrupolar powder
pattern with the appropriate etches spaced by about 76 kHz (~ 1500 ppm) as is
shown in Fig. 4.14. A corresponding quadrupolar coupling strength can be estimated
to wl ~ 27 - 150 kHz.

Therefore it can be concluded that at low temperatures, the rigid-lattice linewidth is
dominated by quadrupolar interactions. Around a temperature of T" ~ 150 K, the
linewidth is reduced with increasing temperature, which is typical for thermally acti-
vated motion behavior. However, motional narrowing is incomplete in the investigated
temperature range.

In the presence of motional narrowing the linewidth dw can be fitted using the relation
(2.40)

2
dw? = dwi + &ug; arctan [adwT,| . (4.1)
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Figure 4.13: FWHM of the a-line as a function of temperature. The data was
extracted from '33Cs NMR spectra of CsCs;, which allows a clear separation of a-
and ( line. The solid line is a fit assuming a thermally motional narrowing process.
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Figure 4.14: '33Cs NMR spectrum of CsCz; at a temperature of T = 100 K.
Clearly visible is the a-line at 0 ppm (4) and the paramagnetically shifted (-line (e).
In order to emphasize the quadrupolar line shape of the a-line, edges of the ”Pake
pattern” are indicated by arrows.

By assuming an Arrhenius behavior of the correlation time 7. = 7gexp(Ea/kgT)
and setting a = 1, the activation energy for the accompanying motional process
can be roughly estimated to E4; = 0.1 eV. The rigid lattice linewidth is about
dwy ~ 21 - 44 kHz and the linewidth at high temperatures can be calculated to be

around dw(, ~ 27 - 3 kHz.

For a rigid-lattice linewidth dominated by quadrupolar interactions, dwq is expected
to be in the order of wéga) ~ 271 - 150 kHz. However, due to the weak pronounced
quadrupolar line structure, analysis of the spectral FWHM was limited to the central

transition. This explains the low value of dwy.

As shown in Chap. (2.1.6), the second moment of a line and the corresponding spin-
spin relaxation are sensitive to fluctuations in a comparable frequency range. There-
fore, the changes in the a-line FWHM with increasing temperature should strongly

effect the spin-spin relaxation relaxation behavior 1/753".
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4.3.5 «-Line, 1/Ty Relaxation Rate

Fig. 4.15 displays the spin-spin relaxation rate of the a-line 1/Ty as a function of
temperature. The measurements were performed on the sample CsCs;. At all tem-
peratures, the relaxation followed an exponential decay composed of two components,
which both reveal a very similar temperature dependence. Since Cs nuclei have a
quadrupolar moment, their spectra consist of several spectral contributions. A multi-

exponential spin-spin relaxation is therefore not surprising.

With rising temperature, 1/75 follows an exponential increase. In the previous para-
graph, the temperature dependence of the FWHM showed an incomplete motional
narrowing process in the investigated temperature range. Therefore, relaxation
occurs in the rigid lattice limit, where the general weak collision theory is not valid

any more (see Chap. 2.2.4).

The spin-spin relaxation rate for strong collision is given by Eq. (2.64):

1 1 2(1-p)

== _—,
T2 T2 7‘5 c

1 N,
— =7 ith 4.2
Tee N, W (4.2)

1 1 Eu
— =—¢€X .
Ty T0 P k’BT

The factor N, /N describes the vacancy concentration, and p is a numerical quantity
that depends on the type of motion and the spatial distribution of diffusion vacancies.

In the following, p will be set to zero.

The correlation time at infinite temperature is assumed to 79 ~ 107!? s. By using the
activation energy of F4; ~ 0.1 eV obtained from the linewidth fit in Fig. 4.13 and
applying it to Eq. (4.2), the run of 1/T2(a) in Fig. 4.15 can be directly fitted (solid
line).

The ground relaxation rate 1/73 which contains contributions from all other spin-

1

spin relaxation mechanisms can be estimated to be 1/73 ~ 575 s~! and the vacancy

concentration accounts to N,/N ~ 1.3-1077.

Even though, this vacancy concentration is unreasonable low, the fit of the exponen-
tial increase of 1/T; confirms that both, '3Cs NMR linewidth and 1/7; relaxation
behavior of the « line can be properly described by a thermally activated slow-motion

diffusion process of the a-line Cs(®* ions with an activation energy of E4; ~ 0.1 eV.
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Figure 4.15: Spin-spin relaxation rate of the a-line 1/7%" as a function of temper-

ature (CsCsp). The solid line is a fit using a slow motion relaxation process in the
strong collision regime.
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Figure 4.16: Temperature dependence of the a-line spin-lattice relaxation rate

1/T7 (CsCgy). The solid line is a fit assuming a Korringa- and a BPP-type relaxation
process.
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4.3.6 «-Line, 1/T{ Relaxation Rate

Fig. 4.16 shows the a-line spin-lattice relaxation rate 1/77 versus temperature. At
all temperatures, the spin-lattice relaxation follows a biexponential magnetization
recovery curve after saturation.

This can be explained by the property of a multi-level spin system of the Cs quadrupo-
lar nuclei. Upon non-selective excitation of the spin system, a multi-exponential re-
laxation between the different energy levels is always expected [36,37].

Since both relaxation components show a comparable temperature dependence of
1/T, again the best fit of the relaxation behavior as a function of temperature is
chosen.

The spin-lattice relaxation in Fig. 4.16 follows an exponential increase extending over
three orders of magnitude. It is only possible to fit these data using a combination of

two independent relaxation processes,

1 1 1

= 4.3
T, Tl(l) TI(Q) (43)

e The exponential increase in Fig. 4.16 suggests a relaxation process due to ther-
mally activated dynamics. Since at all temperatures, wy7. > 1, the spin-lattice
relaxation can be treated in the weak-collision regime. In order to fit the data,
it is assumed that the spin-lattice relaxation is mainly quadrupolar since Cs
nuclei have a large quadrupolar moment. 1/7; for Cs nuclei with spin 7/2 is
given by (see Chap. 2.2.3)

1 2 '
TC
T =g o (4.4)
E 49 >
7.(T) =mpex '
(T) =roexp (kBT

e The presence of delocalized electrons on the SWNT suggests a weak orbital

overlap with the Cs(® nuclei which causes a hyperfine relaxation process

— =mT". (4.5)

The exponent k takes a mixture of various hyperfine coupling contributions into

account.
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Assuming a correlation time at infinite temperature of 7y ~ 1072 s, the spin-lattice
relaxation 1/77 can be fitted with an activation energy of Eas ~ 0.29 eV and a
quadrupolar coupling strength of about wg ~ 2m-166 kHz for the thermally activated
relaxation process. The slope for the linear Korringa relaxation process is given by
m = 0.002 s7! with k = 1.5. The fit of 1/7¢ is shown as a solid line in Fig. 4.16.

The quadrupolar coupling strength is comparable with w ~ 27 - 150 kHz obtained

from analysis of the a-line spectrum at low temperatures.

The intercalation of Cs alkali metal in the bundles of SWNT was proven by X-ray
diffraction measurements [111]. A diffusion of Cs ions in the SWNT bundles should
be geometrically restricted to a diffusion parallel and perpendicular to the carbon
nanotubes. This suggests, that the higher activation energy Eao ~ 0.29 eV of the
weak-collision relaxation process corresponds to inter-channel diffusion perpendicular
to the SWNT bundle, whereas the lower activation energy F4; ~ 0.1 eV of the slow-
motion relaxation process corresponds to diffusion along the interstitial channels of
the SWNT bundle.

A diffusion perpendicular to the SWNT bundle is highly supposable since the large
value of wg ~ 27 - 166 kHz indicates drastic changes in the local EFG which is
expected for an inter-channel movement of the Cs(®* ions. The motion process along
the SWNT bundle channels is slow because of a low Cs vacancy concentration along
the interstitial channels of the SWNT bundle.

Since the relaxation measurements were performed on the low intercalated sam-
ple CsCs;, a scenario of weakly hindered Cs diffusion is very likely. However,
for higher Cs stoichiometries a-line nuclei diffusion is expected to be strongly
hindered. A kind of reduced Cs(®* mobility with increasing intercalation level is sug-

gested by the increasing a-line broadening at higher Cs intercalation levels (Fig. 4.12).

A comparable Cs diffusion process was reported for Cs intercalation and diffusion in
between adjacent nanotube shells of MWNT [136]. The observed diffusion constant
was extremely small compared to Cs diffusion in between adjacent graphene sheets of
Cs-GIC. The authors attributed this to the presence of defective MWN'T or even to

a characteristic of the nanometer scale tubular structures.
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4.3.7 (3-Line, Spectral Analysis

Fig. 4.17 presents the 133Cs NMR spectrum of CsCg at a temperature of T' = 40 K. The
spectrum shows a complex composition of the a- and (-line spectrum with quadrupo-
lar powder pattern lineshapes as well as at least two other additional lines around
1050 ppm and 4450 ppm.

The quadrupolar lineshape of the S-line is well pronounced and will be used in the

following to determine the Cs(¥+ quadrupolar lineshape parameters.

In order to properly extract both, the 3-line quadrupolar coupling constant wg as well
as the asymmetry parameter 7%, a symmetric 3-lineshape was generated by mirroring
the paramagnetic part of the spectrum with respect to the maximum of the S-line
position.

Fig. 4.18 shows the symmetrized 33Cs NMR f-line of CsCy taken at a temperature
of T'=133 K. The quadrupolar structure can be fitted with a quadrupolar coupling

5000 2500 O 2500 5000 7500 10000
o [ppm]

Figure 4.17: '33Cs NMR spectrum of CsCg at a temperature of 7 = 40 K and a
Larmor frequency of 50.7 MHz. The a-line at 0 ppm is marked by a (¢), whereas the
paramagnetically shifted (§-line is marked by a (e). The dotted lines are fits using
a Lorentzian a-line, a quadrupolar powder pattern lineshape for the (-line as well
as two additional Lorentzian lines located around 1050 ppm and 4450 ppm. More
detailed explanations of these fits are given in the text.
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Figure 4.18: Symmetrized 3-line *3Cs NMR spectrum of CsCg at a temperature of
T =130 K and a Larmor frequency of 50.7 MHz. Symmetrization was performed by
mirroring the paramagnetic part of the spectrum with respect to the maximum of the
(B-line position. The dashed lines are a fit assuming a vertically shifted quadrupolar
powder pattern lineshape.

constant of about wg ~ 27 - 100 kHz and an asymmetry-parameter of n° ~ 0.3. In
order to fit the complete spectrum in Fig. 4.17, around 0 ppm a Lorentzian a-line
was used which is sufficient since its quadrupolar powder pattern is only weakly
pronounced. Besides the quadrupolar §-line powder pattern (with the given (-line
fit parameters), it is necessary to additionally include two strongly paramagnetically
shifted Lorentzian lines located around 1050 ppm and 4450 ppm. The origin of
these two additional lines is unknown. However, they indicate the presence of fur-

ther Cs adsorption sites or further different structural Cs arrangements in the sample.

The temperature dependence of the -line second moment M, is shown in Fig. 4.19.
With increasing temperature, M, of the (-line is weakly reduced which indicates a
slightly thermally activated dynamical behavior of the Cs(®* ions.

Concurrently the quadrupolar (-line structure is still observable up to temperatures
of 460 K. This corresponds to only a weak temperature dependence of the electric
field gradient (EFG) at the site of the Cs nuclei.

Both observations can be explained with a highly structural molecular Cs order (Cs
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Figure 4.19: The '33Cs NMR second moment M, of the 3-line in CsCg as a function
of temperature.

lattice). Possibly the Cs ions occupy well defined atom positions relative to the carbon
lattice (e.g. above the centers of the C hexagons). A thermally activated Cs mobility
with hopping or diffusion from one site to the other will reduce the linewidth, while
the EFG is preserved.

Since spin relaxation is sensitive to molecular dynamics, various **Cs NMR relaxation

measurements on the (-line were carried out.

4.3.8 [(-Line, 1/T) Relaxation Rate

Fig. 4.20 displays the CsCg (-line spin-lattice relaxation rate 1 /Tlﬂ as a function of
temperature. The relaxation after saturation follows a biexponential magnetization
recovery at all temperatures, as expected for quadrupolar nuclei upon non-selective
spectral excitation. One relaxation component is shown in Fig. 4.20. In the inves-
tigated temperature range, the spin-lattice relaxation exhibits a linear increase with
rising temperature. The linear relaxation behavior suggests a strong hyperfine cou-
pling between Cs nuclei and conduction electrons on the carbon nanotubes. Linear

fitting of the data using a hyperfine relaxation process yields 1/T,T = 0.53 s 1K1
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Figure 4.20: Spin-lattice relaxation rate of the 8-line 1/ Tlﬁ as a function of temper-
ature (CsCg). The solid line is a fit using a hyperfine mediated Korringa relaxation
process.

The classical Korringa relation Eq. 2.42 defined in Chap. (2.2.1) correlates isotropic
hyperfine mediated spin-lattice relaxation with the corresponding Knight shift:

2
K2 = (2 (4.6)
180 471']{73 Y

This relation can be used to estimate a Knight shift corresponding to the 1 /Tl(ﬁ )
relaxation behavior in Fig. 4.20. The motivation to use pure isotropic hyperfine
interaction arises from the strong s-character of the involved Cs(6s)-orbitals, which
causes the Fermi-contact like electron-nuclear interaction. By applying Eq. 4.6 to
the slope of 1/T; f in Fig. 4.20, the corresponding Knight shift can be calculated to
K, = 2850 ppm.

This value is on the order of the observed high temperature (-line Knight shift values
(~ 2800 ppm) and thereby confirms the hyperfine coupling as the main origin of the
observed [ line shifts.

In order to establish isotropic hyperfine interactions, the electron probability density
at the Cs nuclei must be non-zero. This suggests a limited charge transfer from Cs
to SWNT. In order to estimate the residual amount of charge on the Cs ions, K,

can be compared with the Knight shift of pure Cs metals (~ 14900 ppm). Since the
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ratio Kjso/Kmetar is proportional to |1(0)|?, roughly a spin density on the Cs nuclei

of 20% can be calculated which corresponds to a partial charge transfer.

The charge transfer limitation can be explained by a Cs(6s) - C(2p) hybridization.
The result of a charge transfer limitation upon hybridization is compatible with results
obtained from first principle calculations [131,142]. Lu et. al [142] theoretically found
a charge transfer limitation in potassium intercalated nanotubes. Above a stoichiom-
etry of KCy7, the authors claim a preferential C-K hybridization with increasing K
intercalation level due to a coupling of the nanotube nearly free electron states (NFE)
[151] with the K(4s) orbital, leading to a limitation of the charge transfer. In KCg, the
amount of transferred charge is calculated to be around 60%, a value that is expected

to decrease for Cs intercalation upon its higher hybridization affinity.

4.3.9 [(-Line, 1/T) Relaxation Rate

The limited electron charge transfer and Cs(6s) - C(2p) hybridization discussed in
the previous section correspond to a non vanishing probability density at the position
of the Cs nucleus. In addition, the carbon nanotubes behave like a metallic system
with delocalized conduction electrons (see Chap. 3.2.2). As a whole, hybridization

and delocalized electrons correspond to localized electron states near the Fermi level.

The hyperfine interaction of the electron system with the Cs nuclei usually causes
Korringa relaxation with very high electron correlation rates which make this kind of
relaxation only observable in the spin-lattice relaxation of the nuclear spin system.
Contrary to spin-lattice relaxation, spin-spin relaxation is sensitive to slow spin fluc-

tuations.

Fig. 4.21 shows the '33Cs (-line spin-spin relaxation rate 1/T2(’6 ) as a function of
temperature. Above a temperature of 7= 50 K, 1/ TQ(ﬂ ) follows a linear increase with
increasing temperature. Below 7" = 50 K, an exponential increase of the spin-spin

relaxation rate with decreasing temperature is observable.

The exponential increase at low temperatures is a signature for relaxation due to
scalar electron-nuclear coupling with slow electron fluctuations (with low electron
correlation rates). The temperature dependence of this type of spin-spin relaxation

was discussed in Chap. (2.2.2) and 1/T; is given by

1 A?

LA 47
T2(5) 4 i ( )
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Figure 4.21: Temperature dependence of the '33Cs NMR spin-spin relaxation rate
1/Ty for the S-line. The solid line represents a fit assuming a relaxation caused by
scalar electron-nuclear coupling, a linear term of unknown source and a constant
background relaxation rate.

The electron spin-lattice relaxation behavior is described by [38]

1 1 T\"
- | = ) 4.8
Tle Tc0 (To) ( )

The temperature Ty can be arbitrarily set to 1 K. Therefore 1/7., corresponds to
the relaxation rate at 7' = 1 K. The exponent k includes several additive relaxation
mechanisms. One common exponent « is chosen since it is rather difficult to separately
analyze electron spin-lattice relaxations due to direct, Orbach and Raman relaxation
processes.

In order to completely describe the temperature dependence of 1/ Tz(ﬁ ) over the full
temperature range, besides a relaxation caused by scalar-nuclear coupling another
unknown relaxation mechanism 1/7) = m T + d; dominating at higher temperatures
has to be assumed (m; is the slope of a linear relaxation rate increase and d; is a

constant offset attributed to some background relaxation mechanisms):

1 A? T\ ™
— = —17'001 (—) + mlT + dl

T\ ™
(—) +m1T+ dl.
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The fit represented by a solid line in Fig. 4.21 follows the fit parameters k; = 1.43, a

1 a slope m; = 44.6 K157t

spin-spin coupling strength of C' = A%7,4, = 3.8 - 10° s~
describing the linear dependence of 1/T2(6 ) above 50 K and a constant offset of

dy = 6500 s~

In order to estimate the prefactor 7., stimulated echo relaxation experiments were
carried out. The motivation arises from a comparable sensitivity of 1/T, and 1/T%™
to slow spin fluctuations (see Chap. 2.2.5). The difference though is that 1/75 de-
scribes transversal relaxation in the rotating frame, whereas 1/T5%™ describes longi-

tudinal relaxation in the rotating frame.

4.3.10 [(-Line, Stimulated Echo Relaxation

133Cs stimulated echo relaxation experiments on the 3-line (presented in Fig. 4.22)
exhibit a relaxation behavior for 1/T¢%™ comparable to the run of 1/T5 in Fig. 4.21.
A linear increase of the stimulated echo relaxation rate with increasing temperature
is observable above a temperature of T = 125 K as is shown in Fig. 4.22. Below
T = 125 K the spin-lattice relaxation rate 1/T3%™ follows an exponential increase

with decreasing temperature.

Since both, 1/ TQ(ﬁ ) and 1 JTH™ probe relaxation of the spin-system due to slow spin

fluctuations, the same source of is assumed for both, 1/T5%™ and 1/T5" ),

The scalar spin-lattice relaxation rate 1/7} is given by Eq. (2.51):

(4.10)

1 2142 Tle
T

— =—S5(5+1
3 (5+1) 14 w7l

This equation can also be used to describe spin-lattice relaxation 1/TF%™ in the ro-

tating frame.

Using the above defined relaxation due to scalar electron-nuclear coupling, as well as
an additional linear relaxation term ~ myT and a constant offset d,, the relaxation
behavior in Fig. 4.22 can be fitted by
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Figure 4.22: Temperature dependence of the *3Cs NMR spin-lattice relaxation
rate 1/T$%™ for the B-line, obtained from stimulated echo experiments. The solid
line represents a fit assuming a scalar electron-nuclear coupling, a linear term of
unknown source and a constant background relaxation rate.
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Since both, 1/T5"™ and 1/T. Q(ﬂ ) are subject to the same relaxation mechanism, 7.9 and

K are set to T.o = Teo1 = Teo2 and K = K1 = Ko. Solving Eq. (4.9) for 7.9; and inserting
into in Eq. (4.11) yields

1 AAC (%)iﬂ

==
booabi6eic (£)

9k + m2T + d2- (412)

Fitting the stimulated echo 1/T3%™ data in Fig. 4.22 results in spin-spin couplings
Ay =27 -9.1 x 10° st and A; = 27 - 7.5 x 10° s7! as well as the fit parameters

me = 20 K~!s7! and dy = 100 s~!. Finally, the relaxation rate at 7 = 1 K can be
calculated to 1/7, = 5.7-10° s71.
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Figure 4.23: Scalar spin-spin coupling between a dangling bond (left) and a Cs
atom (right). Spin fluctuations due to defects mediate a fluctuation of the electron
states near the Cs atom. The red colored shading represents delocalized electrons on
the carbon nanotube as well as electrons in the Cs-C hybridization.

It is important to note, that only for isotropic scalar coupling, A; should exactly
equal As, which is roughly the case. However, if the two constants would have
differed by a larger factor, a relaxation contribution due to anisotropic coupling

tensor components would have to be taken additionally into account.

In the following, the source of the observed isotropic scalar electron-nuclear spin

coupling is discussed:

The model which is favored here considers thermally assisted fluctuations of unpaired
electron spins due to dangling bonds and other defects on a carbon nanotube surface,
as illustrated in Fig. 4.23. The presence of dangling bonds on carbon nanotubes is
highly supposable, since it is well known that due to the high temperature production
process of SWNT many atomic defects in the regular hexagonal carbon structure are
induced [217-219].
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As derived from 133Cs $-line spin-lattice relaxation measurements, an overlap of the
Cs(6s) and C(2p) orbitals describes the environment of the (-site Cs nuclei. Fluc-
tuations of electron spins located at a defect couple through the SWNT conduction
electrons to the localized electron distribution of the Cs-C hybridization. This corre-
sponds to the observed spin-spin relaxation and stimulated echo decay behavior.
This model is supported by the rather small coupling constant of A; ~ 27-1 x 106 s71.
Correspondingly, the distance between the dangling bond and the Cs atom can be on
the order of several A (up to 10-20 A).

4.3.11 Temperature Dependence of a- and -Line Shifts

Fig. 4.24 shows the temperature dependence of the o and 3 line positions. Both «
and [ line shifts vary by more than 700 ppm in the investigated temperature range.
The complex line shift behaviors have to be attributed to a temperature dependence
of either the Knight shift or the chemical shift.

Even though, oo and £ line shifts are not expected to exhibit the same origin, possible

sources for Knight- and chemical shift of both lines are jointly discussed here:
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Figure 4.24: Temperature dependence of the o (W) and (3 (o) line positions ex-
tracted from '33Cs NMR spectra (CsCs).
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e Knight Shift

The classical Knight shift in metals is given by

8 a;
K = Zmxs ([R(0)) = —%x. 4.13
3™ (W(O)FF) = = (4.13)

with (|1/(0)]?) being the average probability density at the nucleus for all elec-
tronic states on the Fermi surface and a;s, the isotropic hyperfine coupling con-
stant (see Chap. 2.1.4). Therefore, a temperature dependence of the Knight
shift could originate from a temperature dependence of either x or (| (0)|?)
(or ais). The spin susceptibility (]1/(0)|?) are known to be sensitive to thermal
lattice expansions in metallic Cs, where the Cs atoms are densely packed in a
bee-crystal structure [235]. A temperature dependence of a;s, was reported for
RbsCo [102].

In order to draw a simple picture for the Cs arrangement upon intercalation,
structural simulations were performed. The carbon nanotube bundle was
treated as a fixed triangular lattice of charged cylinders and van-der-Waals
and electrostatic interactions were taken into account. For high levels of
intercalation the Cs ions appear in a dense packed matter enwraping the
individual nanotubes as illustrated in Fig. 4.25. Probably this structure
reflects best the Cs ion arrangement attributed to the [-line. Comparable to
thermal lattice expansion in metallic Cs it is imaginable, that a temperature
dependent Cs ion lattice expansion upon concurrent retaining of the structural

order induces the changes in x or {|1/(0)|?) (or a;s) and therewith a change in K.

In Cs-GIC comparable line shifts were interpreted as a Knight shift variation
arising from a reverse electron transfer from the graphitic host back to the Cs
nuclei [98]. The authors assumed that in case the Cs nuclei occupy well defined
atom positions relative to the carbon lattice, a thermally induced deregistration
between Cs and the carbon lattice could be associated with a partial relocaliza-

tion of the electrons in the s-function.

However, such a relocalization should be rather unlikely. In case of Cs diffusion
a breaking up of the Cs-C hybridization and consequently the formation of
completely ionized Cs™ ions is expected rather than an opposite partial electron

transfer to the Cs nuclei.
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Figure 4.25: Simulation of the structural configuration of Cs-SWNT CsCg. For
clearness only four SWNT forming the triangular nanotube bundle lattice as well as
a few Cs ions are shown. The Cs ions cover the nanotubes completely.

e Chemical Shift

Chemical shifts of alkali metal compounds are usually substantially smaller than
appropriate Knight shifts (<1000 ppm) [4,97]. Even though, they may play an
important role in the temperature dependence of the observed Cs line shifts,
since structural Cs rearrangements in the system are supposed to drastically
change the orbital overlap of neighboring Cs atoms and therefore effect the

chemical shifts.

In case of the a-line, due the absence of strong hyperfine couplings, the shift is highly
probable a pure chemical shift, whereas for the -line a combination of Knight- and
chemical shifts is conceivable. A quantitative evaluation of the temperature depen-

dence of the a- and f-line can unfortunately not be given.

4.3.12 Comparison with *3Cs NMR of Cs-GIC

Remarkable is the similarity of the *3Cs NMR spectra in Fig. 4.12 with spectra ob-
tained from Cs graphite intercalation compounds (GIC). In the following the present
results on intercalated SWNT are compared with measurements on stage I GIC and
higher stages (>1) GIC [31,97,98].
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Stage I Cs-GIC

At room temperature, for pure stage I Cs-GIC (CsCyg) a single NMR line was observed
at 2500 ppm. Additionally, at low temperatures, the presence of a quadrupolar line-
shape with wg ~ 27 - 74 kHz was demonstrated [96,97]. These values of line shift and
quadrupolar couplings are comparable to the shift and couplings of the (-line in the
Cs intercalated SWNT samples.

However, the temperature dependence of the line shifts in GIC and SWNT are dif-
ferent. In Cs-GIC, with decreasing temperature from 500 K to 300 K the line shifts
linearly from 2900 ppm to 2400 ppm, whereas the (-line reaches the 2400 ppm value
not until below a temperature of 200 K.

For stage I Cs-GIC, a ¥3Cs NMR spin-lattice relaxation time 7} = 0.3 s at a
temperature of 1.3 K was reported [96]. Extrapolation of the Tl(ﬂ ) relaxation data of
Cs-SWNT (CsCg) to low temperatures yields Tl(ﬂ) ~ 0.02 s around 7'~ 1 K.

The relaxation and Knight shift data in GIC were explained with a spin density on
the Cs nuclei of 20% and thus an incomplete electron charge transfer [96,216]. This
increased electron spin density on the Cs nuclei is comparable with the result obtained
in Cs intercalated SWNT (CsCg, (-line), where the spin density on the Cs nuclei was
similarly estimated to 20%.

Higher Stage (> I) Cs-GIC

For pure higher stage Cs-GIC (stage IT, IIT and IV), single quadrupolar shaped '#3Cs
NMR lines were observed in the shift range between -450 ppm (7" = 10 K) and
+300 ppm (7" = 10 K, CsCyy). For stage IT Cs-GIC (CsCyy), the temperature depen-
dent spin-lattice relaxation rate extends over 4 orders of magnitude [97], comparable
to the observed T 1(0‘) relaxation dependence in Fig. 4.16.

Therefore, line position and relaxation behavior suggest a structural similarity bet-
ween higher stage Cs-GIC and Cs-SWNT (low intercalation levels, a-line).

In the case of Cs-GIC (CsCayy), the low temperature data were interpreted as Cs atoms
being located in symmetric graphitic hexagonal carbon sites with their s-electrons
completely transferred to the graphitic lattice. Above 300 K it was suggested, that Cs
atoms start to displace from these symmetric sites, recovering part of their s-electrons.
These interpretations were supported by various other spectroscopy techniques [97,
236]. As already mentioned, the process of a partial recovery of s-electrons could

explain the observed temperature dependence of the S-line shifts in Fig. 4.24.
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4.4 Summary and Discussion

SWNT were vapor phase intercalated with Cs by mixing pristine SWNT with a
saturation intercalated sample CsCg in different ratios. Subsequent vacuum annealing
yielded new Cs-SWNT stoichiometries. Analysis of static *C NMR spectra just
before vacuum annealing enabled to estimate the stoichiometries of Cs intercalated
SWNT samples.

13C NMR:

e BCNMR MAS and MAT experiments show the presence of two different types of
carbon environments in all intercalated samples. The two carbon environments
can be explained with the finite size effect as well as a localized density of
states due to Cs ions located close to SWNT. The finite size effect considers the
different surface- and ’bulk’ response of a SWNT bundle which is dominantly

expressed in different bulk- and surface susceptibilities.

e The existence of two kinds of carbon environments is confirmed by *C NMR
spin-lattice relaxation measurements, since the magnetization recovery after sat-
uration always follows a biexponential recovery curve. The ratio of the relax-

ation components monotonically follows the Cs concentration.

e The temperature dependence of the spin-lattice relaxation rates 1/7; exhibits

a Korringa behavior and no signature for semiconducting SWNT is found.

e By analyzing the temperature dependence of the 1/7}, the density of states at
the Fermi level n(ep) is estimated. With increasing Cs concentration n(ep) in-
creases monotonically. Additionally, the behavior of n(ep) suggests a limitation

of the Cs-C electron charge transfer at high intercalation levels.

e A deviation of 1/T; from Korringa law at lower temperatures is explained with
localized paramagnetic relaxation due to impurities and defects like dangling
bonds. Since the deviation already occurs at a temperature of 150 K, relaxation
due to incipient superparamagnetism of the catalyst Rh or the opening of a

band gap is rather unlikely.
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133Cs NMR

NMR spectra and relaxation measurements indicate the presence of two different
types of Cs ions intercalated in the SWNT bundle. The spectra clearly show, that
at low intercalation levels first the type of fully ionized Cs(®* ions are intercalated,
whereas at higher Cs stoichiometries a second type of Cs®* ions is additionally

intercalated in the SWNT bundle. At room temperature, the corresponding '33Cs
NMR lines are shifted to 0 ppm (a-Cs) and 2800 ppm (3-Cs).

Cs «-line

e At low temperatures the rigid-lattice linewidth of the a-line is dominated by
quadrupolar interactions with a quadrupolar coupling constant of wg" )
150 kHz. The Cs(®* ions exhibit a weak hyperfine coupling to the SWNT

conduction electrons.

~ 27 -

e At higher temperatures, '3*Cs NMR linewidth- and 1/75 relaxation analysis
suggest a thermally activated slow-motion diffusion process of the Cs(®* ions
along the interstitial channels of the SWNT bundle. The activation energy is
estimated to F 41 ~ 0.1 eV.

e A second weak-collision relaxation process corresponds to an inter-channel
diffusion of Cs(®* ions perpendicular to the SWNT bundle with an activation
energy F o ~ 0.29 eV.

Cs (-line

e The [-line exhibits a quadrupolar structure with a quadrupolar coupling con-
stant of wg ~ 27 - 100 kHz and an asymmetry-parameter of n° ~ 0.3. The
well pronounced quadrupolar lineshape is observable up to high temperatures
which indicates a weak temperature dependence of the EFG at the site of the

Cs nuclei.

e The temperature dependence of the second moment suggests a slightly ther-
mally activated dynamical behavior of the Cs!® ions. Since the EFG is almost
temperature independent, a highly structural molecular Cs order has to be as-
sumed. Possibly the Cs(®* jons occupy well defined atom positions relative to

the carbon lattice.
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e Korringa relaxation behavior in the investigated temperature range suggests a
strong hyperfine coupling between Cs nuclei and conduction electrons on the

carbon nanotubes.

e By comparing the f-line shift with the Knight shift of pure Cs metal, a spin
density on the nuclei of 20% can be calculated for CsCg, which corresponds to a
partial charge transfer. A highly probable Cs(6s) - C(2p) hybridization explains
both, the incomplete charge transfer as well as the observed strong hyperfine

couplings.

e Thermally assisted fluctuations of unpaired electron spins located at defects
couple through SWNT conduction electrons to the localized electron distribu-
tion of the Cs-C hybridization. At low temperatures, spin-spin relaxation and

stimulated echo decay behavior are dominated by these fluctuations.

Yet unclear is the spatial distribution of the Cs ions in the SWNT bundles. Con-
ceivable and in agreement with the 3C and ¥3Cs NMR measurements are both, a
concentration of Cs ions in the SWNT bundles centre as well as a homogenous distri-
bution of Cs ions across the bundle.

Structural Cs intercalation simulations clearly show that due to energetically reasons
Cs adsorption in the central part of a SWNT bundle is more favorable than adsorption
on a bundle surface. The additional increase of the bundle lattice constant upon
intercalation should provide enough space for all Cs ions to be located inside the
SWNT bundle [111].

On the other hand, defects are randomly distributed in a SWNT bundle and it can be
assumed that Cs hybridization mainly occurs at reactive defective sites. Therefore,
a homogenous distribution of hybridized Cs(®* ions all over the bundle must

be expected.

The fully ionized Cs®* jons are expected to diffuse throughout the whole
SWNT bundle in a hindered motion process. The presence of the localized Cs(®+
ions ions is probably the main reason for the hindered Cs®7 ions motion process.
A hindered motion due to defective nanotubes or an intrinsic effect ascribed to the

tubular system structure is rather negligible.
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Summary

In the present work, nuclear magnetic resonance (NMR) experiments were carried
out on Li and Cs intercalated single-walled carbon nanotube (SWNT') bundles. The
alkali metals were intercalated in raw SWN'T as starting material. The raw nanotubes
are supposed to possess closed end caps whereby possible alkali adsorption sites are
only provided by the interstitial channels as well as the surface of a carbon nanotube
bundle. The interior space of the present SWNT is supposed to be predominantly

inaccessible for penetration by alkali atoms.

The goal of the work was to elucidate the intercalation mechanism as well as the
dynamical and structural properties of the intercalated system. By performing
temperature dependent 'H, "Li, *C and ¥3Cs NMR experiments, in particular the

following important results were obtained:

Li intercalated SWNT:

e Lithium was chemically intercalated in SWNT bundles by using solutions of
aromatic hydrocarbons, the solving agent tetrahydrofuran (THF) and SWNT.
13C NMR measurements enabled to follow the density of states at the Fermi
level for various Li intercalation stoichiometries. Generally, pristine SWNT
consist of a mixture of metallic and semiconducting SWNT. Upon intercala-
tion and subsequent Li-C electron charge transfer the Fermi level is tuned. The
intercalated system reveals a pure metallic behavior and a signature for semicon-
ducting SWNT cannot be found any more. However, at higher Li intercalation

stoichiometries an incomplete electron charge transfer is observed.

e "Li NMR experiments show the presence of two types of Li-nuclei with different
environments in the SWNT bundles: at low intercalation levels first, completely
ionized a-type Li ions are intercalated, whereas at higher stoichiometries a sec-
ond type of partially ionized f-type Li is adsorbed by the SWNT host.

— The above sketched charge transfer limitation is explained by the presence
of partially ionized Li‘»* ions, which show a hybridization of the Li(2s)
orbitals with the SWNT C(2p) orbitals. "Li NMR demonstrates a remark-
able Knight shift for these B-type Li nuclei as well as a strong hyperfine

coupling to SWNT conduction electrons.
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— The a-type Lit ions exhibit a high-temperature dynamical process with an
activation energy of AE ~ 0.4 eV which is interpreted as a Li®* cation

diffusion along the interstitial channels of the SWNT bundles.
e 'H NMR investigations were carried out in order to investigate the role of the

THEF solvent molecules. The experiments provide evidence for the existence of
two types of inequivalent THF solvent molecules. They are most likely coupled
by a thermally activated exchange process with an activation energy of F, ~
0.72 eV. At temperatures below 300 K, THF molecules are perpendicularly
arranged in between adjacent SWNT and exhibit an axial rotation around their
dipolar axis with an activation energy of AE ~ 0.13 eV. The Li" cations are
located halfway between adjacent SWNT and pin the oxygen-(THF) atoms to

their immediate neighborhood.

Above room temperature, THF molecules detach from the SWNT and start
to isotropically rotate and diffuse along the interstitial channels of the SWNT
bundles.

Remarkable diamagnetic shifts of the 'H NMR lines can be explained with an
extremely large diamagnetic shielding of the carbon nanotube bundles since

the SWNT exhibit highly anisotropic diamagnetic susceptibilities.

Cs intercalated SWNT:

e Various stoichiometries of vapor phase Cs intercalated SWNT bundles were

investigated. 3C NMR MAS and MAT experiments show the presence of two
different types of carbon environments in all intercalated samples. The two
carbon environments can be explained with the finite size effect and therewith
the bulk- and surface susceptibility of the SWNT bundles as well as a localized
density of states due to Cs ions located close to SWNT.

Comparable to Li intercalation in SWNT, ¥C NMR spin-lattice relaxation mea-
surements enabled to determine the density of states at the Fermi level. The
increase of the density of states upon intercalation enhances the metallicity of

the SWNT system and no semiconducting SWN'T are observable any more.
However, at higher intercalation levels a Cs-C electron charge transfer limitation

is observed.

133Cs NMR measurements indicate the presence of two coexisting types of Cs

ions intercalated in the SWNT bundle. At low intercalation levels fully ionized
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Cs™* jons are exclusively intercalated, whereas at higher Cs stoichiometries a
second type of Cs(®* ions is additionally intercalated in the SWNT bundle.

— The Cs{®?* ions exhibit a thermally activated slow-motion diffusion pro-
cess along the interstitial channels of the SWNT bundle as well as an
inter-channel diffusion perpendicular to the SWNT bundle. The activa-
tion energies for both processes are Fa; ~ 0.1 eV and E4o ~ 0.29 eV,

respectively.

— The Cs®* ions are only subject to a weakly temperature dependence of
the electric field gradient at the site of the Cs nuclei which suggests a highly
structural molecular Cs. Possibly the Cs™ ions occupy well defined atom

positions relative to the carbon lattice covering the SWNT fragmentarily.

133Cs NMR Korringa relaxation behavior and Knight shifts suggest a
Cs(6s) - C(2p) hybridization for the Cs®* ions which explains the ob-

served charge transfer limitation at higher Cs stoichiometries.

Even though, intercalated SWNT and alkali-GIC are different intercalation systems,
the apparent resemblance of line positions, line shapes and relaxation data indicate
strongly a substantial similarity in structural alkali-carbon arrangement and charge
transfer characteristics.

For the case of alkali intercalated SWN'T, the present work was able to experimentally
confirm for the first time the theoretical predictions of alkali-carbon hybridization at

higher alkali intercalation stoichiometries [131,142].

The results obtained here demand further theoretical calculations and dedicated ex-
perimental investigations on intercalated (interstitial bundle channels and nanotube
inner-core) SWNT with various molecular species. In particular, intercalation of
Cgo inside SWNT (peapods, Ceo@SWNT) has come to attention in the past 5 years
[117,237-241]. Encapsulation of fullerenes in SWNT enables to tune and modify the
electronic properties of the nanotube without affecting its atomic structure, which
makes it to a promising system for applications in future novel molecular electronic
devices [240,241]. Possibly, further theoretical and experimental work enables fi-
nally to understand and control these hybrid structures and the technique of single
molecules encapsulation might one day be used to define highly efficient on-carbon-

nanotube electronic devices.
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Zusammenfassung

Kohlenstoff ist das Element, das mit Abstand am héaufigsten in den meisten chemi-
schen Verbindungen vorkommt. Deshalb darf es nicht tiberraschen, dass auch der
elementare Kohlenstoff in zahlreichen Erscheinungsformen auftritt. So sind Diamant
(3D) und Graphit (2D) zwei natiirliche bekannte kristalline Grundformen aus reinem
Kohlenstoff. In den letzten Jahren haben von Graphit abgeleitete Nanostrukturen viel
Aufmerksamkeit erregt. So wurden 1986 Harold Kroto von der University of Sussex,
Robert Curl und Richard Smalley von der Rice University fiir die Entdeckung der
Fullerene mit dem Nobelpreis fiir Chemie ausgezeichnet. Fullerene stellen geschlossene
hohle Kohlenstoff-Kéafige im Nanometermafistab dar. Das bekannteste Fulleren ist
dabei das Cgg, auch unter dem Namen Buckminster Fulleren oder Buckyball bekannt.
Eine der interessantesten Eigenschaften der Fulleren-Familie ist das Auftreten von
Supraleitung in Alkali interkaliertem Cgy. Fullerid-Supraleiter weisen nach den
keramischen Hochtemperatur-Supraleitern die hochsten Sprungtemperaturen auf, was
ihnen unter den organischen Supraleitern eine besondere Stellung verleiht.

Seit kurzem wird intensiv an potentiellen medizinischen Anwendungen der Fullerene
geforscht. Im Blickpunkt stehen dabei die Entwicklung von spezifischen antibio-
tischen Strukturen (um z.B. das HIV-Virus zu blockieren), sowie der Einsatz als

Kontrastmittel fiir Rontgen-Untersuchungen und magnetische Bildgebungsverfahren.

Eine weitere Form von Kohlenstoff-Nanostrukturen bilden Carbon Nanotubes
(Kohlenstoff-Nanorohrchen).  Sie entsprechen Zylindern aus nahtlos aufgerollten
Graphitschichten und damit einem Gitter sp?>-hybridisierter Kohlenstoffatome. Die
Enden der Nanordhren koénnen mit halbkugeligen Kappen (Fullerenhalbkugeln)
abgeschlossen sein. Carbon Nanotubes treten in ein- oder mehrwandiger Form auf
und werden daher als single-walled Nanotubes (SWNT) oder multi-walled Nanotubes
(MWNT) bezeichnet. Bei Durchmessern von einem bis zu zwanzig Nanometern
erreichen sie eine Lange von einigen hundert Nanometern bis einigen Millimetern.
Typischerweise lagern sie sich aufgrund von van der Waals Kraften zu Biindeln von
zehn bis hundert Carbon Nanotubes zusammen und bilden dabei ein regelmafliges
Dreiecksgitter.

Carbon Nanotubes wurden in den frithen siebziger Jahren von Morinobu Endo ent-
deckt. Ungliicklicherweise erregten sie erst 1991 nach der Wiederentdeckung durch

Sumio lijima das eigentliche Interesse der Wissenschaft.
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Seit diesem Zeitpunkt werden Carbon Nanotubes aufgrund ihrer faszinierenden
elektronischen, mechanischen und thermischen Eigenschaften intensiv untersucht.
Erwéhnenswert sind zum Beispiel die elektronischen Eigenschaften von Carbon
Nanotubes. Je nach Chiralitit zeigen sie metallischen oder halbleitenden Charakter
— als Nanotube-Rohmaterial liegen deshalb metallische und halbleitende Carbon
Nanotubes typischerweise in einer Verteilung von 1/3 : 2/3 vor. Bei der Verwen-
dung als eindimensionale Drahte verhalten sie sich Carbon Nanotubes wie ballistische
Leiter (d.h. der Widerstand héngt weder vom Querschnitt noch von der Lénge ab,
Quantendraht).

Durch die Interkalation von Alkali Metallen sollte es moglich sein, diese elektronischen
Eigenschaften der Carbon Nanotubes weiter zu verandern und anzupassen — im Fall

des Cg fiihrte Interkalation zur Entdeckung der Supraleitung in diesem Material.

Die Verwendung von Carbon Nanotubes im Zusammenhang mit dem Alkali Metall
Lithium hat in den letzten Jahren im Bezug auf Lithium-Ionen Batterien erheblich
an Bedeutung gewonnen. So finden seit der Kommerzialisierung dieser Batterien
durch Sony im Jahr 1990 Carbon Nanotubes vermehrten Einsatz als beigemischtes
Material, was die Lebensdauer der Batterien erheblich verlangert. Desweiteren wird
intensiv an der Verwendung von Carbon Nanotubes als Batterie-Anoden-Material

geforscht.

Die vorliegende Arbeit befasst sich mit der Untersuchung von Lithium und Caesium
interkalierten SWNT mittels der Methode der Kernspinresonanz (NMR). Die
verwendeten SWNT sind tiberwiegend mit Endkappen abgeschlossen, da als Aus-
gangsmaterial chemisch unbehandelte (ungereinigte), Raman-selektierte SWNT
verwendet wurden. Es kann daher davon ausgegangen werden, dass die Alkali
Metalle aufgrund des Interkalationsprozesses ausschliellich in die SWNT-Kanale der

Nanotube-Biindel, sowie auf deren Oberflachen adsorbiert werden.

Ziel der Arbeit war es, den Interkalationsmechanismus, sowie die dynamischen und
strukturellen Eigenschaften der interkalierten Systeme aufzukléaren. Zum Einsatz ka-
men hierbei verschiedene Festkorper-NMR, Spektrometer mit Magnetfeldern zwischen
42 T und 9.1 T. Unter Anwendung von temperaturabhingigen 'H, Li, *C und
133Cs NMR Experimenten wurden im Einzelnen die folgenden wichtigen Erkenntnisse

gewonnen:
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Li Interkalierte SWNT:

e Biindel von Carbon Nanotubes wurden chemisch mittels Verwendung von ver-
schiedenen aromatischen Kohlenwasserstoffen und dem Losungsmittel Tetrahy-
drofuran (THF) interkaliert. Die Zustandsdichte an der Fermi-Energie konnte
fiir die gewonnenen Interkalations-Stochiometrien iiber *C NMR Messungen
bestimmt werden. Ublicherweise zeigen *C NMR Spin-Gitter Relaxationsmes-
sungen an unbehandelten SWNT zwei Relaxationskomponenten im Verhaltnis
60%:40%, welche halbleitenden und metallischen SWNT zugeordnet werden.
Durch die Interkalation und dem damit verbundenen Li-C Ladungstransfer wird
das Fermi-Niveau verschoben, wodurch das System nur noch ein rein metalli-
sches Verhalten zeigt — halbleitende SWNT sind nicht mehr beobachtbar. Aller-
dings stellt sich bei hohen Li Interkalationsstochiometrien ein unvollstandiger

Elektronen-Ladungstransfer ein.

e "Li NMR Messungen weisen auf das Vorhandensein zweier unterschiedlicher
Arten von interkalierten Li-ITonen mit unterschiedlicher Umgebung hin: Bei
niedrigen Li-Stochiometrien werden zuerst vollstandig ionisierte a-Li Ionen in-
terkaliert, wohingegen bei hoheren Li-Stochiometrien eine zusatzliche Interkala-

tion von unvollstandig ionisierten (§-Li Ionen stattfindet.

— Diese unvollstindig-ionisierten Li®®* Tonen weisen eine Hybridisierung der
Li(2s)-Orbitale mit den C(2p)-Orbitalen der SWNT auf. Dies erklart auch
den beobachteten unvollstindigen Elektronen-Ladungstransfer. Die “Li
NMR Linie der Li®* Tonen zeigt aufgrund der Hybridisierung sowohl eine
sehr starke Knight-Verschiebung, als auch eine starke Hyperfeinkopplung
der Li Kerne and das Leitungselektronensystem der SWNT.

— Die Dynamik der a-Li Ionen ist stark temperaturabhangig — bei hoheren
Temperaturen findet eine Diffusion der Li(®+ Kationen in den SWNT-
Kanalen der Nanotube-Biindel statt. Die Aktivierungsenergie fiir diesen

Bewegungsprozess betragt AE ~ 0.4 eV.

e Da die Li interkalierten SWNT unter Verwendung des Losungsmittels THF
hergestellt wurden, muss von einer Kointerkalation dieser THF Molekiile aus-
gegangen werden. Um die Eigenschaften der THF Molekiile im interkalierten
System aufzukliren, wurden 'H NMR Experimente durchgefiihrt.

Diese weisen auf zwei unterschiedliche Konfigurationen von THF Molekiilen hin,

welche tiber einen thermisch aktivierten Austauschprozess gekoppelt sind. Die
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Aktivierungsenergie fiir diesen Austauschprozess betragt E4 ~ 0.72 eV. Unter-
halb einer Temperatur von 300 K scheinen die flachen THF Molekiile senkrecht
zu den Oberflachen der Nanotubes angeordnet zu sein. Sie fiihren dabei eine
axiale Rotation um ihre dipolare Sauerstoff-Achse mit einer Aktivierungsenergie
von AE ~ 0.13 eV durch. Durch die starke elektrostatische Wechselwirkung
zwischen den elektronegativen THEF-Sauerstoffatomen und den positiv gelade-
nen Li»* Kationen befinden sich die Kationen zwischen benachbarten SWNT
und in unmittelbarer Umgebung der THF Molekiile. Oberhalb von 300 K
16sen sich die Molekiile von den SWNT und beginnen dabei isotrop zu rotieren.
Zusatzlich findet eine Diffusion entlang der Kandle der SWNT-Biindel statt.

Bemerkenswert ist die diamagnetische Verschiebung der 'H NMR Linien im
Spektrum, was auf eine starke diamagnetische Abschirmung der SWNT-Biindel
hinweist. Der Grund fiir die Abschirmung ist eine hohe anisotrope diamag-
netische Suszeptibilitat der SWNT.

Cs Interkalierte SWNT:

e Cs wurde iiber die Dampfphase in SWNT-Biindel interkaliert. Um verschiedene

Stochiometrien kontrolliert herzustellen, wurde sattigungsinterkalierte SWNT
(CsCs) mit unbehandelten SWNT in verschiedenen Verhéltnissen gemischt.
Durch Erhitzen der Mischungen wurde Cs deinterkaliert und iiber die gesamte
Probe verteilt. Anschlielendes Abkiihlen fiihrte wiederum zur Re-Interkalation
in der gesamten Probe und damit zur Entstehung neuer (niedrigerer) Cs-SWNT
Stochiometrien. Uber C NMR vor dem Erhitzen der Proben war es moglich,
die Stochiometrien der Proben aus dem Verhaltnis der verschiedenen Linienin-

tensitaten fiir SWNT Rohmaterial und CsCg zu bestimmen.

13C NMR MAS und MAT Experimente konnten in allen interkalierten Proben
(d.h. nach dem Erhitzen und vollstiandiger Re-Interkalation) zwei Arten von
Kohlenstoff-Umgebungen nachweisen. Das Auftreten zweier unterschiedlicher
Umgebungen ist dabei sowohl mit dem Finite-Size Effekt der SWNT-Biindel, als
auch tiber eine lokalisierte Zustandsdichte erklarbar: Die Lokalisierte Zustands-
dichte hat ihre Ursache in Cs-Ionen, die sich sehr dicht an der SWNT Oberflache
befinden; der Finite-Size Effekt zieht die endliche Grole der SWNT-Biindel in
Betracht, wodurch unterschiedliche Suszeptibilitaten an der Biindel-Oberflache

im Vergleich zum Inneren eines SWNT-Biindels beriicksichtigt werden miissen.
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Uber ¥C NMR Spin-Gitter Relaxationsmessungen konnte der Verlauf der
Zustandsdichte an der Fermi-Energie in Abhéangigkeit von der Cs Stochiometrie
bestimmt werden. Es zeigt sich, dass durch die Interkalation der metallische
Charakter des Systems zunimmt — halbleitende SWNT sind, wie schon im Fall

der Li Interkalation, nicht mehr beobachtbar.

Ebenso wie im Fall der Li Interkalation ergibt sich bei hohen Interkalationsstufen

eine Begrenzung des Cs-C Elektronen-Ladungsiibertrages.

e 133Cs NMR konnte in Abhingigkeit der Cs-Stochiometrie zwei koexistierende
Arten von Cs-Ionen nachweisen. Bei niedrigen Interkalationsstufen werden aus-
schliellich a-Cs Tonen interkaliert, wohingegen bei héheren Cs Stochiometrien

die Interkalation einer zweiten Art von 3-Cs Ionen stattfindet.

@)+ Kationen fiithren eine langsame ther-

— Die vollstéindig ionisierten Cs!
misch aktivierte Diffusion entlang der Kanéle der SWNT-Biindel, sowie
einen zweiten Diffusionsprozess senkrecht zu diesen Kanélen durch.
Die Aktivierungsenergien fiir beide Prozesse betragen E4; ~ 0.1 eV

beziehungsweise F 49 ~ 0.29 eV

— Der elektrische Feldgradient am Ort der Cs(®* Ionen weist lediglich
eine schwache Temperaturabhangigkeit auf, was auf eine hohe molekulare
Cs-Ordnung hinweist. Es ist denkbar, dass die Cs(®* Ionen definierte
Gitterplatze relativ zum hexagonalen Kohlenstoffgitter der SWNT ein-
nehmen. Es ist jedoch von einer liickenhaften Bedeckung der SWNT

Oberflache auszugehen.

Das 133Cs NMR Korringa-Relaxationsverhalten, sowie die starke Knight-
Verschiebung der (-Linie lassen eine Cs(6s) - C(2p) Hybridisierung der
Cs®* Tonen mit den C Atomen der SWNT vermuten. Diese Hybri-
disierung erklart schliefllich auch die beobachtete Begrenzung des Cs-C

Elektronen-Ladungsiibertrages bei hoheren Cs-Stochiometrien.

Alkali interkalierte SWNT und Alkali-interkalierter Graphit (GIC) weisen beziiglich
NMR Linienlagen, Linienformen und Relaxationsdaten erstaunliche Ahnlichkeiten
auf. Beide Systeme gleichen sich sehr stark in der Anordnung der Alkali Ionen
relativ zum Kohlenstoffgitter, als auch in den Eigenschaften des Alkali-Kohlenstoff

Ladungstibertrages.
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In dieser Arbeit konnte zum ersten Mal experimentell die theoretisch vorhergesagte
Alkali-Kohlenstoff-Hybridisierung bei hoheren Alkali-Stochiometrien nachgewiesen
werden [131,142].

Neben der Interkalation von Alkali-Metallen in den Kandlen der SWNT-Biindel
gewinnt die Interkalation anderer Molekiile in SWNT zunehmend an Bedeutung.
Insbesondere hat in den vergangenen 5 Jahren die Interkalation von Cgp in den
inneren Hohlraum von offenen SWNT (Hybridstruktur) groe Aufmerksambkeit erregt
[117,237-241].  Der Vorteil der Interkalation von Molekiilen im Inneren einer
SWNT liegt darin, die elektronischen Eigenschaften dieser Nanotube zu verandern,
gleichzeitig jedoch nach Auflen hin die atomare Struktur beizubehalten. Dies ertffnet
neue Moglichkeiten fiir Anwendungen in molekularen elektronischen Schaltungen
[240,241]. Die in dieser Arbeit gewonnenen Erkenntnisse regen dazu an, durch weitere
theoretische Berechnungen und entsprechende Experimente diese neuartigen Hybrid-
strukturen verstehen und kontrollieren zu konnen. Vielleicht bilden diese Strukturen
eines Tages die Basis fiir hoch effiziente elektronische Schaltungen mit Hilfe von

Carbon Nanotubes.
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