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Abstract

In this thesis, double-walled carbon nanotubes were investigated as they combine the outstand-
ing properties of both multi-walled and single-walled nanotubes, e.g. shielding of the inner tube
from external influences. Such a shielding can be used for example for the growth of very small
inner tubes that are very hard to obtain when grown as single-walled carbon nanotubes. On the
other hand, the optical properties of the inner tubes are heavily influenced by the presence of an
outer tube although they are not completely suppressed as many studies have shown. Especially
the basic capability of inner tubes to exhibit photoluminescence is highly debated, since tube-
tube interactions are believed to prohibit fluorescence from inner tubes and that any measured
photoluminescence signal comes from single-walled carbon nanotubes abundant as impurities in
the sample. An obvious problem in the whole debate is the high variation of methods for the
sample preparation, preventing an objective comparison of different studies.

To resolve this question, samples of double-walled carbon nanotubes made from the same
synthesis procedure were solubilized in different ways. Differing observations reported in the
literature could be reproduced very well, confirming that the optical response from a sample of
double-walled carbon nanotubes strongly depends on the sample preparation. By applying den-
sity gradient ultracentrifugation to solutions of carbon nanotubes, inner tubes can be extracted
from their outer tube hosts. However, this process is also highly dependent on the sonication
power used when solubilizing the sample, as a low sonication power only cuts small nanotubes,
whereas bigger tubes stay uncut. Consequently, only inner tubes from cut nanotubes are ex-
tracted. The photoluminescence quantum yield of double-walled carbon nanotubes was found to
be very low, 50 times weaker than their single-walled counterpart, indicating strong nonradiative
exciton relaxation pathways.

Another approach to further support the assignement of photoluminescence from double-
walled carbon nanotubes to their inner tubes is to use filling of double-walled carbon nanotubes
as a tool to selectively enhance the photoluminescence intensity of specific tubes. This aspect
is based on two recent studies performed in our group: Firstly, the optical properties of single-
walled carbon nanotubes can be altered by filling them with ferrocene. The photoluminescence
intensity of the tubes is increased, depending on their diameter. The inner tubes of double-walled
carbon nanotubes are too small to contain ferrocene but they can be used as nanoreactors to
stabilize linear carbon chains (polyynes). In the second study we showed that these long linear
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carbon chains inside the double-walled carbon nanotubes can be grown with very high yield and
up to 150 carbon atoms being linked together. This filling with polyynes as long as possible
is another focus of our group’s current research and I contributed in the optimization of the
growth parameters.

For this PhD study, I analyzed how charge transfer and growth yield of the carbon chains can
influence the photoluminescence response of different inner tubes. By a combination of Raman,
optical absorption and photoluminescence spectroscopy it was found that the amplification of
the photoluminescence intensity compared to non-filled samples is highly correlated with the
length distribution of carbon chains and it is also diameter dependant. The maximum of the
amplification was seen (8,3) inner tube species with a diameter of d; = 0.78nm when being
annealed at 1400 °C and the intensity of these tubes is up to 6 times stronger than for untreated
tubes. This is attributed to a local charge transfer from the carbon chains to the inner tubes
of the double-walled carbon nanotubes that reduces the number of nonradiative pathways for
the exciton relaxation, therefore increasing the photoluminescence quantum yield. These find-
ings may contribute in the developement of optoelectronic devices such as solar cells based on
nanotubes or in the application of nanotubes as contrast agents for biological imaging.



Zusammenfassung

Diese Arbeit beschéaftigt sich mit doppelwandigen Kohlenstoff-Nanorohren, welche die herausra-
genden Eigenschaften von mehrwandigen und einwandigen Nanoréhren verbinden, da die auflere
Rohre die Innere vor externen Einfliissen schiitzt. Solch eine Abschirmung kann zum Beispiel
fiir das Wachstum sehr diinner Nanordhren geniitzt werden, deren Synthese als einwandige
Nanorohre nur schwer durchzufithren ist. Auf der anderen Seite wiederum werden die optischen
Eigenschaften der inneren Rohren mafigeblich durch die dufleren Rohren beeinflusst. Speziell
die Frage, ob innere Roéhren Photolumineszenz zeigen kénnen, wird seit Jahren heftig debat-
tiert. Wechselwirkungen zwischen den beiden Nanordhren sollen verantwortlich sein, dass Fluo-
reszenz von inneren Rohren nicht stattfinden kann und dass jegliche gemessene Photolumineszenz
tatsachlich von einwandigen Nanorohren stammt, die als Verunreinigungen in Probe vorhanden
sein konnen. Ein offensichtliches Problem in der Einschatzung dieses Problems liegt bei den vie-
len, sehr unterschiedlichen Methoden, wie Kohlenstoff-Nanorohren hergestellt beziehungsweise in
Losung gebracht werden, was einen objektiven Vergleich der Studien zu diesem Thema unmoglich

macht.

Um dieser Frage nachzugehen wurden Proben aus doppelwandigen Kohlenstoff-Nanoréhren,
welche mit der selben Synthesemethode hergestellt wurden, auf verschiedene Arten in Losung ge-
bracht. Die erwahnten unterschiedlichen Resultate in der Literatur konnten reproduziert werden,
was die Abhéngigkeit der optischen Eigenschaften der inneren R6hren von der Probenpraparation
bestatigt. Durch die Anwendung von Dichtegradienten-Zentrifugierung auf Losungen von dop-
pelwandigen Kohlenstoff-Nanoréhren kénnen die inneren Rohren aus den dufleren Rohren ex-
trahiert werden. Dieser Prozess hingt stark von der vorausgehenden Ultraschallbehandlung der
Nanorchren ab. Niedrige Ultraschallleistung bewirkt, dass diinne Nanorohren zwar geschnitten
werden, groflere und daher stabilere Nanorchren aber nicht. Dies wiederum fithrt dazu, dass
nur diejenigen inneren Rohren extrahiert werden kénnen, deren Durchmesser gering ist. Des
weiteren konnte gezeigt werden, dass die Effizienz der Photolumineszenz von doppelwandigen
Nanorohren etwa 50 mal niedriger ist als jene von einwandigen Nanordhren. Daraus folgt, dass
es in diesem Fall wesentlich mehr nicht-radiative Zerfallskanéle fiir die beteiligten Exzitonen gibt.

Ein alternativer Ansatz um Photolumineszenz von inneren Rohren nachzuweisen besteht
darin, diese zu fiillen um so selektiv die Intensitéit von Nanoréhren zu verstérken. Diese Herange-
hensweise basiert auf zwei kiirzlich durchgefiihrter Studien unserer Arbeitsgruppe: Erstens kon-
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nte gezeigt werden, dass die optischen Eigenschaften von einwandigen Kohlenstoff-Nanorohren
modifiziert werden, wenn sie mit Ferrozen gefiillt werden. Abhéngig von ihrem Durchmesser
wird die Intensitdt der Photolumineszenz erhoht. Die inneren Rohren von doppelwandigen
Kohlenstoff-Nanorohren sind zwar zu eng um sie mit Ferrozen zu fiillen, allerdings konnen sie
als Reaktoren fiir das Wachstum von linearen Kohlenstoffketten (Polyyne) eingesetzt werden. In
einer zweiten Studie konnte unsere Gruppe zeigen, dass auf diese Art Kohlenstoffketten in groer
Anzahl hergestellt werden und diese aus bis zu 150 miteinander verbundenen Kohlenstoffatomen
bestehen konnen. Das Fiillen von doppelwandigen Kohlenstoff-Nanoréhren mit Polyynen max-
imaler Lange ist ein weiterer Forschungsschwerpunkt unserer Arbeitsgruppe und mein Anteil
bestand in der Optimierung der Parameter fiir das Kettenwachstum.

Fiir diese Doktorarbeit analysierte ich, wie Ladungstransfer und Wachstumsrate der lin-
earen Kohlenstoffketten die Photolumineszenzeigenschaften von verschiedenen inneren Rohren
beeinflussen. Mit Hilfe von Raman-, Absorptions-, und Photolumineszenzspektroskopie kon-
nte ich nachweisen, dass die Verstrkung der Intensitdt der Photolumineszenz im Vergleich zu
nicht gefiillten Nanorchren stark mit der Langenverteilung der Polyyne zusammenhéngt und
dass diese Verstarkung vom Durchmesser der Nanorohren abhiangt. Das Verstarkungsmaximum
konnte bei den (8,3) inneren Réhren ausgeheizt bei 1400 °C beobachtet werden und die Lumi-
neszenz dieser Spezies ist bis zu 6 mal hoher als jene der ungefiillten Nanorohren. Dies kann
durch einen lokalen Ladungstransfer von den Ketten zu den inneren Réhren erklart werden, was
bewirkt, dass die Anzahl der nicht strahlenden Zerfallskanéle fiir Exzitonenrelaxation reduziert
wird und somit die Effizienz der Photolumineszenz erhéht wird. Diese Erkenntnisse konnen
Eingang finden in der weiteren Entwicklung optoelektronischer Bauelemente wie zum Beispiel
Solarzellen basierend auf Nanoréhren oder im Einsatz von Nanorthren als Kontrastmittel fiir
bildgebende Verfahren im biologischen oder medizinischen Bereich.
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Chapter 1

Introduction

1.1 Motivation and goals

Carbon nanotubes are very interesting materials due to their remarkable electronic and me-
chanical properties which give them the potential of being an important keystone for future
technological advances. The quasi-one-dimensional structure gives rise to many interesting ef-
fects, for example their optical response is highly dependent on the behaviour of excitons [1]
which for conventional semiconductors are only seen at low temperatures. A plethora of differ-
ent types of nanotubes with different bandgaps enables to tune the electronic properties of a
device. Their intrinsic strength [2, 3] makes them less vulnerable for mechanical wear than it
is the case for commonly used semiconductors. Also, their small size and electronic structure
might aid in the ongoing search for smaller and faster electronic devices, boosting current de-
velopements, since Moores law for the exponential growth of microchip power is predicted to
become unsustainable in the next few years due to inevitable physical barriers arising from the
miniaturization of devices working with conventional semiconductors. The optical properties of
carbon nanotubes inherit many positive advantages for their potential use in imaging applica-
tions within live cells and tissue. Their unique photostability for exhibiting photoluminescence
allows for longer and stronger excitation compared to standard fluorophores as well as the flu-
orescence range of nanotubes which is & 800 - 1400nm largely overlaps with the transparency
window of organic tissue [4]. The incorporation of nanotubes in solar cell arrays [5] is also a
promising application in times with an ever increasing need for clean energy with high efficiency.
The optical properties of carbon nanotubes are not yet fully understood and complete control
of the optical response has not been achieved by now. Photoluminescence of carbon nanotubes
is highly sensitive to environmental effects [6] and therefore it is very important to completely
understand the consequences of different perturbations to the intrinsic electronic structure.

In this thesis, double-walled carbon nanotubes were mainly investigated, as they combine the
outstanding properties of both multi-walled and single-walled nanotubes, for example shielding
of the inner tube from external influences whilst preserving the inner tubes optical properties
[7]. However, the basic capability of inner tubes to exhibit photoluminescence is highly debated,
since tube-tube interactions are believed to completely suppress fluorescence from inner tubes
[8]. Therefore, systematic studies are needed to elucidate this question.
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Figure 1.1: Schematic of a carbon nanotube with a luminescent local state, from [9]: A photoex-
cited intrinsic exciton is mobile along the nanotube axis (blue spot). When the mobile exciton
collides with a local state (red spot), where the exciton energy becomes lower than that of the
intrinsic state, the mobile exciton can be trapped by the local state. If the local state has no
efficient non-radiative decay paths, it should work as a luminescence center, and the exciton can
decay radiatively by emitting a photon.

The second goal involves the tailoring of the photoluminescence of inner tubes of double-
walled carbon nanotubes. It has been shown that filling of single-walled carbon nanotubes
with the organometallic compound ferrocene leads to an amplification of the photoluminescence
intensity by establishing a charge transfer to the tubes which reduces nonradiative decay channels
[10]. Ferrocene is too big (diameter 0.9nm) to be introduced into the inner tubes of double-walled
carbon nanotubes (diameter 0.7-0.8nm), therefore linear carbon chains were chosen as filling
material. Theoretical studies predict that the chains can interact with the nanotube [11] and
that the strength of this interaction is determined by the length of the chain [12]. A recent study
of our group has shown that these chains can be grown inside double-walled carbon nanotubes
with high yield and different chain lengths by changing the growth temperature [13]. This can
be used for systematically analyzing the influence of linear carbon chains with different growth
yield and lengths on the photoluminescence properties of inner tubes from double-walled carbon
nanotubes.
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1.2 Carbon in nature and science

Carbon is one of the most abundant and versatile elements in nature although it makes up much
less than 1% of planet earth’s matter. Being part of every lifeform it is an essential element
when it comes to the importance for the biosphere. This pure presence of carbon can already
be used in a practical matter: Carbon has three isotopes abundant in nature, among which two
are stable, 2C, making up around 98,9% of carbon atoms and '3C, making up around 1,1%
of carbon atoms and the radioactive *C with very small abundance. C can be distinguished
from '2C by magnetic spin resonance measurements which is also applied and frequently used
in hospitals for biological imaging. The detection of '*C on the other hand is the key element
for the radiocarbon dating method. Because of a radioactive half-life of about 5730 years, 4C
actually serves as a facilitator for assigning various archeological findings to different periods in
human history.

"o0"- Fullerene

"10"- Manotube

2D - Graphene

Figure 1.2: Allotropes of carbon in different dimensions. The quotation marks for nanotubes and
fullerenes mean that although they are structurally three-dimensional, their electronic behaviour
shows 1D or 0D behaviour.

For this work however, the electronic configuration of carbon is more important. The elec-
trons are arranged in 1s?, 2s® and 2p? orbitals and can show three different hybridisations: sp,
sp? and sp3. This results in a huge diversity of materials as it shows the highest diversity in
chemical compounds compared to other elements and it has allotropes ranging from the three to
the (basically) zero dimensional space as seen in Figure 1.2. Graphite is a layered material and
the carbon atoms form a honeycomb lattice showing sp? hybridization. In this case, one of the
2s electrons hybridizes with two of the 2p electrons to give the three sp? orbitals that arrange
circularely in a plane seperated by 120°. The remaining orbital has a p, (or 7) configuration,
oriented perpendicular to this plane. The sp? orbitals form strong ¢ bonds between the carbon
atoms, resulting in a very high in-plane Young modulus, whereas the overlap of the m orbitals
from adjacent carbon atoms is the reason for the high electric conductivity of graphite.

The carbon atoms in diamond form a tetrahedral structure, where they have sp? hybridiza-
tion and are bound covalently. This gives diamond its enormous hardness and its good thermal
and electrical insulating properties. However, it is less stable than graphite as it is transforming
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into the latter above 1500 °C at normal pressure.

Graphene, the 2D-allotrope of carbon, can basically be seen as a single layer of graphite. It
has received much attention since Novoselov and co-workers first isolated this material in 2004 by
simply rubbing two freshly cleaved graphite surfaces against each other [14]. In doing so, some
flakes were dispatched and some of them turned out to be single sheets of graphene. Graphene
exhibits remarkable electronic properties and shows a great potential for nanoelectronic devices.

The Cgy molecule, representing a ”0D”-allotrope of carbon, consists of carbon atoms form-
ing twenty hexagons and twelve pentagons which are arranged in a football-like structure. The
atoms are essentially sp? hybridized, however, the structure gains a little bit of a sp® character
due to the curvature of the molecule.

Figure 1.3: Model of an SWCNT filled with a linear carbon chain with alternating bond lengths
(as indicated by the colors) [13].

The focus of this work lies on the 1D carbon allotropes, namely carbon nanotubes and linear
carbon chains ("LCC”) which are illustrated in Figure 1.3. Carbon nanotubes can be seen as
graphene sheets rolled up into a cylindrical form. They were first reported by Iijima et al. [15],
which triggered worldwide investigation of this novel nanoscale material. Nanotubes can appear
in two different versions: Either as a Single-Walled Carbon Nanotube (SWCNT) with a diameter
of about 1-2nm or as a Multi-Walled Carbon Nanotube (MWCNT) with 10-20nm in diameter,
where the nanotubes appear as several concentric cylinders with an interlayer space of 0.34nm,
similar to the graphite interlayer distance. Nanotubes exhibit a very high aspect ratio since they
usually have a length of several micrometers. However, they can be grown to be up to several
centimeters long [16] what gives them a quasi 1D form. Despite their small diameter and weight,
carbon nanotubes also exhibit outstanding mechanical properties and are among the strongest
materials known to exist in nature. The Young modulus can reach about 1TPa, outperforming
high tensile steel by a factor of 5 [2] whereas their tensile strength is within 100-200 GPa which
makes them more than 30 times stronger than high quality kevlar [3] while having less density
than both materials.

Linear carbon chains (also called "polyynes”) are the carbon allotrope closest possible to
being one dimensional. These chains are expected to have very interesting properties, e.g. acting
as a spin-filter usable for quantum computing [17]. By covalently connecting carbon chains with
zigzag-edged graphene electrodes, a large magnetoresistance effect is observed for the whole
system, interesting for spintronics [18]. Also, Mikhailovskij et al. found that the inherent
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strength of the carbon chains exceeds even the previously mentioned strength of graphene and
carbon nanotubes [19].

1.3 Carbon nanotubes: Overview

The following sections on describing the structural and electronic properties of carbon nanotubes
follows in great part the books of Harris [20], Jorio [21] and Saito [22].

1.3.1 Structural parameters of nanotubes
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Figure 1.4: The honeycomb-lattice of an unrolled carbon nanotube. By connecting the points
O and A along the vector C, while connecting B and B’, a nanotube is constructed. C, is then
the circumferential vector of the nanotube, whereas the translational vector T is normal to éh
and therefore parallel to the tube axis. The two basevectors of this systems are @; and @y [22].

A simple way of describing the carbon nanotube structure is by the imagination of rolling
up the 2D graphene sheet into a tube. Graphene has a hexagonal "honeycomb” lattice as shown
in Figure 1.4 with two independent base vectors, d; and d@s. These unit vectors have a length of
|@1| = |d2| = av/3 = 2.46A, with a being the C-C bond length of 1.42A, and are given by

1 1
a1 = 5(aV3,a), G = 5(a\/§, —a) (1.1)
The structure of a nanotube is defined by the way how the vector OA is oriented along which
the nanotube is rolled up. OA corresponds to a structure perpendicular to the nanotube’s axis
OB. The vector OA defines the chiral vector C},, the so-called Hamada-vector, that can be
written as multiple integers of the unit vectors. The nanotube is then defined as a set of these

integers:

Ch, = ndy, + mds = (n, m) (n, m are integers, 0 < m < n) (1.2)

The diameter of the nanotube is then given by L/7, with L being the length of the circum-
ferential vector C},
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Figure 1.5: Three different
kinds of nanotubes with dif-
ferent chiral angles, with the
source of the names from the
extreme cases are marked in
blue: (a) the (5,5) species, an
”armchair” nanotube with a
chiral angle § = 30°, (b) the
(9,0) species, a "zigzag” nan-
otube with # = 0° and (c) the
(10,5) species, a ”chiral” nan-
otube. These have chiral an-
gles between 0° and 30° [23].
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The chiral angle 6 is defined as the angle between Cp, and @;. Due to the symmetry of the
hexagonal lattice, the values of 6 can only be in the range of 0° < 8 < 30°. Expressed in terms
of the integers n and m, we get

C_"hc_il B 2n+m
|Chll@]  2vn® + nm + m?2

for the value of #. In Figure 1.5, three different sorts of nanotubes in relationship to their
chiral angles are shown. The names of the two extrem cases, ”armchair” with § = 30°, so m =
n and ”zigzag” with § = 0°, where m = 0, are derived by the appearance of the chiral vector Ch
(marked blue). All tubes with angles in between are called ”chiral” nanotubes.

The translational vector T is the unit vector of a 1D carbon nanotube and lies parallel to
the tube axis and perpendicular to éh as seen in Figure 1.4. T can be described as

cos =

(1.4)

f = t1dy + tody = (tl,tz) (tl, to are integers) (15)

The values of the integers t; and ty can be calculated from the relation Cn T = 0. By
dividing these two resulting values by their greatest common divisor dr, we can obtain the
shortest lattice vector which is then the correct unit vector T' with t; = (2m + n)/dr and
to = —(2n+m)/dg. Now we can easily calculate the number of hexagons N within the unit cell
that is created by the rectangle OBB’A.

ICh x T 2(n? +nm +m?)

N: - - g
\al X CL2| dR

(1.6)
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As each hexagon contains two carbon atoms, the total number of carbon atoms within the
unit cells is given by 2N.

1.3.2 Band structure of single-walled carbon nanotubes

(a) (b)

Figure 1.6: Real space (a) and reciprocal space (b) honeycomb lattice of a graphene sheet.
Marked are the unit vectors @ and b; as well as the unit cells (dashed lines) constructed by the
unit vectors. The first Brillouin zone is indicated in dark gray, the second in light gray. The
high symmetry points are marked as I'; K and M, being the middle, the corner and the center
of the edge, respectively.

The electronic properties of single-walled carbon nanotubes can also be derived from the
graphene sheet and subsequent zone-folding. In Figure 1.6 the hexagonal lattice in real space
(a) as well as in reciprocal space (b) are shown with the corresponding unit vectors. The unit cells
are marked by the dotted rhombus, the first Brillouin Zone (BZ) in reciprocal space is marked
by the black hexagon and the second BZ by the grey six-pointed star. With this selection of the
first two BZ, we can define a triangle of high symmetry points, for which the energy dispersion
relation will be calculated. These points are marked as the I' point being in the center of the
first BZ, M in the middle of the edge and K on the corner. The unit vectors in reciprocal space
can be calculated from their real space counterparts as described in equation 1.1 and be written
as

b= (D), B = (1) (1.7)

a a

As mentioned above in Figure 1.4, the unit cell in real space is glven by the rectangle
OBB’A created with the Hamada vector Cj, and the translation vector 7. Their reciprocal
space counterparts are given by the relation RZ K; j = 2md;;, where the Rz represent the real
space vectors and the K, the reciprocal space (often referred to as "k-space”) vectors. Therefore,
the relations can be written down as

C_"h-f?1:27r,f-f?1:0; C_;h~]’?1:0,f-}?2:2ﬂ (18)

where the circumferential vector K; and Ks as the reciprocal unit vector parallel to the tube
axis can then be expressed as
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Since there are 2N carbon atoms in the unit cell, we can expect N pairs of 7 bonding and

7* anti-bonding energy dispersion bands. As carbon nanotubes are (quasi) one-dimensional

objects, the first BZ collapses into a straight line. Considering equation 1.5 and the relations

for ¢; and t3, we can see that they both do not have a common divisor except unity. By

applying this to equation 1.9, this means that only K> does fulfill the requirements for being

a reciprocal vector in 2D graphene. Hence, the N wavevectors u[f 1 give rise to N parallel line

segments in the carbon nanotube unit cell and as NK; does represent a reciprocal vector in

graphene, wavevectors differing by NK; are equivalent. The length of all these ”cutting lines”

can be received by the relations between real space and reciprocal space vectors, leading to

|KCy| = 2r/|T| which is the length of the first BZ. Therefore, a reciprocal vector for the 1D
structure can generally be written as

(1.9)

Kt > - —
/@u_{,2’+,uK1 w=0,...N—1land —n/|T| <k < 7/|T| (1.10)
2
Due to the symmetry of the lattice, we obtain continuous wave vectors in the direction of
K for a carbon nanotube of infinite length, as sketched in Figure 1.7:

k

K|q 27/8a
Ky =2/5a3 | [7 NP
/ graphene
2
1
s 0 K’
PZB k PZB
nanotube L nanotube
k,
K; =2xaIT
k k

Figure 1.7: First Brillouin zone (Here: PZB) of graphene and the quantized vectors of (a) a
(5,5) nanotube and (b) a (9,0) nanotube. The q indices correspond to the zone folding method
indices [24].

These definitions enable us to perform a simple tight-binding calculation to obtain the energy
dispersion relation with the orbital energy (not equal to the atomic energy value due to the lattice
constraint of the carbon atoms) as well as nearest neighbour interactions being considered. This
procedure is given in full detail elsewhere [22], however, by executing this approach for the
graphene sheet we get

(1.11)

€9p is the orbital energy of the 2p level, 7g is the so called transfer integral that is received
by calculating the Hamiltonian for nearest neighbours and s denotes the overlap of electronic
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wave functions from adjacent sites, giving an indicator for the asymmetry of the system (i.e. s
= 0 represents symmetry). The + signs in the numerator and in the denominator arises from
the bonding 7 energy band (valence band), whereas the - signs correspond to the anti-bonding

-

7% energy band (conduction band). The function w(k) is given by

w(k) = {1 + 4cos (kgax/é> cos (kyza> + 4cos? (k;“) }% (1.12)

r

K r M K
Figure 1.8: Left: Plotted energy dispersion of graphene throughout the whole Brillouin Zone.

Right: Energy dispersion along the directions of the triangle created by the high symmetry
points I', K and M with s=0.129 (solid line) and s=0 (dashed line).

In the left panel of Figure 1.8, the energy dispersion relation of the two-dimensional graphene
is plotted as a function of the 2D wavevector k in the hexagonal BZ. We set the values for
7 = 3.013eV, s = 0.129 and ey, = 0 as this best fits both the first-principles calculations of
the energy bands of 2D turbostratic graphite and experimental data [22, 25]. The right panel
shows the energy dispersion relation along the high symmetry points I';, K and M, where the
7* conduction band and the 7 valence band are degenerate at the K point in the hexagonal BZ
which corresbonds to a Fermi-Energy Er = 0. The dashed line on the right panel represents
a symmetric k vector, i.e. s = 0, that gives an almost similar result for the energy dispersion
relation as for the aforementioned non-zero value for s up to an energy difference of 7 and 7*
~ 6eV. Since the physical phenomena investigated in this thesis only involve small energies it
is convenient to use the symmetric approximation. By implementing this case for equation 1.11
as well as the aforementioned zone-folding of graphene, meaning ¢ (Z + n(jh) = (&), we get for
the energy dispersion relation of a SWCNT

K>
Efp(K) = Ejp </~$’K2’ - uK1> (1.13)

with the same possible values for k and g as in equation 1.10. Using the x,y values for the
vectors K1 and Ko, we finally obtain
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aoV3 [ Ko ag [ Koy
— — K
5 <K\K2\ +cos[2 (H’K2’+M ly

1
a K 2
+ 4cos? [20 <K|K22y| + UK1y>:| } (1.14)

EliD(K) =+ {1 + 4cos [ + ule>

Considering the relation between the chirality (n,m) and the reciprocal vector K given in
equation 1.10, it is possible to determine the band structure of a carbon nanotube from equation
1.14. From that, the density of states D can be expressed as

N
T 1 1
D(E) = 5~ zi: > / ma (Bi})(k) — E) dE (1.15)
v=1" ik
The first summation sign stands for the N conduction (4) and valence bands (-), respectively.
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Figure 1.9: Electronic dispersion for (a) a (9,9) and (b) a (16,0) tube, where a clear bandgap
arises for the latter. (c) Density of states for both tubes: The spikes are typical for 1D systems,
and for the (9,9) species (black), the density of states is finite at the Fermi energy, resulting in
metallic behaviour [26].

Figure 1.9 shows the calculated energy dispersion relation and density of states for a (9,9) and a
(16,0) nanotube which both have a similar diameter of d; ~ 1.2nm. Due to the symmetry of the
K points all subbands are doubly degenerate. The corresponding density of states (Figure 1.9¢)
present van Hove singularities (vHs) typical of 1D systems at the onset of each new subband.
It can be seen in Figure 1.9b that a clear bandgap arises for the (16,0) nanotube. The reason
for this can be found by comparing the cutting lines in Figure 1.7 to the energy dispersion
relation of graphene illustrated in Figure 1.8. The conduction and the valence band touch each
other at the K points, so the density of states at the Fermi-Level is non-zero giving graphene its
semi-metallic behaviour. This is only true for sufficiently large nanotubes. For small nanotubes
the curvature of the nanotube invokes a orbital rehybridization effect [27] which causes metallic
nanotubes to become small-bandgap semiconductors (10meV for a nanotube with a diameter of
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1.4nm). Still, this small bandgap can be neglected at room temperature as the thermal energy
(=~ 27meV) is bigger than the bandgap.

If the cutting lines of the SWCNT representing its electronic states do not go through a K
point, they have a large bandgap and therefore show semiconducting behaviour. The bandgap
is chirality dependent (o cos(360)) and scales with 1/d; since the cutting lines are separated by
27/ \f| as already mentioned, hence, every nanotube has a unique band structure. In Figure 1.10
a chirality map of small-diameter nanotubes is illustrated where blue dots represent metallic and
red dots semiconducting carbon nanotube species.

Figure 1.10: Chirality map of nanotube species marked by their metallicity. The red dots indicate
nanotubes showing semiconducting behaviour and the blue dots represent metallic species.

The distribution of the metallic species shows a clear pattern where those tubes are metallic
that have a divisor of 3 for (n-m). From there a simple rule for the metallicity of carbon
nanotubes can be derived:

0 talli
if (n — m)mod3 = § e .a ¢ .
1,2 semiconducting

Thus, in a sample containing a random distribution of nanotube chiralities, we can expext
1/3 to be metallic and 2/3 to be semiconducting. Put in a nutshell, the electronic properties of
carbon nanotubes depend sensitively on their chirality.

1.3.3 Double-walled carbon nanotubes
General aspects and synthesis of double-walled carbon nanotubes

Double-walled carbon nanotubes (DWCNT) can be seen as the simplest manifestation of MWCNT,
where one smaller SWCN'T is nested inside a bigger SWCNT lying parallel to its tube axis. This
can be observed by high resolution transmission electron microscopy (HR-TEM) illustrated in
Figure 1.11. In this sense they combine the outstanding properties of SWCNT, allowing to study
intertube interactions and the resulting influence on the properties of nanotube systems. Gen-
erally speaking, they have several advantages over simple SWCNT. For example, they exhibit



12 CHAPTER 1. INTRODUCTION

higher stability than SWCNT which can be of substantial help in high performance environ-
ments, e.g. for usage as tips in field emission experiments [28]. The protective nature of an
outer tube can aid in the growth of very small diameter inner tubes that are usually very hard
to obtain when growing SWCNT [29] and therefore allow to study high-curvature effects as well
as the optical properties of these small tubes. The extremely low inter-shell friction force also
opens the possibility of developing wear free nano-bearings [30]. The geometry of nanotubes al-
low the growth of heterotubes when the outer and the inner tube are not grown simultaneously,
like a 13C carbon nanotube inside a 12C outer tube [31].

Figure 1.11: HR-TEM of a DWCNT grown by transforming Cgy inside SWCNT by annealing
in vacuum at high temperatures [32].

Electronic and optical properties of double-walled carbon nanotubes: Interwall in-
teractions

DWOCNT basically consist of two coaxially arranged SWCNT whose electronic properties where
already described in section 1.3.2, however, these properties also depend on tube-tube interac-
tions. As we have two sets of different (n,m) indices for inner and outer tubes, the unit cells of
DWCNT (compare equation 1.6) can be extremely large and therefore very difficult to calculate.
As a consequence, these calculations are usually performed on relatively simple pairs of nan-
otubes, like armchair-armchair or zigzag-zigzag tubes. Such cases represent only a fraction of
nanotube pairs when it comes to the symmetry of DWCNT, as they are all commensurate which
gives small unit cells. Commensurability of DWCNT means that the ratio of unit cell lengths be-
tween inner and outer tube is either a rational number (commensurate) or an irrational number
(incommensurate) [33]. Zoélyomi et al. calculated the band structure of several commensurate
DWCNT by using density-functional theory and the intermolecular Hiickel model [34]. They
found that a charge transfer from inner to outer tube as well as orbital mixing between the
layers occurs. These effects lead in some cases to a transition from semiconducting to metallic
behaviour but not in all cases as illustrated in Figure 1.12.

On the other hand, by studying such symmetry effects, Damnjanovic et al. found that (in-
finite, defect free) incommensurate nanotube pairs only show negligible interaction. It is very
hard to generalize on the electronic and optical properties of DWCNT as also the interwall-
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Figure 1.12: Calculated band structure for two different DWCNT with ¢ being the lattice
constant of the nanotubes, the green and blue lines representing inner and outer tube and
the red lines the calculated band structure for the whole DWCNT. Originally, all shown tubes
are semiconducting if no other perturbations are present. For the (7,0)@(16,0) system (a) the
bandgap closes making this DWCNT metallic, whereas for the (8,0)@(17,0) the bandgap becomes
smaller but not zero [34].

distance in DWCNT is not uniform; HR-TEM revealed distances between 0.33nm and 0.42nm
[35] which differs from the interwall-distance of 0.34nm in MWCNT or graphite layers. This
is attributed to the difference of 7 orbital stacking interaction resulting from the high curva-
ture. By adding these extremes in interwall distances to a given inner tube diameter, we get a
huge amount of potential outer tube candidates that can be commensurate but are incommen-
surate for the majority of all cases. Besides this, the tube structures offer many possibilities,
for example on the metallicity. Since each tube can be either metallic or semiconducting, four
different configurations can exist which has been shown to lead to different transport properties
[36]. From the experimental point of view, several interesting observations have been made
in the past: Pfeiffer et al. observed in Raman measurements that the linewidth of the radial
breathing mode from inner tubes grown by Cgp transformation is much lower than expected
for similar tubes, indicating that the outer tube provided a perfect clean room for the growth
of an (almost) defect-free inner tube [37]. In a following work they also showed a splitting of
the radial breathing mode resulting from the presence of different outer tubes for a given inner
tube which depends on the interwall-distance [38]. A very important aspect of their work for the
discussion below on photoluminescence of DWCNT is that the tube-tube interaction was weaker
than the interactions of tubes in nanotube bundles. Similar observations in more detail were
performed by Liu et al. [39] as they were able to investigate quantum coupled radial breathing
mode oscillations in chirality-defined DWCNT. Although usually treated as weak perturbations,
van der Waals interactions were shown to cause collective vibrational phenomena of both tubes
which again were depending on the interwall-distance.

To summarize, the electronic structure of DWCNT is very interesting but it can be very
complicated since tube-tube interactions enter the picture as additional factors. This raises the
question on the influence of outer tubes on inner tubes for optical transitions, especially con-
cerning the photoluminescence properties that are heavily intertwined with photoluminescence
quenching processes but also the Raman response is strongly affected.
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1.3.4 Synthesis of carbon nanotubes

As shown in the previous section, carbon nanotubes can have a huge variety of different individual
morphologies and properties. All of these aspects are determined by the synthesis method and
the further processing of the used sample. Hence, several different methods of carbon nanotube
synthesis have been developed over the years to produce nanotubes with desired properties,
be it specific length, diameter, wall numbers or metallicity for further scientific analysis or
implementation for various kinds of devices. However, no method so far has been optimized in a
way that it produces single chirality nanotubes with control over diameter and electric properties.
Therefore, all future nanotube-related science will strongly rely on the further optimization of
carbon nanotube synthesis. Four main challenges in nanotube synthesis still remain:

1. Mass production of high quality carbon nanotubes including SWCNT and MWCNT,

2. Selective production so that carbon nanotubes with specific structures and electronic prop-
erties can be obtained,

3. Growth control, i.e. carbon nanotubes can be grown in specific locations with specific
orientation on flat substrates,

4. More in-depth understanding of the process of nanotube growth.

The first two points are important for applications such as implementation in other struc-
tures to form composites where it is desired to have access to high-quality carbon nanotubes
in the kilogram level with methods that are efficient and inexpensive. The third point is very
crucial when it comes to nanotube based electronics that require highly organized arrays for
controlled and reproducable devices.

In the following subsections, the three synthesis methods used most frequently are high-
lighted: Arc Discharge, Laser Ablation and Chemical Vapor Deposition.

Arc discharge

Arc Discharge was used in the pioneering work of Iijima et al. [15]. This method was developed
as a modification of the Kratschmer-Huffman technique that was used for synthesis of Cgy. Two
graphite electrodes containing metal catalysts like Fe, Ni, Mo or Co are kept at a small distance
while arcing, illustrated in Figure 1.13. The current usually applied is between 50-100A with
the temperature of the arc reaching up to 3000K while the chamber is flooded with He gas.
The breakthrough of this method was reached when Ebbesen et al. demonstrated in 1992 that
the growth of MWCNT can be significantly enhanced by optimising the pressure of the He gas.
This enabled them to grow MWOCNT at the gram level [40]. Bethune et al. first managed
to synthesize SWCNT by finding appropriate concentrations of the additives to the graphite
electrodes [41]. At the same time, lijima et al. used similar electrodes but their carrier gas was
a mixture of methane and argon rather than helium [42].

This led to quite a different result: Whereas Bethune et al. obtained SWCNT with a mean
diameter of 1.2nm 4 0.1nm, lijima et al. obtained a much broader diameter distribution of
0.7 to 1.6nm. The growth rate within these processes can be up to 20-100mg/min but the
discharge can only be sustained for a short time. Nevertheless, the downsides of the method
of arc discharge are easily found in the requirements for the equipement and the high power
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Figure 1.13: Schematic of the Arc Discharge process. Two high quality graphite electrodes doped
with metal catalysts are brought to a close distance while arcing, which results in the growth of
nanotubes. Varying current and carrier gas can result in the growth of different nanotubes [43].

consumption. Furthermore, the controlled synthesis on substrates has not been possible by now.
Also, the yield of CNT growth is often only between 30% and 50% so that other carbon based
byproducts and impurities have to be removed in post-synthesis purification processes [26].

Laser ablation

Furnace at 1200° Celsius

Water-cooled
copper collector

Argon gas

Nanotube ‘felt’ growing
along tip of collector

Graphite target

Neodymium-yttrium-

aluminium-garnet laser
Figure 1.14: Schematic of the Laser Ablation process. A high power laser evaporates the surface
of a graphite target so that nanotubes are grown on the collector [44].

The synthesis of SWCNT by laser vaporization was first reported by the group of Smalley
in 1995 [45]. The process is illustrated in Figure 1.14: Typically, a furnace is heated up to a
temperature between 1100 °C and 1200 °C and an inert gas (for example Argon) flows through
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the tube at constant pressure. A cylindrical, rotateable target is positioned in the center of the
furnace that, just like in the Arc Discharge method, is composed of high purity graphite with
small additives of Co and Ni. Then, the beam of a Nd:YAG laser (or two in the refined process
[46]) is focused unto the target to vaporize it. With this technique, the growth conditions are
well controlled and can be maintained over a long time allowing for a growth rate of 1-10 gram
per day. By using a 1kW free electron laser, Eklund et al. were able to increase the rate to
1.5 gram per hour [47]. Rimmeli et al. found that nanotube growth by laser evaporation can
be achieved even at room temperature when metal oxides are used as additional catalysts [48].
However, the high costs of powerful lasers seem to be preventing this technique from wide useage.

Chemical vapor deposition

For up-scaling the production of carbon nanotubes, the synthesis by chemical vapor deposition
(CVD) seems to be most promising for it has several advantages compared to the other tech-
niques. CVD does not have as high requirements for the equipement as arc discharge and laser
ablation and furthermore it is taking place under relatively mild conditions increasing the level
of control over the growth process. Maruyama et al. were able to grow single-walled carbon nan-
otubes with high purity at reaction temperatures of only 700-800 °C by using ethanol or even at
550 °C with methanol and they also achieved direct growth of nanotubes on conventional semi-
conducting devices already patterned with aluminum [49]. Patterning substrates with already
established nanolithographic techniques also enables single nanotube synthesis [50]. Vertically
aligned films with pum thickness covering large areas (e.g. 25x25mm) were also produced by
CVD [51]. Figure 1.15 shows a schematic of the CVD setup used in this thesis for the growth of
DWCNT. In high vacuum and at 875 °C, ethanol is decomposed by the catalyst leading to the
growth of DWCNT.

C:HsOH
Rotary UHV

um
pHinp Hot Zone pump
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Flow Compensator
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Catalyst / Sample

Figure 1.15: Schematic of the high vacuum CVD process used in this thesis. A carbon-carrier
gas is introduced into the hot zone of an evacuated furnace, where the reaction with the catalyst
leads to the growth of nanotubes.

So far there have been many different CVD techniques developed that are successful in the
synthesis of SWCNT and MWCNT, all of which are following the process of decomposition of
a carbon-carrier gas supported by a metallic catalyst at elevated temperatures. An important
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representative of CVD is the high pressure catalytic decomposition of carbon monoxide (HiPco)
which has been developed by the group of Smalley [52]. It is currently the only process capable
of producing SWCNT on a kilogram per day scale. Nanotubes made according to this method
were also used in this work as reference samples. Among many other widely used CVD synthesis
methods are the ”CoMoCat” process, where, as the name implies, a catalyst containing Co and
Mo is used and CO as a carbon feedstock which was introduced by the group of Resasco [53]
and the DIPS method (Direct injection pyrolytic synthesis) established by Saito et al. that
uses carbon sources with different decomposition properties to control the eventual diameter
distribution [54].

For the growth of DWCNT another method is available: The growth of inner tubes inside
larger tubes by thermal treatment of precursor systems, where a carbon source, be it Cgg [37] or
metallorganic compounds such as Ferrocene [55], is encapsulated in SWCNT and subsequently
annealed.

As mentioned earlier, all these methods are not optimized in a way that only the desired
nanotube compound, be it SWCNT or MWCNT, but merely a mixture of different nanotubes
with different chirality, metallicity or wall numbers mostly accompanied by remaining catalysts
and carbonaceous impurities, is produced. There are only few reports on selective growth of
nanotubes. The group of Li and co-workers [56] for example used plasma enhanced CVD as
growth method enabling them to produce samples containing 85-90% semiconducting SWCNTs,
whereas one would expect only 67% of semiconducting species for a random distribution. On the
other hand, the group of Bachilo et al. received a sample highly enriched with (6,5) nanotubes by
using a special CoMoCat technique [57]. Although these results are not yet fully understood, it
seems that the morphology of the metal cluster plays an essential role in this question. However,
the selective growth of nanotubes with specific (n,m) distributions is still the holy grail of
nanotube synthesis.

1.3.5 Purification and sorting of carbon nanotubes
Purification

The resulting carbon soot of all previously introduced methods always contains impurities left-
over from the synthesis process such as amorphous carbon or metallic particles. Hence, purifi-
cation of the carbon nanotubes as well as sorting them is necessary to exploit their intrinsic
properties. There are several different ways of purifying carbon nanotube samples, most of
which contain heat and/or acid treatments. Annealing the carbon soot after synthesis in air
has the effect of removing carbonaceous impurities, amorphous carbon for example is less stable
than carbon nanotubes [58] but also small diameter tubes are more reactive than larger tubes
[59]. Additionally, Li-Pook-Than et al. found that within a subset of nanotubes with similar
diameter, chirality effects on the etching efficiency are visible [60].

In the same manner few wall CNT including DWCNT samples can be cleansed from SWCNT
since they are thermally more stable than SWCNT [61] though this already implies that heat
treatment might not be very effective for the purification of SWCNT. High-temperature anneal-
ing in vacuum (1600-3000 °C) has been shown to not only evaporate catalyst particles but also
improve the structure of MWCNT as defects are reduced in the process [62]. Acid treatments,
for example with HCI [58] or HNOj3 [59], are also frequently used to remove catalyst particles.
The downside of acid treatments is that they tend to have a destructive effect on the structure of
nanotubes and can cause unwanted functionalization of the nanotubes if the solvent is bonding
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with the nanotube on reactive sites like defects or tube ends. In an early work, Tsang et al.
have shown that nanotubes synthesized by the arc discharge method can be opened by using
concentrated nitric acis [63]. Furthermore, Kamards et al. proved that HNO3 usage leads to
p-type doping of the nanotubes, altering their optical properties [64].

In most procedures oxidation and acid treatment are used sequentially to receive a high
purity of nanotube samples. Physical techniques such as filtration, centrifugation or size exclu-
sion chromatography are also commonly involved for purification purposes, with the former two
being of special interest for this work. Filtration makes use of the length of the nanotubes: By
putting the overall carbon soot after synthesis into solution, they are trapped on a membrane
filter whereas catalyst particles are washed out. This process is proven to be quite effective if it
is sonication assisted [65]. Centrifugation on the other hand seperates various materials due to
different densities. The group of Haddon et al. showed that low-speed centrifugation had the
effect of sedimentation of their SWCNT on the bottom of the centrifuge tube, whereas amor-
phous carbon stayed in suspension [66]. However, if the solution is well dispersed, the carbon
nanotubes stay suspended whereas carbonaceous or other nanoparticles are sedimented.

Sorting
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Figure 1.16: Sorting of SWCNT by different chiralities by applying density gradient ultracen-
trifugation [67].

The unavailability of single chirality nanotube growth logically led to the developement of
various techniques capable of sorting nanotubes. There are various possibilities on doing so,
as for example sorting by electronic type (metallic or semiconducting), diameter, length or, if
optimized ideally, by a specific (n,m) index. As these are already several parameters that can
vary over a sample, the techniques established for sorting purposes are plentiful with each re-
lying on different physical principles making use of nanotube properties. The most frequently
used methods are described in the next paragraphs, however, the review of Joselevich provides
a comprehensive list [68].

Size-exclusion chromatography is based on the seperation of nanotube bundles from individ-
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ual tubes on the basis of their hydrodynamic size difference by using a size-exclusive gel. Flavel
et al. have shown with the gel they used that monochiral suspensions can be obtained simply by
altering the pH of the solution [69]. For dielectrophoresis, the difference of the relative dielectric
constants between different species with respect to the solvent results in different movements
along the electric field gradient. By doing so, Krupke et al. were able to seperate metallic from
semiconducting nanotubes [70]. The group of Kataura was able to achieve chirality sorting by
performing single-surfactant multicolumn gel chromatography [71]. Here, the variation of the
interaction strength of different SWCNT with an allyl dextran-based gel is utilized. This led
them to the seperation of 13 different species. Another interesting pathway to sort nanotubes
is the use of single stranded DNA which was shown to wrap around SWCNT, allowing disper-
sion in aqueous solutions. As different types of nanotubes are differently charged by the DNA,
they can be fractionated by ion-exchange chromatography, yielding nanotube suspensions either
seperated by electronic type [72] or even specific chirality, if specific DNA sequences are used
[73].

By dispersing nanotubes in bile salts and subsequently applying density gradient ultracen-
trifugation (DGU), they can be differentiated by their density. The method of DGU is also used
in this work and will be discussed in more detail later. Modifications on the gradient medium
lead to highly different outcomes of the centrifugation process what gives this procedure a high
flexibility. In the first report of this method, Arnold et al. received different layers with very
narrow diameter distributions (< 0.02nm) [74]. Green et al. were able to seperate nanotubes by
their wall numbers [75]. Ghosh et al. improved the procedure of Arnold et al. and were able to
obtain layers with nanotubes of single chiralities which is illustrated in Figure 1.16. Nanotubes
can also be seperated by their electronic type when using DGU as it has been shown by Yanagi
et al. [76]. Eventually, Fagan et al. used a modification of this method to investigate on the
optical properties of nanotubes with different lengths [77].

1.4 Modifications of the electronic properties of nanotubes

Carbon nanotubes are amphoteric, meaning that they possess the ability of accepting/donating
electrons from/to atoms or molecules and due to their structure, there are several different
possibilities on how to tune their electronic properties.

1.4.1 Intercalation

Intercalation of nanotubes, e.g. with alkalimetals like K or Li or other molecules like FeCls, is
frequently used for doping (Figure 1.17). Here, the atoms/molecules are placed in the free zone
between nanotubes and bundles where they act as electron-donors which results in weakening of
the C-C bonds in the SWCNT downshifting (upshifting if acceptors like Bry are introduced) the
vibrational energies of certain modes. Using optical absorption, the disappearence of absorption
bands in both types of nanotubes has been observed.

1.4.2 Sidewall functionalization

Sidewall functionalization of carbon nanotubes is very often the method of choice for modifying
nanotube properties. This is used when the linking of various molecules to the nanotube’s
sidewall is desired. In early works, various fullerenes have been subjected to addition reactions
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Figure 1.17: Intercalation of SWCNT [78].

to elucidate their reactivity, for example Crg, a flatened-out relative of the previously mentioned
Ceo [79]. In this context it has been shown that the reactivity on the poles is much higher than
in the flatter equatorial regions, indicating a direct relation between curvature and reactivity.
Applying this knowledge to carbon nanotubes, it means that smaller diameter nanotubes have a
higher reactivity compared to large diameter tubes like during oxidization as it has been pointed
out in the purification section 1.3.5. Although there are many different ways to perform sidewall
functionalization, the methods can be devided in the groups of substitutional doping (Figure
1.18a), defect-group chemistry (Figure 1.18b), covalent (Figure 1.18¢) and noncovalent sidewall
functionalization (Figure 1.18d) [80].

Substitutional doping

The method of substitutional doping (Figure 1.18a) is referring to the implementation of non-
carbon atoms into the nanotube lattice. This is mostly done with either B or N but also P
since they are neighbours of carbon in the periodic table and therefore easy to build into the
nanotube structure. They introduce strongly localized electronic features near the Fermi level,
either above (N as it has one electron more than C) or below (B with one electron less than
C). On sites where the dopant atoms are localized, the reactivity with either donor or acceptor
molecules is enhanced, making further functionalization easier.

Defect-group chemistry

Defects are important as they can serve as anchorpoints for further functionalization (Figure
1.18b). They can be either intrinsic, originating from the synthesis process, or be introduced
artificially by using strong acids [84]. Oxygenated functional groups tend to lie at these defect
positions [80] and they can be used to tether various kinds of chemical moieties [85]. These
functional groups can be used for further chemical reactions such as e.g. silanation [86] or
esterification [87] but they can also be used to increase to solubility of nanotubes [88].

Covalent sidewall functionalization

Covalent sidewall functionalization is used to directly link molecules to the nanotube sidewall
and is associated with a change of hybridization from sp? to sp® [85]. This process can be
performed with molecules of high chemical reactivity. Successful methods like fluorination [8],
chlorination [89], hydrogenation [90] among others have been employed. The drawback of such
methods is the possible introduction of defects to the nanotubes as well as the optical and
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Figure 1.18: Functionalization of nanotubes by (a) defect-group chemistry: oxygenated func-
tional groups tend to lie at defect positions [80]. (b) Substitution of wall atoms (here for example
with N [81], (c) covalent sidewall functionalization by doping with oxygen [82] and (d) nonco-
valent sidewall functionalization by attaching a surfactant to the nanotube sidewall [83].

electronic properties are altered [85]. However, by fine tuning of this method, this type of
functionalization can be exploited for improving nanotube properties. Ghosh et al. were able to
improve the photoluminescence intensity by doping nanotubes with oxygen that is illustrated in
Figure 1.18c [82].

Noncovalent sidewall functionalization has the advantage of not being destructive to the
nanotube structure and therefore (in most part) preserves the nanotube properties. It can be
realized either from outside of the nanotube (exohedral) by attaching molecules to the sidewall
or from the inside (endohedral) by filling the nanotube.
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Exohedral noncovalent sidewall functionalization

Functionalizing nanotubes from the outside of the tubes with substances like aromatic com-
pounds, polymers or surfactants employs 7-7 stacking or hydrophobic interactions for the most
part that enhances the solubility of nanotubes remarkably [85]. The use of surfactants is of great
significance for this work. Important representatives for commonly used surfactants which were
also used in this thesis are the sodium salt of deoxycholic acid (DOC) and sodium dodecyl sul-
fate (SDS); the effectiveness of different surfactants is reviewed by Wenseleers et al. [91]. They
are often used to individualize carbon nanotubes as two main advantages of the surfactants are
exploited: First, the surfactant treated nanotubes overcome the van der Waals attraction of
nanotubes within bundles and secondly, the physical absorption of surfactants on the nanotube
sidewall lowers the surface tension of the sidewall, preventing re-aggregation of nanotubes into
bundles.

Endohedral noncovalent sidewall functionalization

Ultimately, the hollow structure of carbon nanotubes opens the possibility of encapsulating
atoms or whole molecules and use the nanotube as a reactor for chemical processes, illustrated
in Figure 1.19. All these filling procedures have in common that the maximum degree of filling
is in the range where the radius of the molecule plus the van der Waals radius of the C atoms
from the nanotube matches the nanotube’s diameter. The controlled encapsulation of SWCNT
with Cgo (Figure 1.19a) and a subsequent annealing treatment can lead to the growth of double-
walled carbon nanotubes [32]. Organometallic compounds such as ferrocene have been filled into
SWCNT 1.19b to create a local charge transfer for selective enhancement of the photolumines-
cence signal [10], and by annealing, DWCNT were formed with the remaining iron-nanoparticles
residing on the DWCNT with a well-defined intra-tube spacing and doping level [55]. Another
interesting issue is the growth of nanowires as it is expected that they show novel electronic
properties due to the reduced dimensionality. Linear chains of metals inside carbon nanotubes
could be grown, e.g. Ag [92] or Fe [93] but also chains made of rare earths like Eu [94], Gd [95]
or Ho [96] among others could be synthesized.
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Figure 1.19: Filling of carbon nanotubes with different materials, e.g. (a) Cgo [97], (b) Ferrocene
[10] or (c) linear carbon chains [98]
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Long linear carbon chains inside carbon nanotubes

The synthesis of linear carbon chains poses as a challenging task for chemists due to their high
reactivity [99] and strong tendency to undergo chain-chain crosslinking reactions [100]. Since
for DWCNT the inner tube diameter can be well below 1nm it is possible to encapsulate linear
carbon chains. In this way the potential energy of the chains is reduced significantly by the
nanotube environment [101, 102]. Several different methods for building such structures have
been developped. Zhao et al. opened DWCNT by oxidation of the nanotube caps and inserted
C1oH2 molecules which, by a subsequent thermal treatment, fused to form linear chains [98],
illustrated in Figure 1.19c. Another reported method is the heat treatment of highly pure
DWCNT grown by an arc discharge method from Shi et al. [103]. In this work, the growth of
long linear carbon chains with high yield was achieved by using purified DWCNT synthesized
by the CVD method as nanoreactors and high vacuum thermal annealing to form carbon chains
out of the "unused” carbon atoms trapped within the inner tubes of the DWCNT during the
synthesis. The interaction with the carbon nanotube wall modifies the electronic properties of
the latter. For example, Moura et al. observed a shift of the G-Line in Raman measurements
by encapsulation of CigHg inside DWCNT [104]. An interesting point is the charge distribution
depending on the length of the carbon chains. Molder et al. predict in a theoretical study
that the net charges of a carbon chain converge rapidly with increasing chain length, with the
central carbon atoms being almost neutral whereas excess charges are located at the chain ends
[105, 106]. This will be of great importance for the photoluminescence measurements of DWCNT
filled with linear carbon chains in this thesis as it will be shown in the results section.

1.5 Applications for carbon nanotubes
The properties of carbon nanotubes introduced in the former sections make them attractive for

a tremendous variety of possible applications. The following points are intended to show a small
selection of applications which are related to this thesis.

Integration of carbon nanotubes in electronic devices

Figure 1.20: Carbon nanotube network TFTs on a flexible 50x50mm? substrate [107].
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The ongoing improvement of nanoscale lithographic techniques is the main driving force be-
hind the rise in speed and power of modern computers, allowing companies to build silicon-based
microchips in smaller and smaller dimensions at an exponential rate described by Moores law.
However, this process will come to a halt unless alternatives to current processor structures are
found. With decreasing size, electromigration becomes a serious problem for silicon, making it
less stable and more susceptible to failure. Also, since interconnects are usually made of copper,
high currents become a problem as resistivity increases with shrinking size due to surface and
grain-boundary scattering. Here, carbon nanotubes enter the picture: Various groups showed
that semiconducting SWCNT can be used to build field effect transistors (FETs) and even the
integration of such transistors into logic circuits has been achieved [108]. These transistors are
capable of showing outstanding properties like high carrier mobility, low switching resistance and
allowance of much higher currents when compared to conventional MOS-FETSs. Another inter-
esting feature comes to mind when constructing thin-film transistors (TFTs) out of nanotubes
as shown in Figure 1.20. These films exhibit similar conductance and transperency performances
like commonly used indium tin oxide (ITO) films but show better performance in the infrared
range. Also, they don’t contain the very expensive indium. Besides transistors, metallic carbon
nanotubes are superior to copper in the sense that they are ballistic conductors and capable of
current densities more than 1000 times higher than copper.

Improvement of solar cell performance
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Figure 1.21: Schematic of a SWCNT-Si solar cell [5].

Despite the low power conversion efficiency (PCE) of pure nanotube based devices, the in-
corporation of carbon nanotubes into various solar cell structures looks promising. Conventional
solar cells made of Si, Cd, Te or As inherit several problems with respect to the cost of the overall
device given by the complexity like large scale single crystal growth and/or toxicity. One way to
overcome this problem is the use of organic solar cells which have been developed over the last
years. Here, the nanotubes are used to form bulk heterojunctions with photoactive polymers,
providing a higher charge extraction and therefore increasing the PCE. In this fashion, Dabera et
al. have shown a PCE of 7.6% by wrapping semiconducting SWCNT with a conjugated polymer
[109]. Another method is the use of nanotubes as scaffolds for dye-sensitized solar cells. There,
nanotubes serve a double-purpose, where they act as the scaffold for the small dye-molecules
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so that much light can be collected, but also as photoanodes. Dang et. al reported that such
an architecture increases the elctron diffusion length, therefore the PCE as well and they were
able to reach a value of roughly 10% [110]. The combination of nanotubes with Si substrates
also provides an interesting approach. Cui et al. recently observed a PCE of 6% in a device
similar to the one sketched in Figure 1.21, however, doping the nanotubes by acid treatment led
to an increase of the PCE to more than 10% [5]. Although such a treatment does not provide
a stable doping of the nanotubes as well as it possibly deteriorates the Si layer, other methods
of nanotube modifications as shown in section 1.4 might lead to better and more stable results.

Carbon nanotubes for biological applications

An interesting detail about the optical properties of carbon nanotubes is their potential practica-
bility in biological applications. Organic tissue is opaque in the visible range but exhibits greatly
attenuated absorption, autofluorescence and scattering characteristics in the near-infrared (NIR)
region. The fluorescence profiles of many different semiconducting nanotubes overlap with this
range what shows their potential use as contrast agents in blood and tissue [111]. By sonicat-
ing SWCNT in an aqueous sodium cholate solution and a subsequent surfactant exchange to
biocompatible phospholipidpolyethylene glycol, Welsher et al. could use an SWCNT suspension
for whole-animal in-vivo imaging of mice [4]. Furthermore, in contrast to organic fluorophores
or quantum dots, carbon nanotubes exhibit high photostability with no visible photobleaching
effect which is usually a great problem for biological imaging [112].

Figure 1.22: In vivo near-infrared photoluminescence imaging of mice, from [4].

Besides biological imaging, the optical properties of carbon nanotubes can also be used to
interact with biological organisms. As mentioned, carbon nanotubes absorb strongly at NIR
wavelengths and therefore displays local heating upon NIR absorption which can be used for
different purposes. The work of Kam et. al showed that DNA-functionalized nanotubes release
the DNA upon NIR irradiation, allowing for its transport into the cell nucleus [113]. In the same
study, they also functionalized nanotubes using a folate moiety that allowed them to directly
address cells marked with a folate receptor tumor marker. The local heating of the nanotubes
caused by NIR irradiation then led to tumor cell death. Nevertheless, there is still work left to
be done in this field since a controlled and directed transport of nanotubes in organic systems is
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not yet within reach and the eventual fate of the nanotubes (how or if it even exits the system)
is not known.



Chapter 2

Background of the experimental
techniques

2.1 Optical properties of carbon nanotubes: Exciton photo-
physics

The description of the physical background giving carbon nanotubes their optical properties
largely follows the reviews by Lefebvre [114] and Miyauchi [115].

2.1.1 Concept of excitons

As mentioned before, the optical properties of carbon nanotubes depend sensitively on the chi-
rality of the nanotube, denoted by its indices (n,m). We have seen that when (n-m) mod 3 = 0,
the nanotube is metallic and if else, the nanotube is semiconducting; in the context of this thesis
the focus lies on the latter. A semiconducting SWCNT has a direct bandgap in the near-infrared
range which is favorable for optoelectronic applications or bioimaging. The quasi-1D structure
of the nanotube is responsible for very interesting properties as they show a strong quantum
confinement along the circumference which results in the rise of van Hove singularities in the
density of states (Figure 1.9¢). This results in optical properties being strongly influenced by
electronic many-body correlation effects and the optical transitions themselves are dominated
by excitons which are bound electron-hole states. In conventional bulk semiconductors excitons
are usually only seen at low temperature as their binding energy is very low (in the order of the
room temperature thermal energy &~ 27 millielectron Volts (meV)) [116]. In SWCNT however,
the binding energy can be as high as several hundred meV [1], so excitons are quite stable even
at room temperature.

Figure 2.1a shows the selection rules for optical transitions in SWCNT for incident light be-
ing polarized along the nanotube axis (longitudinal, left picture) or perpendicular (transversal,
right picture). As the nanotube band structure consists of a big set of subbands near the K
point, however, only the first and second subband is shown as they are the only bands relevant
for this thesis. A longitudinal exciton (labeled Xj;;) consists of an electron and a hole with the
same quasi-angular momentum, so the exciton itself has no quasi-angular momentum. Due to
the antenna-like structure of the nanotube, longitudinal excitons are responsible for the major
optical transitions and all of the optical methods in this thesis are devoted to this type. Never-

27
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Figure 2.1: (a) Polarization-dependence of exciton formation in carbon nanotubes [115]. Light
polarized along the nanotube axis creates electron-hole pairs from the same level of conductance
or valence band (left, longitudonal excitons, labeled Xj;), whereas light polarized perpendicular
to the nanotube axis leads to excitons formed from electron-hole pairs from adjacent bands
(right, transverse excitons, labeled X;;). Due to the antenna like structure of a nanotube, the
most prominent optical response comes from longitudonal excitons. (b) Sketch of the energy
relations concerning excitons in k-space. Optical resonances in carbon nanotubes happen at the
energy of the exciton Egx, which is smaller than the quasi-particle bandgap FEg due to the
exciton binding energy Epg.

theless, transverse excitons (labeled X;;), which posess quasi-angular momentum that connects
electron and hole states from different subbands, also exhibit small but distinct optical features
from which important informations on the SWCNT band structure can be gained. For example,
the intrinsic electron-hole asymmetry of transverse excitons can be used to evaluate the band
asymmetry parameter s (see equation 1.11) (the effective overlap integral) for each chirality [117].

In general, under light illumination of a SWCNT, a photon can be absorbed that excites
an electron from the valence to the conduction band, leaving a hole behind. The electron with
negative charge and the hole with positive charge interact through the attractive Coulomb force
and form a bound state, the exciton, which is stabilized by the binding energy Ep of the two
particles. In the case of a nearly ideal one dimensional semiconductor that 2/3 of SWCNT
are representing, a considerable portion of electrons and holes near the band edge make up
excitons due to the rise of van Hove singularities. Consequently, optical resonance in SWCNT
predominantly occurs at the wavelength (energy) of the incoming photon that corresponds to
the exciton energy Erx. This energy is smaller than the quasi-particle bandgap created by the
van Hove singularities owing to the binding energy Ep (Figure 2.1b) [1].

Figure 2.1b shows a schematic of the energy dispersion relation of excitons in momentum
space as a function of K Ex, which stands for the center-of-mass wavenumber of the exciton
whereas the energy of the excitons is labeled FEj; referring to the i-th subband electrons and
holes. Mainly excitons with Kpx ~ 0 are responsible for direct optical absorption and emission
due the small momentum of photons; only such transitions were investigated in this thesis.
However, by phonon-assisted processes optical transitions for excitons with K ex # 0 become
also possible, as it has been shown on samples strongly enriched with (6,5) tubes [118].
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2.1.2 Exciton fine structure

Since there are two carbon atoms in the unit cell of graphene there are two equivalent band
structures in the momentum space of nanotubes K and K’, shown in Figure 2.2a. Electrons and
holes can combine directly (KK or K'K’) or indirectly (KK’ or K’K). Due to a short-range part
of the Coulomb interaction which gives rise to electron scattering between the K and K’ point,
the ”direct” excitons are coupled to form a bonding (4) and an anti-bonding (-) state whereas
the ”indirect” stay decoupled because of momentum conservation [119]. These excitons split into
singlet and triplet states again by short-range Coulomb interaction. Hence, there are 16 exciton
states in total. Only one of them, the direct bonding exciton (KK-K’K’ (4)) is optically allowed
and is therefore often called ”bright” exciton. All other first order excitons do not contribute to
absorption and emission, thus ”dark” excitons.
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Figure 2.2: Exciton fine structure in carbon nanotubes. (a) The two equivalent carbon sites
in the unit cell give rise to four different electron-hole configurations. (b) Relationship of the
exciton energy levels to the spectral features observed for PL of SWCNT. Adapted from [115]

These dark excitons are energetically located in the vicinity of the bright exciton state (Figure
2.2b) which affects the optical properties of carbon nanotubes significantly. For instance, the
temperature dependence of the photoluminescence intensity at low temperature as well as a
non zero intensity at OK is attributed to a nonequilibrium distribution of excitons between
bright and dark states [120]. The brightening of the dark states and therefore luminescence
enhancement can be achieved by spin-degeneracy lifting induced by the Aharanov-Bohm effect
in strong magnetic fields [119]. Indirect dark excitons can also show luminescent behaviour if
an optically allowed phonon (e.g. one seen in Raman measurements, section 2.4) is involved.
Scattering between the bright and direct dark state is normally forbidden, however, intrinsic
deviations from ideality such as the presence of defects or extrinsic environmental effects can
lift this limitation [121]. Also Miyauchi et al. found that due to the intraband and intra-fine-
structure thermalization of excitons, the intrinsic oscillator strength of the bright excitons is
reduced by a factor of five [122].
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2.2 Photoluminescence spectroscopy

2.2.1 Photoluminescence of carbon nanotubes

22

Emission Absorption

Figure 2.3: Schematic of the photoluminescence process in carbon nanotubes: Light with an
energy Eog creates an exciton, which non-radiatively relaxes to E1; where electron-hole recom-
bination occurs and a photon with this energy is emitted.

Since its discovery in 2002 by O’Connell et al. [123], photoluminescence of SWCNT has trig-
gered worldwide investigations in this field due to their possible applications, e.g. for usage as
biomarkers [4]. Figure 2.3 shows the main process of photoluminescence (PL) in carbon nan-
otubes: At first, incoming light with an energy similar to Eoo and polarized parallel to the tube
axis is absorbed and a bound electron-hole pair, an exciton, is formed (as mentioned before, the
exciton energy is smaller than the bandgap between the conduction (¢;) and the valence band
(vi) due to the exciton binding energy). The exciton then relaxes nonradiatively to the Eq; level
(dotted arrow) where it collapses and a photon, that has less energy than the photon in the
beginning, is emitted. A Plot of such a measurement is usually referred to as a ”PL map” which
is shown for HiPco-SWCNT in Figure 2.4. Here again we can see why debundling is a very
important issue for measuring PL or carbon nanotubes. The formed exciton can decay very
rapidly via nonradiative processes to either metallic nanotubes or semiconducting nanotubes
with smaller bandgap in the same bundle. Since these energies depend sensitively on the spe-
cific nanotube chirality, each species will appear in a different region in a measurement of PL
emission with varying excitation wavelength which is indicated by the white lines next to these
not assigned peaks.

Several different species denoted by their (n,m) values are seen for the HiPco-SWCNT that
have a mean diameter of 1nm and a broad diameter distribution. Consequently, semiconducting
SWCNT with a diameter near this value appear strongest in the PL map (e.g. the (9,4) tubes
with d¢ = 0.91nm), whereas smaller species like the (6,5) (d; = 0.76nm) appear weaker. Also,
the effect of bundling can be seen by the presence of vertical lines starting at species with
higher excitation wavelengths to lower values. These appear if tubes with a bigger bandgap
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Figure 2.4: Photoluminescence map of a HiPco SWCNT sample. As each nanotube has different
values for E1; and Eos, distinct spots appear by measuring a sample of nanotubes with different
excitation wavelengths. If the nanotubes are not debundled sufficiently, additional peaks appear
which are marked by the white lines. For example the unlabeled spot to the right of the (6,5)
species is created by the bundling of a (6,5) tube with a (7,5) tube. For the (n,m) assignement,
the work of Bachilo et al. has been used as a reference [124].

are bundled with smaller bandgap tubes where the former is transferring the exciton energy
non-radiatively to the latter. Emission of a specific tube, for example the (7,5), then appears
at the excitation wavelength of another tube, here the (6,5). Qian et al. observed this effect by
tip-enhanced near-field optical microscopy and found that this exciton energy transfer becomes
very efficient (up to 90%) for distances < 2nm [125]. These efficiencies were explained by Forster
type electromagnetic near-field coupling.

PL mapping is also a very useful tool to see the diameter distribution of semiconducting
nanotubes within a sample and in contrast to absorption spectroscopy, each semiconducting
species can be resolved seperately due to each nanotubes unique E;;/Egs signature. However,
for an exact analysis and for receiving absolute values in the diameter distribution, the PL
quantum yield (QY) of the different species has to be taken into account since nanotubes with
big chiral angles (near armchair-like) give a seemingly stronger PL response than near-zigzag
tubes [126]. The background of this chirality dependence is the variation of the absorption cross
section given for nanotubes with different chiral angles which is used for calculating the absolute
quantum yield of a sample. Vialla et al. reported that this value can vary up to a value of 2.2
[127].

The quantum yield of the PL process in nanotubes is of great interest for two reasons:
Firstly, basic physics leading to that process can be fathomed; secondly, the process allows for
an understanding of photonic and optoelectronic applications. It is defined as the ratio between
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the number of emitted photons and absorbed photons. Equivalent to that it can also be defined
by the excitonic lifetimes [115]: The intrinsic radiative lifetime of an exciton 7 can be seen
as the time an exciton decays into emitted photons due to the coupling to the electromagnetic
field in a very long structurally perfect and unperturbed nanotube. In a real nanotube, 7 is
composed of the photoluminescence lifetime 7p;, and the complementary non-radiative lifetime
TNR:

# emitted photons TPL TPL
— - = (2.1)
# absorbed photons TR TPL + TNR

nePL

PL Lifetimes for SWCNT are usually in the order of 10-100ps [128, 129, 130] whereas the
radiative lifetimes reported are in the range of 10ns [131, 132].
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Figure 2.5: (a) Near-field PL spectra taken along several positions indicated in the near-field
PL image a micelle-encapsulated SWNT shown in (b) [133]. (c¢) PL image of a free-standing

nanotube [50]. The PL signal is only quenched by contact with the substrate (red) or a possible
defect site in the center.

For surfactants, the QY of SWCNT is usually in the order of 1% [122, 134, 135], meaning
that the exciton relaxation is dominated by non-radiative processes. On the other hand, for
free-standing nanotubes in vacuum, a value of 7-8% has been reported [50, 136]. To understand
these low values, one has to consider exciton mobility and the environmental effects they are
exposed to during their PL lifetime in carbon nanotubes. The exciton formed in a nanotube is
(usually) not bound to a fixed location but it can migrate along the nanotube axis [137]. While
the exciton is moving it can experience several forms of perturbations like defects or nanotube
ends [77, 135] as well as surface potential variations [138] that lower the PL quantum yield. Fig-
ure 2.5a shows near-field PL spectra of a single nanotube suspended in sodium dodecyl sulfate.
Hartschuh et al. observed that the PL of their sample was highly localized on short segments
of the nanotube [133]. On the other hand, Lefebvre et al. observed almost homogeneous PL
intensity from free-standing nanotubes where only those sites did not show PL that were in
contact with the substrate.

The PL line width also contains a lot of information, as a broad line width reflects a de-
phasing process of the exciton faster than the luminescence lifetime [137, 139]. Several groups
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found that those tubes with narrower line width exhibit brighter luminescence caused by dif-
ferent sample preparation [6, 140]. For samples prepared similarily, the line width also shows
temperature dependance which can be explained by decreased electron-phonon interaction at
low temperatures, decreasing the line width and increasing the PL intensity [139, 141] (though at
even lower temperatures, the exciton fine structure starts playing a role, changing this picture).

(12,1)
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Figure 2.6: Water filling of carbon nanotubes leads to a shift in the emission wavelength [130].

Therefore, the photoluminescence of carbon nanotubes can be affected by various sorts of
extrinsic effects. Due to the structure of a SWCNT, electron-electron and electron-hole inter-
actions play an important role for the optical transitions. Thus, these transitions are strongly
influenced by changes in the dielectric medium surrounding the nanotube, causing a charge
transfer from/to the nanotube and modifications of the nanotube sidewall and interior. For
example, different surfactant molecules can be used to disperse nanotubes that cause peak shifts
in the emission wavelength with varying magnitude. This is attributed to a difference of the
area of the nanotube covered by the surfactant [142] and its polarizability [143] which causes
an alteration of the dielectric screening for Coulomb interactions in carbon nanotubes. By
comparing several bio-compatible and incompatible surfactants, Tsyboulski et al. found the
above mentioned relationship between PL linewidth and intensity [140], whereas Duque et al.
also found such a relationship for dispersed nanotubes but additionally for samples immobilized
either in aqueous gels or substrates [6]. Water-filling is an important issue for nanotube PL
since sonication cuts and therefore opens the nanotube which enables water molecules to enter
the hollow core. Cambre et al. have shown that water-filling causes a redshift and broader
emission lines compared to empty nanotubes of the same type (Figure 2.6) [130]. Cgo molecules
inserted into nanotubes do not show an (obvious) enhancement of the luminescence signal, how-
ever, a strong shift of the excitation and emission energies in the PL maps by up to 100 meV
is observed, attributed to local strain effects and hybridization of the SWCNTs and the Cg [144].

Filling was the choice of functionalization performed in this thesis since it can also lead
to an amplification of the PL intensity; encapsulating ferrocene in SWCNT has been proven to
enhance the PL QY which is shown in Figure 2.7. This is attributed to a charge transfer from the
molecule to the nanotube, cancelling out the charge transfer induced by the surfactant molecule
[10]. Oxygen doping has also been shown to increase the PL QY compared to pristine SWCNT
[82] and by further development of such a method, a PL QY of 18% has been reached [9].
This increase in the PL QY in both cases was assigned to a localization of the otherwise mobile
excitons, partly increasing their PL lifetime by preventing them from interacting with quenching
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Figure 2.7: Amplification of the PL intensity due to encapsulation of ferrocene [10]. Note that
since the filling procedure involves oxidation steps, the diameter distribution of the sample is
altered and small diameter tubes are less abundant in the filled sample, so the effect of the
ferrocene to the SWCNT PL can only be seen by the comparison of the opened and the filled
tubes.

sites. The other part was attributed to the increased intrinsic oscillator strength (a dimensionless
quantity that expresses the probability of absorption or emission of electromagnetic radiation
in transitions between energy levels) by squeezing of the excitons in zero-dimension like states
caused by the doping which is known as the giant-oscillator-effect [145]. Piao et al. observed PL
brightening by covalent sidewall functionalization with aryl diazonium salts which introduces
sparsely distributed sp? defects in the otherwise sp? carbon lattice [146]. There they attribute
the amplification to the appearance of a new, low-energy peak that lies below the dark exciton
state seen in the exciton fine structure thus increasing the population of possible PL emitters.

2.2.2 Photoluminescence of inner tubes from double-walled carbon nanotubes

This subsection represents the introductory section of the paper published in CARBON: 7 Purifi-
cation, separation and extraction of inner tubes from double-walled carbon nanotubes by tailoring
density gradient ultracentrifugation using optical probes” [147].

In recent years, DWCNT have come into focus, since they exhibit some superior properties
compared to SWCNT, especially mechanical and chemical stability. The optical properties of
DWCNT however, regarding their capability of exhibiting PL, remain rather elusive due to a true
cornucopia of different or even (apparently) contradictory works in the past. Due to inevitable
deviations during the production process, there’s always the possibility of SWCNT byproducts
what is often seen as the (main) cause of PL from DWCNT samples [8]. Furthermore, there is an
ongoing debate concerning the basic physical ability of DWCNT to exhibit PL due to possible
similarities of PL. quenching in DWCNT caused by the small intertube-distance compared to
PL quenching in SWCNT bundles due to small inter-nanotube distances [125]. Additionally,
Koyama et al. [148] found that the relative intensity of steady-state luminescence from inner
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walls in DWCNT is about 700 times weaker than that from SWCNT by comparing the PL decay
rates of emitters within their samples. Contradictory to that, Yang et al. [149] state that PL is
possible from inner tubes, but only if they have the right diameter. On the other hand, Hertel et
al. [150] showed evidence that a majority of inner tubes exhibit PL with a slight red-shift in the
exciton transition compared to SWCNT. Jung et al. [151] also observe a red-shift in their PL
spectra on samples which have been covered with a mussel protein that is known to eliminate
the possibility of emission from SWCNT impurities. Also, by rendering the optical response of
the outer tube inactive by fluorination, Hayashi et al. [152] conclude, that their PL signals come
from inner tubes.

An obvious problem in comparing these different studies lies within the deviating sample
preparations. First of all, the nature of the pristine sample itself is of uttermost importance:
different synthesis processes such as CVD [148, 153], HiPco [128] or transformation of Cgp
[32] or metalorganic compounds such as Ferrocene [55] within an SWCNT to form a DWCNT
result in different nanotube properties, be it different diameter and/or length distributions,
chirality preferences, number of defects produced etc. Secondly, the importance of the concrete
parameters of the solubilization process, i.e. the path to receiving a homogeneous solution of
individualized nanotubes with (almost) identical properties as free-standing nanotubes, can not
be underestimated; strong sonication is known to cut nanotubes (as seen in the work of Heller
et al. [154] for SWNT or the work from Green et al. [75] for DWCNT) and therefore having an
impact on the sample quality by introducing defects and as for example short nanotubes exhibit
different optical porperties than long nanotubes [155]. And finally, the purification process is
evenly crucial: Ultracentrifugation has been shown to extract the inner tube from the DWCNT
[29], what in return means, that the source of a measured near-IR PL is from simple SWCNT
[156].

On the contrary, Green et al. showed that DGU can be applied to separate nanotube samples
with respect to their wall numbers [75]. From another point of view, by nanomanipulation in
a scanning electron microscopy (SEM) system equipped with a cantilever, Zhang et al. have
recently successfully shown that inner tubes can be pulled out from their host outer tube, if
a directed pulling force is applied [30]. The application of DGU on a tip-sonicated DWCNT
sample seems to be a crucial factor in the discussion, whether DWCNT are capable of exhibiting
PL or not. Interestingly, most works claiming to observe PL from inner tubes did not apply
DGU to the sample [32, 150, 151, 152, 153, 157, 158, 159] whereas those claiming that PL from
inner tubes does not occur or is severely quenched [8, 29, 75] applied DGU to their samples.
The work of Yang et al. [149] represents a special case, i.e. that the selective observation of PL
from inner tubes could be caused by the sample preparation.

2.3 Optical absorption spectroscopy

2.3.1 Absorption spectra of single-walled carbon nanotubes

Optical absorption spectroscopy is one of the most fundamental techniques as it directly probes
optical transitions. Figure 2.8a shows the spectra measured by Kataura et al. between 0.5 and
6 eV for nanotubes synthesized by the arc discharge method deposited as a film on a quartz
substrate [160], so the nanotubes are bundled. The most peculiar peak is seen at ~ 4.5eV for
the m-plasmon originating from a collective excitation of 7 electrons of carbon nanotubes which
is always present in absorption measurements of nanotubes as a background feature. In Figure
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2.8b the absorption spectra received from an aligned SWCNT film are plotted [161]. Here,
Murakami et al. investigated the polarization dependence of the m-plasmon and the low energy
excitonic transitions of SWCNT. They used light polarized parallel to the substrate and varied
the incident angle (amongst other methods). The position as well as size and shape of the 7-
plasmon absorption is affected strongly when the polarization is changed. Concommitantly the
signal of the excitonic transitions is either diminished or enhanced by altering the incident angle.
Absorption measurements in this thesis were performed with solubilized nanotube samples that
were not aligned and non-polarized light was used so this effect is negligible for the subsequent
analysis.

In Figure 2.8c the absorption spectra at low energies of nanotube film samples with different
mean diameters (A to F) are illustrated [162] after subtracting the background of the 7 plasmon.
From the top to the bottom graph the mean diameter of the nanotubes decreases and the peaks
correspond to the first (Ef}) and second (E3,) excitonic transitions of semiconducting as well
as to the first excitonic transition of metallic carbon nanotubes (E}). Using the linear k
approximation valid for low photon energies, the background subtraction can be performed by
assuming a linear background which is subsequently subtracted so that only the contributions
of optically active nanotubes (i.e. showing excitonic transitions) remain. In this way samples
containing different amounts of carbon nanotubes can be normalized to the same density by using
a minimum of the absorption signal so that their optical properties can be compared, e.g. [10, 77,
165, 166]. Miyata et al. separated SWCNT with a diameter distribution between 1.1 and 1.3nm
according to their metallicity, enabling them to observe higher order transitions [163], illustrated
in Figure 2.8d. Again the strongest contribution comes from the 7 plasmon seen for both metallic
and semiconducting tubes at ~ 4.5e¢V. The decomposition of the different contributions brings
out the third (here S33) and the fourth (Ss4) excitonic transitions of semiconducting and the
second (Magg) excitonic transition of metallic carbon nanotubes.

As mentioned in the previous section for nanotubes, these transitions depend heavily on the
environment and the degree of bundling. Figure 2.8e shows the absorption spectra of samples
containing individualized nanotubes prepared by different techniques [164]: SWCNT synthesized
by performing alcohol CVD at different temperatures (a-c) and the reference HiPco sample (d).
Fach peak in this picture corresponds to an excitonic transition of a specific nanotube with
the Fj; assignement given for the respective tube at lower photon energies. The transition
energies depend on the nanotube diameter and chirality, so measuring the optical absorption
of a nanotube sample gives an idea of the chirality distribution in each sample. It can be seen
that the observed peaks from Figure 2.8a-c shift to lower energies, indicating that the mean
diameter grows with increasing synthesis temperature since the transition energies roughly scale

2.3.2 Absorption spectra of double-walled carbon nanotubes

Optical absorption spectra detect signals from both the inner and outer tube simultaneously.
Therefore, the resulting spectrum reveals an overlap of both contributions if the E1; transitions
of the inner tubes are approximately at the same position as the Eoy transitions of the outer tubes
which is sketched in Figure 2.9a. The work of lakoubovskii et al. shows a way to deconvolute the
inner and outer tube signal by an ozone etching technique, rendering the outer tube contribution
inactive as illustrated in Figure 2.9b [153]. Consequently, in the total spectrum, the former is
influenced by the latter. Since the diameter distribution in their experiments is comparable to
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Figure 2.8: Optical absorption spectra of SWCNT: (a) Nanotubes synthesized by the arc dis-
charge technique with a diameter distribution of 1.24-1.58nm deposited on a quartz substrate
showing a strong contribution of the w-plasmon at high photon energies and weak features of
excitonic transitions at low energies. Adapted from [160]. (b) Absorption spectra of a verti-
cally aligned SWCNT film with light polarized parallel to the substrate plane and the incident
angle varied from 0° (L to substrate, bottom) to 45° (top) in 7.5° steps. The position of the
m-plasmon shifts and the appearance of excitonic transitions at low energies show a clear polar-
ization dependence. Adapted from [161]. (c) Low energy features of the absorption spectra from
nanotubes after background subtraction of the w-plasmon with decreasing diameter (from top
to bottom) [162]. (d) Absorption spectra of metallicity seperated nanotubes allowing the ob-
servation of higher order excitonic transitions for semiconducting (S;;) and metallic (M;;) tubes
[163]. (e) Absorption spectra of individualized SWCNT synthesized by alcohol CVD. Due to
reduced tube-tube interactions signals of specific chiralities can be observed and are denoted by
their (n,m) values. Adapted from [164].

the distribution for the work in this thesis, similar effects can be expected. Miyata et al. used
strong sonication and density gradient ultracentrifugation to extract inner tubes of DWCNT
[29]. Figure 2.9c shows the absorption spectra of DWCNT before (black curve) and after (red
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curve) extracting the inner tubes. In the case of unseparated tubes, the inner tubes are nested
inside their outer tube host and consequently the absorption spectrum shows an overlap of inner
and outer tube contributions. An unambiguous assignment of inner tube species similar as
performed by Miyauchi et al. [164] in the previous section is hard to perform since the peaks
appear blurred. After the extraction process several distinct peaks emerge in the near-infrared
range which can be assigned to different nanotube species.
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Figure 2.9: (a) Sketch of the band structure for inner and outer tubes where ¢; and v; are
the conduction and valence band, respectively. Since inner and outer tubes show van Hove
singularities at similar positions, the optical absorption spectrum will show an overlap from both
contributions. (b) Optical absorption spectra of inner and outer tube contribution of a DWCNT
sample by using an ozone etching technique to ”deactivate” the outer tube contribution [153].
(¢) (n,m) assignment for extracted inner tubes (red curve, "Inner Si;”) by Miyata et al. [29].
The same peaks are hard to identify inside the DWCNT structure (black curve, ” Unseparated”)
making an unambiguous assignment of inner tube species difficult. Only the (7,5) or the (7,6)
species show clear peaks in both spectra. Adapted from [29].
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For this thesis absorption spectroscopy was used in two ways: first to compare optical proper-
ties of pristine DWCNT with DWCNT that were subjected to different solubilization techniques
and second to investigate the effect of filling DWCNT with linear carbon chains on their ab-
sorption spectra. The latter measurements were also used to normalize all samples to the same
optical density which is crucial for comparing the photoluminescence signals of each sample.
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2.4 Raman spectroscopy

2.4.1 Vibrational modes in carbon nanotubes

Detailed reviews on the physics on Raman scattering in carbon nanotubes are reported elsewhere
[167, 168, 169], so only a short overview is given here. Raman spectroscopy involves the analysis
of light scattered inelastically from a sample which has become a powerful tool in solid state
physics for material characterization. The advantages are: a) it is a non-destructive method,
b) it doesn’t require complicated sample preparation and c) it is reasonably fast and can be
performed at room temperature and ambient pressure. In general, as depicted in Figure 2.10,
an electron can be excited from the ground state to a higher ”virtual” level by absorption of
a photon. The recombination of the electron with the hole can occur either directly without
energy loss so the incoming photon is scattered eleastically (Rayleigh scattering), or inelastically
by the emission (Stokes scattering) or absorption (Anti-Sokes scattering) of phonons.
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Figure 2.10: Conceptual image of the scattering process where the incoming photon is scattered
elastically (Rayleigh), or inelastically, either losing energy (Stokes) or gaining energy (Anti-
Stokes).

Usually, the scattered signal is weak if only phonons are involved in the process but the
scattering efficiency is enhanced greatly when the incident light matches an electronic transition
of a system which is called resonance Raman scattering [170]. The latter is of crucial importance
for carbon nanotubes because the density of states can reach very high values at certain energies.
The intensity observed in Raman measurements can be expressed as

1
(ELaser - Ezz - ir)(ELaser =+ EPh - Ezz - ZF)

where I' represents the width of the resonance window which is also environment dependent
as the window is usually broader for nanotubes in bundles than they are when isolated in
solution [171]. Epy, is the phonon energy and + is selected by either Stokes (+) or Anti-Stokes
(-) scattering. Equation 2.2 shows that if the energy of the laser Ep g, is close to the energy
of an excitonic transition in a carbon nanotube FE;;, the denominator reaches a minimum and
therefore the intensity is enhanced greatly, allowing for investigation even at the single nanotube

(2.2)

I(ELaser) X
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Figure 2.11: Example of a typical Raman measurement of a HiPco SWCNT powder excited
with a 633nm laser.

level. In carbon nanotubes, many different vibrational modes are possible, however, only few
of them are of significance for this thesis; the most important informations gained by Raman
spectroscopy in the present case are the signal of linear carbon chains inside DWCNT, the
diameter distribution and the defect density. Figure 2.11 shows a typical measurement of the
Raman signal for a HiPco SWCNT powder at room temperature, excited at Agz. = 633nm.
The observed peaks are explained as follows:

Radial breathing mode, ”RBM?”

Within the family of materials derived from graphite, the radial breathing mode, short "RBM” |
is unique to carbon nanotubes. The RBM, located between 100 and 400cm™', is a totally
symmetric vibrational mode associated with a coherent vibration of carbon atoms in radial
direction of the nanotube axis. It is especially important for the determination of the diameter
of nanotubes through the linking of its frequency wgrpas to the nanotube diameter d; via

+ B, A=234cm 'nm, B =10cm™! (2.3)

“ro k= G

Therefore, if the incident or scattered light is in resonance with an excitonic transition of
a nanotube according to equation 2.2, one can derive the diameter distribution of a sample
consisting of different chiralities by varying the laser energy and investigate on the RBM. The
value A in equation 2.3 can be determined by ab initio calculations and was found to be 234cm ™!
[172]. The constant factor B depends on environmental influences. The value of 10em ™! accounts
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for intertube interactions in SWCNT bundles [173, 174]. The exact values are matter of a long
lasting discussion and several different combinations of A and B have been proposed (e.g. A
= 217.8cm~!'nm and B = 15.7em ™! reported by Jorio et al. [175] or A = 204cm ™ 'nm and
B = 27ecm~! by Meyer et al. [176]) but all these values are slightly sample and environment
dependent. In this thesis i used the values given in Equation 2.3 as they best fit the kinds of
samples used [37].

Tangential ”G” mode

The graphite-like band (thus ”G-Band”) in carbon nanotubes is derived from the G-Band in
graphite and is linked to an in-plane tangential vibration resulting in a stretching of the bond
between the two carbon atoms in the graphene unit cell. It is observed around 1590cm~! and is
the most prominent feature seen in Raman measurements of carbon nanotubes. When the bond
lengths and angles of graphene (or the nanotube) are modified by strain or external perturba-
tions, the hexagonal symmetry is broken. Therefore, the G-Band is highly sensitive to strain
but also curvature effects which are inherent to nanotubes due to the 1D quantum confine-
ment. They give rise to up to six allowed G-Band phonons [177], although only two of them are
usually dominating the spectrum, the G for in-plane vibrations along the tube axis (around
1590cm ™) and the diameter dependant G~ for in-plane vibrations along the circumferential
direction (around 1570cm~1). The latter also shows an asymmetric (Fano-like) lineshape due
to the interference with conduction electrons and is very sensitive on the tube type and doping
[178, 179]. In Figure 2.12 the position of the G and the G~ is plotted for 62 different nanotube
species, performed by Jorio et al. [178]. It can be seen that while the position of G* exhibits
almost no dependence on the tube type and diameter, the case is different for G™: the fre-
quencies not only shift to lower values by increasing the tube diameter but also a split between
semiconducting and metallic nanotubes occur.
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Figure 2.12: Dependence of the shape and position of the G and G~ line on the nanotube type

and diameter [178]: While the G* shows almost no chirality dependence, the position of the G~
band is heavily influenced by the metallicity and the diameter of the tube.
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Other nanotube modes: D, M, iTOLA and 2D line

Although appearing as very low signals for the measurements on the samples used in this thesis
and not being investigated quantitatively, a few thoughts shall be dedicated to other observed
modes. The "D”-Mode of carbon nanotubes is located around 1300cm ™' which is also seen for
other graphitic materials. In contrast to the RBM and G-Mode, the D-Mode originates from a
second-order Raman process and becomes Raman-active by the presence of defects, impurities
or strong sidewall functionalization. Therefore, it is often used to investigate on the quality of
a given sample by calculating the ratio of the intensities of the D-Mode and the G-Band, as it
is done here. The M-Mode around 1750cm ™! is an overtone of the 0TO-Mode and the iTOLA
around 1950cm~! is a combination mode of the iTO and LA mode [167]. M and iTOLA are
important to remember as to not confuse them with the carbon chain mode rising between both,
which will be adressed in the last section of this chapter.

The 2D line is a very prominent feature observed for carbon nanotubes and is found at a
frequency double to that of the D mode. Similarily, the 2D line also originates from a second-
order Raman process but it is not linked to the presence of a defect and instead another phonon
is involved. The peak is usually split due to different resonance conditions for the incoming and
the scattered photon. Since Shi et al. observed that the 2D line shows only very small changes
for DWCNT filled differently with linear carbon chains, this feature was not investigated for this
thesis.

2.4.2 Raman spectroscopy of double-walled carbon nanotubes

The Raman signal of double-walled carbon nanotubes contains very interesting information on
their nature. As mentioned in chapter 1, the inter-wall distance in DWCNT can vary from
tube to tube, allowing a given inner tube species to be resident in different outer tube hosts.
This can be seen by the splitting of RBM-lines at low temperatures so that tube-tube interac-
tions are minimized [37, 38], illustrated in Figure 2.13a. The shielding of the inner tube from
environmental effects through the outer tube has been identified by a vanishing factor B and
narrowing of the same mode while measuring wrps for inner tubes of DWCNT [181]. Also, by
electrochemical doping Kalbac et al. found that while the outer tube is very sensitive to doping
effects, the inner tube only slowly followed this behaviour [182]. By studying the coupling of
wrBM for inner and outer tubes, Liu et al. observed that the weak van der Waals interaction
between the tubes indeed is dependent on the inter-wall distance as well as the unit-area force
constant is following the same trend as layers of graphite [39]. On the same subject, Pfeiffer et
al. showed through investigation in the shift of the G-Band that the interaction between tubes
is stronger in bundled SWCNT than the interaction between inner and outer tubes [38].

Concerning the electronic properties, DWCNT can have four different configurations with
both tubes being semiconducting, metallic, or different. By studying metallicity separated tubes,
Villalpando-Péez et al. discovered that these configurations have different effects on the Raman
spectra as seen by different positions of the G-Band [180]. For example, as illustrated in Figure
2.13b, a shoulder of the G-Band appears at 1520cm™!. This is attributed by the authors to envi-
ronmental changes of the inner metallic tube as it is shielded from external perturbations. Simon
et al. have investigated DWCNT structures grown by inserting Cgo/C7o molecules into SWCNT
with the filling material not being composed of conventional >C but of different amounts of 3C
[31]. In this way they could observe a strong splitting of the G-Line since the larger mass of the
atoms making up the inner tube leads to a downshift of the observed frequency.
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Figure 2.13: Raman spectra of DWCNT: (a) Raman signal of the RBM from DWCNT excited
by different lasers in high resolution (hr). The top spectrum was recorded at 90K, the rest at 20K
[37]. (b) Measurement of the G-Line of a sample with inner metallic and outer semiconducting
tube [180]. Here an extra peak around 1520cm ™! is observed which is attributed to the G~ line
of the thin inner tube shielded by the outer tube. (c) D-, (left) and G-mode (right) response of
inner tubes from isotope engineered DWCNT [31]. Arrows and filled circles indicate inner and
outer tubes respectively. The outer tube is made of conventional '?C whereas the inner tube
consists of different amounts of '3C. Due to the larger mass of the latter the frequencies are
downshifted.

2.4.3 Linear carbon chains investigated by Raman spectroscopy

In Raman measurements, only carbon chains of the polyyne type (-C=C-),, can be seen since the
cumulene type (=C=C=),, only has acoustic phonon branches and no optical phonon branches
[184]. In any case, the polyyne type is expected to be far more abundant due to a higher
stability than the cumulene type [183]. The alternating bond length of the polyynes (as triple
and single bonds have different lengths, 1.2 and 1.3pm, respectively) gives rise to a bandgap
following from the Peierls theorem [185], so exciting the chains at this energy again leads to
an enhancement of the signal in Raman measurements. This bandgap as well as the measured
Raman shift depend on the chain length, i.e. the number of carbon atoms within the chain which
has been evaluated theoretically [183, 186] as well as experimental evidence for this behaviour
was obtained [104, 187]. For long chains, Fantini et al. found that the values for the bandgap
saturates at about 2.2 eV (around 564nm). Shi et al. used Raman mapping to evaluate the
resonance condition of long linear carbon chains which is shown in Figure 2.14a [13].

By using several different lasers and measuring the intensity of the signal originating from the
chains it was found that the resonance window is quite broad (than 50meV). Figure 2.14b shows
several different approaches to calculate the Raman frequency as a function of the carbon chain
length (2m is here the total number of atoms in the chain) [183]. The use of a linear/exponential
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Figure 2.14: (a) Raman map of a DWCNT filled with linear carbon chains. By using different
lasers, the resonance condition for the carbon chains of different lengths can be evaluated. The
resonance window is broad, indicated e.g. by the red color for the strongest chain signal in the
plot. (b) Different methods to calculate the Raman shift of the carbon chain signal as function
of the chain length (2m is the total number of chain atoms). The linear/experimental approach
fits best for reported values [183]

hybrid force field scaling scheme for describing the exponential behaviour of the carbon-carbon
stretching seems most suitable for explaining different experimental findings, e.g. [98, 187,
188]. Wakabayashi et al. also found that the Raman shift of polyynes with the same size
is depending on the environment [187]. For long carbon chains inside double-walled carbon
nanotubes however, making exact predictions for each tube type is quite complicated since the
size of the unit cell of the tubes involved is already big as one can expect from equation 1.6, so
the number of carbon atoms to calculate with gets very large.

Figure 2.15 shows a typical result of a Raman measurement from DWCNT filled with linear
carbon chains. The first obvious difference to the Raman signal of HiPco SWCNT from Figure
2.11 is the appearance of an additional mode at around 1855cm™! resulting from the presence
of carbon chains. The second difference can be seen for the RBM since inner and outer tubes
contribute to the overall signal and the diameter distribution of the sample is big, leading to an
overlap of both contributions. As a result, the peaks in the RBM are not sharp but smeared
out.
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Figure 2.15: Example of a typical Raman measurement of a DWCNT powder at room tem-
perature after an annealing treatment, here 1460 °C, excited with a 568nm laser: The radial
breathing modes ("RBM”) of both inner and outer tubes are seen. The D-Mode, an indication
for the defect density of the sample, is quite low, showing the high quality of the sample. The
”L”-Line around 1855cm ™! results from the presence of long linear carbon chains inside the inner
tube of the DWCNT and its intensity compared to the G-Band can roughly be seen as a "filling

factor” of the DWCNT with such chains. M and iTOLA are overtone modes not investigated
in this thesis.



Chapter 3

Sample preparation & experimental
setups

The following section represents partly the experimental section of the paper published in CAR-
BON: ”Purification, separation and extraction of inner tubes from double-walled carbon nan-
otubes by tailoring density gradient ultracentrifugation using optical probes” [147].

3.1 Synthesis of double-walled carbon nanotubes filled with lin-
ear carbon chains

3.1.1 Growth of pristine double-walled carbon nanotubes

For the growth of double-walled carbon nanotubes, the well established method of high vacuum
chemical vapour decomposition of alcohol [49] (in the literature referred to as HVA-CVD or
short CVD) was used, as shown in Fig 3.1. The catalyst used is similar to the one used by
Endo et al. that yields in a very high content of DWCNT [61] but adapted for HVA-CVD [13].
First, a catalyst was placed in the center of the hot zone of a tube furnace (quartz) which was
subsequently evacuated. The catalyst was a mixture of 97% (mass fraction) magnesium oxide
(MgO) and 3% ammonium iron(III) citrate (CgHgO7 nFenH3N). Establishing a high vacuum
in the sample chamber before introducing the carbon source was very important: it has been
shown by Griineis et al. that a vacuum less than < 10~mBar is essential for the growth of high
quality DWCNT [189]. In the present case this pre-synthesis vacuum was always < 10~%mBar.
When this pressure is reached, the catalyst is heated to 875 °C. Then the carbon source, ethanol
(CoH50H), is fed into the furnace to react with the catalyst and a rotary pump aids to establish
a constant flow of ethanol which is kept for one hour.

The resulting material, which has typically a black appearance resembling charcoal, then has
to be cleaned from all carbonaceous byproducts and remaining catalyst material to receive a good
starting material. For this purification, the DWCNT samples were first exposed to hydrochloric
acid to remove remaining catalysts with subsequent filtration of the carbonaceous material. This
was followed by annealing in air flow at 400 °C for 2 hours to remove (burn) amorphous carbon
and to remove possible SWCNT byproducts, another air treatment was applied. As shown by
thermogravimetric analysis performed by Muramatsu et al., DWCNT have a higher oxidative
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Figure 3.1: (a) Sketch of the setup for the synthesis of DWCNT: First, a crucible containing the
catalyst is placed in the hot zone of the furnace, evacuated and then heated to 875°C. Then the
valve to the UHV pump is closed, the valve to the carbon source opened and the valve to the
rotary pump opened, so a constant flow of ethanol to the catalyst is established. (b) Fotograph
of the setup.

stability of up to 200 °C higher than SWCNT which is owed to their coaxial structure as well as
to high cristallinity of the bundles [190]. In this work, an annealing temperature of 500 °C for 2
hours in air was used to remove SWCNT. The effectiveness of the latter step to remove SWCNT
has been shown by Li-Pook-Than et al., where the intensity of the integrated Raman signal for
SWNT is much less than 1% [60]. Figure 3.2 portrays the typical appearance of the sample in
solid form before/after annealing and in liquid form after sonication and centrifugation.

Figure 3.2: Appearance of the samples in solid form (left) and liquid form after applying Pro-
cedure A (see section 3.3) to the sample (right).
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3.1.2 Growing long linear carbon chains inside double-walled carbon nan-
otubes

The growth method of long linear carbon chains inside DWCNT in this thesis is fundamentally
different than those used in other works [98, 191], as it did not involve opening and filling with
another precursor. Instead, they are formed by high temperature annealing of the DWCNT
samples after the synthesis process described above, utilizing non used carbon atoms from the
synthesis for the formation of carbon chains. It has been proposed that carbon chains inside
DWCNT are abundant as "bridges” between coalesced DWCNT [192], however, since the Ra-
man signal of LCC can be detected for samples annealed for temperatures as low as 900 °C [13],
it is highly unlikely that such a process is taking place and the LCC are really positioned inside
the inner tube of a DWCNT parallel to the tube axis. More details on the growth process of the
chains can be found in a recently published work of our group [13] but a key result is that the
length and the growth yield of the LCC are strongly connected to the post-synthesis annealing
temperature.

Figure 3.3: Furnace for high temperature annealing. The connections are similar to the furnace
for synthesis, except that no ethanol is connected and the tube is made of AlsO3 and SiC.

Here, the samples were annealed in a tube furnace (Figure 3.3) at different temperatures
in high vacuum (always < 10~%mbar), ranging from 1370°C to 1530°C for 45 minutes. This
procedure for the growth of LCC inside DWCNT is identical to what has been reported by
our group earlier [13]. After annealing the samples at their respective temperatures, they were
placed on a copper block in a cryostat to measure their Raman response. Since the intensity of
the chain signal in comparison to the G-Line of the nanotubes is temperature dependant [13]
the samples were placed in a cryostat to provide a constant room temperature of 295K and a
low laser power of 200uW was used to avoid sample heating.
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3.2 Suspensions of pristine and filled double-walled carbon nan-
otubes

In the introduction we have seen that carbon nanotubes can be produced by different tech-
niques. In any case, if the method of choice did not involve patterned growth of isolated CNT
like controlled deposition of catalyst particles on a substrate, then the nanotubes are bundled
after synthesis. Within a bundle, the optical response of a specific nanotube can considerably
be altered due to the presence of other nanotube species as it has been shown in section 2
for optical absorption and photoluminescence measurements. Consequently, proper isolation of
single nanotubes is fundamental for observing the intrinsic optical properties of carbon nan-
otubes. An efficient way of isolating nanotubes is by dispersing them in a solution with the
help of surfactants. This has been introduced by O’Connell et al. in the pioneering work where
they first reported photoluminescence from SWCNT [123]. The dispersion process usually in-
volves sonication of nanotubes in an aquaeous solution containing a surfactant and subsequent
ultracentrifugation to remove any remaining impurities and bundles. The review of Wenseleers
et al. gives an overview of the effectiveness of various surfactants [91]. Additionally, sorting
techniques like gel chromatography or density gradient ultracentrifugation can be applied to
achieve various results like semiconductor-metal sorting [74], chirality sorting [67] or sorting of
carbon nanotubes with respect to their wall numbers [75]. However, strong sonication has the
drawback of cutting nanotubes i.e. making them shorter, which also alters the optical properties
as it has been shown by Heller et al. that the photoluminescence quantum yield is lower for
shorter nanotubes [154].

Exactly these variations of the solubilization parameters hamper the investigation of DWCNT
PL, as it is mentioned in section 2.2.2. To resolve this problem, several different solubilization
techniques have been applied to pristine DWCNT samples from the same batch [147] with the
outcome of each procedure shown in Figure 3.4:

Procedure A: The DWCNT sample was individualized via ultrasonication in a 2% w/v
sodium deoxycholate (DOC) solution, using a steel tip with a diameter of 1/4 inch, 60W of
power, for 4 hours. The sample was subsequently centrifugated at 10.000 x g for 30 minutes
to remove metallic particles, with a speed low enough to ensure inner tube containment. After
that, the supernatant (50%) rich with isolated DWCNT was collected for further investigation.

Procedure B: The DWCNT sample was individualized via ultrasonication similar as in
Procedure A, but afterwards a first purification treatment by centrifugating at 220.000 x g for
2h was applied to remove non-nanotube impurities followed by the main DGU treatment in a
gradient medium containing varying concentrations of OptiPrep solution (60% Iodixanol in H2O,
Sigma Aldrich) in a 2% w/v sodium dodecyl sulfate (SDS) solution: 40%, 35%, 32,5%, 30% and
27% iodixanol content for 9 hours and 240.000 x g. This is a slightly modified procedure from
the method used by Yanagi et al. [76].

Procedure C: The DWCNT sample was individualized via ultrasonication in a 2% w/v
sodium deoxycholate (DOC) solution, using a steel tip with a diameter of 1/2 inch, 17TW of
power, for 5 hours, followed by the same first purification by centrifugation as well as DGU
treatment as in Procedure B.

Procedure D: Another part of the same sample batch sonicated in Procedure A was cen-
trifugated at 1.000.000 x g for 30 minutes; this is the identical procedure as for the HiPco
SWCNT sample for SWCNT control used in this work and as in [10].

After separation of the layers (be it the supernatant (50%) from Procedure A and D or the
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Figure 3.4: Outcome of different solubilization techniques for DWCNT described in the text
above. Procedure A and D appear very similar, as centrifugation without a gradient most of the
time only removes residual impurities and bundles. The DGU techniques applied in Procedure
B and C give different outcomes depending on the sonication power prior to centriguation: high
sonication power (B) results in two different layers with the top layer containing seperated inner
and outer tubes and the bottom layer containing bundles. Applying low sonication gives two
very different layers. Here, the top layer contains only small inner tubes, whereas the thick layer
contains big inner tubes, outer tubes, not seperated DWCNT and bundles.

individual layers from B and C), Optical Absorption Spectroscopy (OAS) was performed. For
checking the abundance of inner tube species in the pristine sample, photoluminescence spec-
troscopy was performed using a tuneable Dye-Laser coupled into a Nanolog spectrometer.

For analyzing the effect of different post-synthesis heat treatments on the Raman and PL re-
sponse of DWCNT, Procedure A has been applied to all samples. To measure optical absorption
and photoluminescence, the extracted solutions were put in a quartz cuvette.

3.3 Experimental setup for absorption measurements

The measurements of the optical density were always performed immediately after ultracen-
trifugation and right before the photoluminescence measurements. They were carried out with
a Bruker VERTEX 80v Fourier transform spectrometer in transmission geometry, as illustrated
in Figure 3.5. A cuvette containing a nanotube solution was placed in the center of the sample
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(a)

Figure 3.5: (a) Setup for absorption measurements in transmission geometry. The sample is
placed in the focused spot of the sample chamber (light grey). (b) Photograph of the spectrom-
eter.

chamber (light grey) where it is in the focused position of the beam. As a lightsource, a glowbar
lamp (red dot) for the visible/near-infrared range was used, the beamsplitter (green bars) was
made of CaFy and the transmitted light is received either by a Si-detector for visible light (illu-
minated blue box in Figure 3.5a) or a mercury-cadmium-telluride (MCT) detector (left blue box
in Figure 3.5a) for infrared light. The resolution was set to 2cm~! and the visible/near-infrared
range was scanned 100 times; this was sufficient for good reproduceability.

3.4 Experimental setup for photoluminescence measurements

For the PL measurements in this thesis, a NanoLog spectrometer (Horiba Jobin Yvon) was used.
Basically, it consists of several components like an excitation source (Xe lamp), sample chamber
and detectors for visible and near-infrared signals; since the measured nanotubes all emit in
the near-infrared range and the PL of double-walled carbon nanotubes excited by a Xe lamp is
too weak, the detector for signals in the visible range and the lamp were obsolete and external
sources, i.e. laser sources, were used. The setup is illustrated in Figure 3.6:

A sample containing a solution of dispersed DWCNT (details on sample preparation in sec-
tion 3) is placed in the spectrometer. At first, a pump laser (COHERENT, Verdi 5G, Nd:YAG,
A = 532nm) with a maximum light power of 5.35W is used to excite two sorts of passive systems:
FEither a tuneable dye laser equipped with Rhodamin 6G for measurements between 565 and
605nm or DCM (4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran) for mea-
surements between 640 and 680nm, or a Titanum sapphire laser (Ti:Sa) for measurements with
wavelengths A > 695nm. The used laser is guided to the sample to cause PL of the nanotubes.
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Figure 3.6: (a) Sketch of the experimental procedure for the measurements of the photolumines-
cence signal. At first light from the pump laser (Nd:YAG) excites either a tuneable dye laser or
a tuneable titanum sapphire laser (Ti:Sa) (For the latter measurements, the mirrors before and
after the dye laser is removed). The beam is then guided into the spectrometer to the sample.
The part of the near infrared PL signal (dashed red line) which passes through a low pass filter
is then guided to a grating controlling the resolution, from which the signal is guided into an
InGaAs detector. (b) Fotograph of the spectrometer with the sample chamber marked by the
blue wall on the lower left. During measurements, the whole system is closed except directly
above the sample which is excited by an external laser.

The part of the PL signal that passes through the low passfilter (A > 850nm) to exclude the
laser line is then guided through the spectrometer via several mirrors to a grating that enables
to control the resolution. An InGaAs detector is used as a sensor. In theory, wavelengths be-
tween 850 and 1700nm can be detected, however, since the nanotubes are dispersed in a solution
mostly containing HyO, the upper detection limit roughly is 1350nm. The diameter range for
the species that potentially can be measured is therefore limited to an interval of d; =~ 0.6 -
1.1nm.

Excitation intensities and integration times for the measurements were chosen to account
for two points: Detector saturation and compensation of intensity fluctuations. The dye solu-
tion was not perfectly homogeneous and showed little fluctuations during the measurements.
Therefore, the integration time was always set to at least several seconds to minimize this error.
Normalization to integration time and laser intensity was straightforward as the PL signal is
scaling directly proportional to those two values. The laser power was always < 100mW. This
intensity was low enough to avoid problems like nonlinear PL behaviour in the intense excitation
regime caused by exciton-exciton annihilation that would lead to saturation effects in the PL
intensity [193] or a significant broadening in the PL linewidth caused by an increase of exciton
dephasing [139]; both of these effects were not observed. Also, by using a low power heating of
the sample was avoided, since a difference in temperature also results in PL intensity differences
[120], however, the PL intensity stayed constant for all measurements.
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3.5 Experimental setup for Raman measurements

For the Raman measurements in this thesis, a multi-frequency Raman microscopy system
(Horiba LabRAM HR) in backscattering geometry was used as shown in Figure 3.7 (top). In this
system, an external laser (Coherent Innova 70C) with a wavelength of 568nm is coupled into the
spectrometer via several mirrors and filters and focused on the sample with a microsope equipped
with a 50x objective. A moveable mirror enables one to place a camera in the beampath of the
backscattered light, allowing proper focusing of the incident laser beam on the sample. The
Raman shift induced by the sample is then recorded with a CCD detector. The wavelength of
568nm was chosen since it is within the resonance window of the carbon chains.

Camera Grating .
E ZX : CCD
—— —
Microscope —
H Filters !
Objective L]
Sample , Laser
Cryostat - ; -*
Stage "~ spectrometer

Figure 3.7: Top: Schematic of the experimental setup for Raman measurements. The sample is
actually placed inside the cryostat which has an optical window. The beam of an external laser
(black line) is guided first through the spectrometer and several filters, so that the background
is reduced greatly, and then is focused onto the sample with a 50x objective. The backscattered
light (red line) is then guided back to a CCD detector. Bottom: Fotograph of the setup.
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The samples themselves were placed in a cryostat on top of a copper block. This step is
essential since the signal of the carbon chains is temperature dependent [13] so for comparing the
Raman response of differently annealed samples the temperature has be the same for all samples
and was chosen to be room temperature, 295K. The laser power was always 200uW; although
this power was much lower than what is commonly used in Raman measurements, the peak
intensity reached values up to 150 counts per second. Combined with the thermal equilibrium
of the sample, the signal intensity was stable and showed very little fluctuations (less than 1%).
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Chapter 4

Results & discussion

4.1 Purification, separation and extraction of inner tubes from
double-walled carbon nanotubes by tailoring density gradi-
ent ultracentrifugation using optical probes

The following section represents the result section of the paper published in CARBON: ”Purifi-
cation, separation and extraction of inner tubes from double-walled carbon nanotubes by tailoring
density gradient ultracentrifugation using optical probes” [147].

4.1.1 Comparison of the optical absorption spectrum to single-walled carbon
nanotubes

Before analyzing the samples after the DGU treatment, we compare the absorption spectra of
the DWCNT sample not treated by DGU and using a low centrifugation speed (Procedure A)
with the HiPco-sample that mainly contains SWCNT (for ease of comparison, the spectra were
normalized to their optical density at 900nm): In Figure 4.1 we can see that the DWCNT ab-
sorption shows only weak features of the excitonic transitions between corresponding van Hove
singularities in the density of states of inner tubes with diameters between 0.6 and 1nm. The
reason for this lies within the DWCNT structure: For DWCNT, the space between inner and
outer tubes is given by the van der Waals radius which can vary depending on the synthesis
procedure [194]. DWCNT produced by similar CVD processes with comparable diameter distri-
butions as in this work (e.g. [195, 196]) showed values in between 0.33 and 0.41nm, this means
that the outer tube diameters in our samples are between 1.3 and 1.8nm. Early works assigned
the absorption signal in the intervall between 900 to 1200nm to an overlap of the inner tube
E1; and outer tube Egy transition for such a diameter distribution [182, 197]. In the work of
Takoubovskii et al. [153], where a similar diameter distribution is used like in this work, the
outer walls of DWCNT have been exposed to ozone etching to decompose the absorption spectra
of DWCNT to their inner and outer shell contributions. After applying this method it can be
seen that the E;; transition wavelengths of the inner tubes are in the same intervall (between
900 to 1200nm) as the Ego transition wavelengths of the outer tubes. Therefore we can safely
assume that the small size of the peaks in the absorption spectrum of our samples is caused by
the same mentioned overlap of inner tube and outer tube contributions.
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Figure 4.1: Absorption spectra of the pristine DWCNT sample not treated by DGU and using a
low centrifugation speed (Procedure A) and the HiPco SWCNT control. Spectra normalized to
their optical density at 900nm, with the green graph multiplied by 2 for better differentiation.

4.1.2 Abundance of semiconducting inner tube species

For checking the abundance of different species in the DWCNT sample, photoluminescence
spectroscopy was performed. Figure 4.2 shows the line scans of the DWCNT sample from
Procedure A at two different excitation wavelengths, namely 569nm to excite inner tubes with
smaller diameter and 660nm for bigger diameter inner tubes. The PL response shows that the
line scans cover all non-zigzag semiconducting nanotube species with a diameter between 0.65nm
and Inm as also seen by Bachilo et al. [124] (PL emission of zigzag tubes could not be resolved
which is most likely due to their lower PL quantum yield compared to semiconducting species
with bigger chiral angles [126, 198, 199]). We also measured the Raman signal of this solution
that gave us the same results as Kim et al. obtained while investigating on dispersed DWCNT
[159] and additionally, the sample from Procedure A showed a much lower PL intensity when
compared to the SWCNT reference sample (not shown). Combined with the result from the
optical absorption measurement this highlights that the mild centrifugation from Procedure A
is not affecting the diameter-distribution of inner and outer tubes within the sample and we can
see no possible extraction of inner tubes.
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Figure 4.2: PL Line scans at two different excitation wavelengths for the DWCNT sample from
Procedure A. Spectra normalized to their optical density at 900nm.

4.1.3 Selective extraction of inner tubes by density gradient ultracentrifuga-
tion

With this background we can analyze the DGU experiments: As it can be seen in Figure 4.3a, b,
the liquid columns resulting after applying the same DGU procedure to identical samples look
very different from each other. This difference becomes even more remarkable when analyzing
their optical absorption spectra (Figure 4.3c). The green curve shows the absorption spectrum
of the sample prepared by Procedure B. The peaks correspond to the well known Ego and Eq;
transition energies of various nanotubes that can be assigned to the different species with the
widely accepted assignement by Bachilo et al. [124]. Basically all (semiconducting) species with
a diameter in the same range as the inner tubes seen in Raman measurements from [13] can be
seen; the strength and sharpness of these peaks resemble the SWCNT spectrum as in Figure
4.1, as well as the spectrum of separated DWCNT reported by Miyata et al. [29]. In this work,
this behaviour was associated with the extraction of inner tubes of DWCNT due to the sample
preparation by tip-sonication and applying DGU.

In stark contrast to the latter absorption measurement stands the result of the DGU step
from Procedure C, where a lower sonication intensity was applied in the solubilization process
than in Procedure A and B. As it can already be assumed from the violet layer seen in the
bottom left picture in Figure 4.3b which is usually a sign of enrichment of only a fraction of
nanotubes [74], the investigation of this layer by checking its absorption spectrum confirms
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Figure 4.3: Outcome of the DGU process after different sample treatments for the pristine
DWCNT samples by varying sonication parameters. A thicker area at the top with a thin
layer containing all extracted inner tubes whilst the part at the bottom seems to be made out
of the remaining outer tubes (a). A single, violet layer and a black, seemingly homogeneous
distribution of the rest of the material become apparent. The violet layer contains nanotubes
with a diameter < 0.8nm, whereas the other, bigger part contains outer tubes selected by their
metallicity as well as remaining DWCNT (not shown) (b). Optical absorption spectra of the
extracted layers from both procedures after applying the same DGU treatment (c). The shape
and size of the peaks from both procedures look similar to the peaks from the SWCNT sample
in Figure 4.1. The biggest difference however is that some of the bigger inner tubes (d; > 0.8nm)
are missing in Procedure C (marked red) although traces of the (10,2) tubes (d; = 0.88nm) can
be seen. The small hump at 800nm in the black curve is caused by the detector change during
the measurement, whereas the non-marked peaks in the green curve are associated with other
big inner tubes or small outer tubes. Spectra normalized to their optical density at 900nm, with
the green graph being offset by a constant factor for better differentiation.

this assumption. Reminding the abundance of different inner tube species confirmed by PL
measurements (Figure 4.2), several different species are not to be seen in this graph (or at least
too less abundant to be noticed): (7,5) with a diameter d; = 0.83nm, (8,4) with d; = 0.84nm,
and (7,6) with d; = 0.89nm. This gives rise to the question, where in the sample these tubes are:
according to the PL measurement from Procedure A in Figure 4.2 and since all the procedures
have been performed on samples from the same batch, these bigger tubes must be in a lower layer
of the DGU column. Surprisingly, these tubes are not present in a less peculiar layer directly
underneath the violet one as one would expect from the diameter distribution of the former
(ranging from d; = 0.62nm for the (5,4) tubes to d; = 0.80nm for the (9,2) species) but they are
abundant in the more distant thick black layer underneath. For example the (8,4) species with a
very prominent E;; peak at 1124nm in the green curve in Figure 4.3c but without a similar peak
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in the black curve, can be found in PL measurements by exciting the top of the black layer with
their Egy transition wavelength of 596nm, as it is seen in Figure 4.4. Interestingly, these tubes
show also a much weaker luminescence intensity, indicating that these species are abundant as
DWCNT which are expected to have a much lower PL quantum yield than SWCNT from the
layers above (this point is examined in more detail later). On the other hand, smaller diameter
inner tubes are barely to be noticed in this lower layer (e.g. the (6,4), (6,5) or (8,3)), which
is a sign of extraction of these inner tubes from their host tubes and therefore having a lower
buoyant density than the DWCNT in this layer, so that only very few of these species are left
in this area. The latter can be caused by insufficient debundling and therefore protection from
cutting through the sonication process.
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Figure 4.4: Line scans of the PL signal from different layers of the sample treated under Pro-
cedure B, excited at 596nm, the Eqy transition wavelength of 596nm of the (8,4) species. This
‘missing’ species can be seen, although being considerably weaker than other present species.
This can be a hint that in the lower layers of the as-centrifugated sample the nanotubes are
abundant as DWCNT, therefore showing PL of inner tubes. Another interesting part of this
figure is, that the lower layers show only very weak features of smaller tubes like (6,5), (6,4) or
(8,3). Spectra normalized to their optical density at 900nm.

This also applies to other species like the (9,4) (d¢ = 0.91nm) and the (8,6) (d¢ = 0.96nm)
tubes with an Eos transition wavelength near 725nm; this transition can also only be seen for
Process B. The other layers from the DGU process that where not mentioned in both procedures
contain smaller amounts of the species discussed earlier or bundles of nanotubes that are not
showing luminescence. These findings support the argument of inner tube extraction due to the
tip-sonication treatment, but it also implies a diameter-dependant threshold for the cutting and
therefore opening of the DWCNT what greatly influences the outcome after the centrifugation
treatment.
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4.1.4 Analysis of the photoluminescence intensity difference from double-
walled to single-walled carbon nanotubes

An interesting part in the discussion on DWCNT PL is the emission intensity of the inner tubes.
Factors range in the literature from being weaker in comparison to SWCNT by a factor of at
least 10.000 [8], or about a factor of 700 weaker [148] up to almost equal signal strength [151].
Tsyboulski et al. [8] compare the emission of two different layers of a DGU column to determine
the difference in the PL quantum yield of DWCNT compared to SWCNT. The SWCNT origin is
assigned to be only from residual SWCN'T that survived the oxidation process and not extracted
inner tubes from the centrifugation process. Extraction of inner tubes though can either enrich
the number of emitters in a DGU layer (by moving to top layers) or deplete it (seen from a lower
layers perspective) so this process can severely alter the abundance of discrete species within
different layers. Koyama et al. [148] take a different path by analyzing the PL relaxation times
of DWCNT compared to SWCNT. For their calculations, they equalized the relaxation rates of
radiative and non-radiative decay processes from SWCNT to their DWCNT counterparts. How-
ever, this has to be questioned since the environment for a SWCNT is rather different than for a
DWCNT, and environmental effects were shown to be of vital importance for the determination
of luminescence decay rates [6, 129].

As mentioned in Figure 4.4, the PL signals in the black curve with smaller emission wave-
lengths than the (7,5) species (i.e. with d; < 0.8nm) are barely distinguishable against the
background although being already amplified by a factor of 50. The very faint signals of the
(8,3) (d¢ = 0.78nm) and the (6,5) (d; = 0.76nm) species can be understood as signals from
tubes that have not been extracted and/or isolated completely. However, in our case, we chose a
very mild form of purification for the pristine DWCNT sample to preserve the original DWCNT
structure in Procedure A. For the normalization of the optical density that is crucial for a valid
comparison between different samples as it gives an estimate on the number of emitters in the
sample, we took the value of the optical density at 900nm. To finally compare the various PL
intensities, we took the intensity of the (6,5) species which has a excitation wavelength of 569nm,
because it is one of the most prominent species within the samples as well as it is abundant in
both of the marked layers from Procedure B and C as seen in Figure 4.3. The difference in the
intensity of the (6,5) inner tube species within the pristine DWCNT to these layers from each
DGU experiment is approximately a factor of 50, as seen in Figure 4.5. It is unambiguous that
for the PL process in Procedure A far more nonradiative decay channels after Eqo excitation are
available than for Procedure B and C.

The possible physical processes involved in PL quenching and their eventual impact on the
PL intensity are not yet fully understood. The work of Shen et al. [200] gives an overview of
different mechanisms that could explain this effect. The overall electronic structure of a DWCNT
resulting from the inner and outer tube contributions can be rather complicated and vary heavily
for each DWCNT, since it depends on several different factors like inter-wall distance, curvature,
coupling strength, commensurability, metallicity of the outer tube, etc.

However, in Figure 4.5 it is clearly seen that PL from Procedure A is severely quenched in
comparison to PL from Procedure B and C, where DGU was applied. This is a strong indication
for the extraction of inner tubes from their outer tube hosts in the DGU process, whereafter
quenching mechanisms induced by the presence of the outer tubes are eliminated.

The follow-up question is, whether applying DGU is essential for the extraction process or
if inner and outer tubes are already separated before the centrifugation process. It has been
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Figure 4.5: Line scans of the PL signal from the different centrifugated samples with an excitation
wavelength of 569nm, the Eqy transition wavelength of the (6,5) species (Emission Wavelength
~ 985nm). Spectra normalized to their optical density at 900nm.

mentioned in previous works that sonication alone can lead to extraction of inner tubes from
DWCNT due to simultaneous opening of the host nanotube and ’shaking’ of the DWCNT, where
the inner tube is extracted since the frictional force between inner and outer tube is insignificant
small [29, 201]. In that case, centrifugation at high speeds without a gradient medium as in the
DGU process should be sufficient to remove remaining DWCNT, bundles, etc. due to their highly
different buoyancies, leaving a sample consisting only of SWCNT. These, in return, should show
(at least) a similar PL intensity than the extracted tubes from the DGU process. However, this
is not the case. Applying the same centrifugation technique from the HiPco SWCNT sample
to the DWCNT sample (Procedure D) leads only to a minor amplification of the PL intensity
when compared to the pristine DWCNT sample (Procedure A), as seen in Figure 4.6.

This can be explained by the lack of a selective gradient surrounding the opened DWCNT in
the centrifugation process. The surrounding medium of Procedure A and D is a homogeneous
DOC solution, so no density differences that could act as a pulling force to the inner tubes are
present, thus leaving either individualized DWCNT in the sample and/or SWCNT that were
extracted by chance. However the case is, the resulting PL intensity differs strongly from the
DGU processed nanotubes, with at least an order of magnitude difference in the PL intensity of
those procedures. These findings, along with the differences seen in the DGU procedures as well
as the difference from using a gradient medium or not, suggest, that strong ultrasonication and
density-gradient ultracentrifugation are two essential complementary steps in achieving inner
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Figure 4.6: Line scans of the PL signal from the different centrifugated samples with an exci-
tation wavelength of 569nm, comparing the PL intensity from samples being treated by DGU
(Procedure B) or not (Procedure A and D). Spectra normalized to their optical density at 900nm.

tube extraction of DWCNT samples.

Concommitant to previous studies by Miyata et al. [29] we found strong indications for
inner tube extraction from DWCNT caused by the aforementioned solubilization techniques.
We additionally confine that this process is strongly dependant on the parameters for sonication
and centrifugation as well as on the tube chirality and separation of inner and outer tube. Our
results indicate that by applying a lower sonication power to the sample prior to the DGU
process, bigger DWCNT, that also have bigger inner tubes, are not opened in this process
and therefore its inner tubes are not susceptible to extraction in a subsequent application of
DGU. This can be explained by a higher mechanical stability of bigger tubes due to their lower
curvature compared to smaller tubes. These results in return confine a pathway on how to avoid
inner tube extraction in order to study the intrinsic PL response of inner tubes of DWCNT. We
found strong evidence for a final proof that inner tubes of DWCNT are capable of exhibiting
PL.
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4.2 Enhancing the photoluminescence quantum yield by con-
trolled growth of long linear carbon chains inside double-
walled carbon nanotubes

The following section represents a summary and discussion of experiments performed on DWCNT
filled with linear carbon chains with the publication of the results being in preparation.

These experiments can be seperated in three parts as it is indicated by the sample prepara-
tion described in chapter 3: Raman measurements of the annealed samples in solid form in a
cryostat, optical absorption spectroscopy performed directly after solubilization and eventually
photoluminescence spectroscopy.

4.2.1 Raman spectroscopy of double-walled carbon nanotube samples an-
nealed at different temperatures
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Figure 4.7: RBM of DWCNT annealed after synthesis in high vacuum at different temperatures
[13]: All spectra were normalized to the G-Line and an offset of 7.5% was added for clarity.
Samples were excited with a 568.2nm laser. The dotted lines denote shifts in the peak positions
of all annealed samples compared to pristine DWCNT.

Figure 4.7 shows the result of measuring the RBM for differently annealed DWCNT as
investigated in our recent study [13]. The signals reveal a broad diameter distribution for inner
and outer tubes, with the diameters of the tubes given by equation 2.3 introduced in section 2
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Filling of DWCNT with linear carbon chains (LCC) is achieved by post-synthesis annealing
at temperatures that can be as low as 900 °C. The shift in the peak positions for the annealed
samples compared to the pristine sample indicates an interaction between the DWCNT and
the LCC. At the lowest growth temperatures most peaks are downshifted but the positions
“recover” by increasing the growth temperature and eventually show an upshift at 1500°C.
This can be related to the chain length distribution within the sample: at 900°C only short
chains are produced. Excess charges of LCC able to interact with the nanotube are located
at the chain ends [11, 105, 106], introducing the mentioned frequency downshift of the RBM.
Raising the thermal energy leads to the growth of the chains so that less chain ends are abundant
in the sample and the peak positions shift back to their original values. At the highest growth
temperatures all carbon atoms available for LCC synthesis are already incorporated into the
latter. The upshift of the RBM frequency here can be explained in a way that few short chains
might already be present in the pristine sample, inducing a smaller downshift than the LCC
inside the 1500°C sample. The overall temperature dependence of the RBM is a first hint
for a mechanical coupling between carbon chains and the nanotube sidewall which is consistent
with pump-probe experiments using our samples that are currently investigating this correlation
[202]. It is further supported by the correlation for the resonance condition of the RBM and the
LCC [13].

The focus of this part of the thesis lies on the linear carbon chains inside the inner tubes of
the DWCNT. An excitation energy of 2.18¢V (568nm) allows to detect different chain lengths as
it is close to the bandgap of long [13, 203] and short LCC [104]. Therefore, this laser was used
to analyze the different contributions of the various chain lengths to the total LCC signal (More
discussion on the resonance window of LCC at the end of this section). The Raman response
of the G-Band and the LCC is plotted in Figure 4.8 with all signals being normalized to the
intensity of the G-Line. Interestingly, the shape of the latter is only altered considerably at
growth temperatures higher than 1460 °C as two extra peaks (denoted by the roman numbers I
and III) appear as shoulders of the main peak (II) that slightly diminish at even higher growth
temperatures. A possible explanation of this phenomenon is a local change of the nanotube
hybridization due to an increased interaction between long LCC and the nanotube sidewall
[13]. These measurements were performed in a thermalized cryostat ensuring a constant (room)
temperature. This is of special importance as the chain signal is strongly temperature dependent
and the laser used for Raman measurements (power 200pW) induces sample heating [13]. When
such effects can be excluded, the shape and size of the carbon chain signal depends solely on
the annealing temperature.

The frequency of the observed Raman shift is strongly connected to the chain length as long
chains have been shown to exhibit smaller shifts than short chains [187, 188, 204]. These results
were obtained by inserting polyynes of known length (between 8 and 16 carbon atoms) inside
SWCNT or DWCNT and the frequencies were in a range of ~ 1950cm ™" to 2200cm~!. For very
long LCC Raman shifts around 1830cm ™! and 1850cm ™! were found by several groups although
in most cases no explicit chain length was assigned to this frequency (e.g. [98, 103, 205, 206])
which indicates that the frequency saturates in this range. Consequently, the transformation of
the carbon chain lineshape can be explained by different chain length contributions within the
samples: at 1370°C the main peak ”leans” to the right i.e. to higher frequencies, indicating
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Figure 4.8: G-Band and carbon chain signal of double-walled carbon nanotubes annealed in high
vacuum at different temperatures. All spectra were normalized to the intensity of the G band.

that this sample consists of relatively many ”short” chains compared to the other samples. This
aspect changes by increasing the growth temperature to a more symmetric lineshape for the
samples annealed at 1400°C and 1430°C and at even higher temperatures a small shoulder
appears at ~ 1830cm ™.

To evaluate the contributions of the different chain lengths to the overall signal a lineshape
analysis was performed. This can be executed in different ways and is illustrated in Figure 4.9
for the sample annealed at 1480°C. For the following discussion the values of 1845cm~! and
1855cm~! were chosen to qualitatively distinguish between long (red), average long (green) and
short chains (blue). The first method (Figure 4.9a, ”Model 1”) corresponds to the procedure of
Fantini et al. [203] who fitted their spectra with a set of Lorentzians that had a shared linewidth
of ~ 10cm™!. For the present sample this leads to four independent peaks. The fit (black line)
reveals several deviations from the original signal as it does not pass through the measured
positions (center of the circles) on several points along the graph; the fitted curve is flatter
around 1830cm™! but steeper between 1840cm ™' and 1845cm~! than the observed datapoints
and for the signal around 1865cm™"! the fit is above the measured values. Furthermore, the
chain signal shows much more fine structure at temperatures below 100K so that the graph can
not be reproduced by such a low number of peaks [13].

The major drawback of this method is that there is no physical model backing it up. As
mentioned above, differently long LCC exhibit different Raman shifts [187, 188, 183] which
means that by using this fitting procedure only four different chain lengths are present in the
sample. Within the diameter distribution of inner tubes for our samples, ranging from 0.65nm
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to Inm determined by measurements of the RBM as well as optical absorption [147], there are
more than 20 different tube diameters present supposed to produce these four different LCC
lengths. This is not a realistic assumption for the whole system as there is no obvious limiting
factor for such specific numbers. Therefore, this method was left disregarded for the analysis of
the samples in this thesis.

In the same way a fit with a continuous and quasi-infinite number of peaks ("Model 27) is
not realistic although it technically fits the measured curve as illustrated in Figure 4.9b. First,
the number of carbon atoms obviously has to be an integer and second it has to be even so that
the chain is terminated with the thermally more stable triple bond. Consequently, the LCC
signal must originate from discrete LCC length contributions.
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Figure 4.9: Fitting procedures for the LCC Raman response of the sample annealed at 1500 °C,
qualitative limits for the definition of long (red), average long (green) and short chains (blue)
were set to 1845cm ™! and 1855cm~!. (a) Model 1: Method introduced by Fantini et al. [203]
with linewidths of ~ 10cm ™! which results in four independent peaks. (b) Model 2: Fit with a
continuous chain length distribution i.e. infinite number of possible frequencies. (c¢) Model 3:

Fit with discrete peaks sharing a linewidth ~ 3cm™!.
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The model that was used in this work to fit the obtained signals can be described as follows:
The size of the Raman shift observed for LCC depends mainly on the carbon chain length.
Environmental effects can alter the position of a single chain length since a charge transfer can
induce an additional shift [183] but is only treated as a weak influence. The encapsulation of a
LCC with specific length inside inner tubes with different diameters can lead to small differences
in the peak position due to the different confinement of the nanotubes. This is based on a similar
effect observed for the splitting of the RBM from inner tubes being resident inside different outer
tubes [38]. The Raman response was fit by a set of Voigtians that correspond to a Gaussian
convolution of Lorentzian curves, reflecting a statistical distribution of inner tube diameters
within the sample ("Model 3", Figure 4.9c). The coherence lifetime of each contribution was
assumed to be equal for different chain lengths, so the Voigt curves had a shared line width (=
3cm~! which is close to the spectral resolution of 2cm™! set in our experiments). By doing so
the signal could be fitted very well with 34 independent peaks (Exact values and positions of
the peaks can be found in the appendix).

This procedure was performed for all annealed samples. The size change of the different
peaks compared to the total LCC signal then reflects a variation of the chain length distribution
depending on the growth temperature. In Figure 4.10 the integrated area coverage of the con-
tributions from the different chain lengths to the overall signal as a function of the temperature
is plotted.

To interpret these results the following model is proposed: At low temperatures (1370 °C)
the length distribution of LCC is more random as in some tubes of the sample the concentration
of carbon atoms usable for chain formation was higher in the beginning by chance, facilitating
the process. Increasing the temperature to 1400 °C enables the growth of short and average long
chains. At even higher temperatures long chains can be formed which shows a maximum of the
contribution to the LCC signal at 1460 °C. This temperature appears to be the highest possible
temperature for the growth of long chains as surpassing this temperature leads to a reduction
of the long chain contribution. It indicates the decomposition of the latter so the number of
short and average long chains increases at 1480 °C. Here an optimum absolute number of LCC
must be present within the sample in terms of resonance behaviour so the signal reaches a high
intensity (3 times the intensity of the G-Band) as shown earlier in Figure 4.8. By further raising
the growth temperature the decomposition of long chains proceeds although short chains still
might be able to form average long chains so that this contribution increases.

Now we have to validate the approach of Model 3 by testing side effects of the Raman
response which might lead to a modification of the LCC signal. One obvious factor is the
alteration in the resonance Raman condition due to the change in the energy gap transitions of
the LCC as function of the chain length [186]. In order to check this factor we performed multi
frequency Raman measurements with a tuneable dye-laser (Rhodamine 6G) [13]. The Raman
response of a DWCNT sample annealed at 1480 °C excited with lasers of different excitation
energies is plotted as a Raman map in Figure 4.11. The signal of all energies was normalized
to the intensity of the G-Line (= 1 in the coloured plot) which has an (almost) constant shape
for the whole excitation window and the main peak is located as expected for nanotubes at ~
1590cm~'. The signal of the carbon chains themselves can be seen on the high frequency side of
the Raman map. The difference in the intensity of the LCC for the sample annealed at 1480 °C
seen here (= 1.4) compared to the value observed in Figure 4.8 (= 1.4) can be attributed to
the experimental procedure. The dye laser had a constant output power before the sample of
2mW which causes local heating as the sample was not placed in a thermalized cryostat for
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these measurements. This leads to a decrease of the intensity since the Raman intensity of LCC
is temperature dependent [13]. The three dotted white boxes denoted by the integers 1,2 and
3 mark different contributions to the overall chain response and vertical line scans right of the
Raman map show the intensity profiles of these contributions along the central axis of the boxes.
These profiles were created to investigate the resonance behaviour of differently long LCC (as
the length of the chains is reflected by the Raman shift). The first vertical line is attributed
to long chains since it has the lowest Raman shift. The signal is fairly constant for almost all
used excitation energies with a small maximum at 2.08¢V (596nm) indicating that the resonance
window of these chains is very broad. Box number 2 is related to ”average long” LCC showing a
strong maximum at an energy ~ 2.18eV and box number 3 represents the "short” chains within
the sample. For the latter, the resonance window could not be resolved fully due to the limited
range of the laser system. The progression of the curve foreshadows that the maximum of this
type of LCC can be found at an excitation energy slightly larger than 2.2eV. These values are
close to the ones observed by resonance Raman profile measurements of long chains by Fantini
et al. who found a resonance maximum at 2.2eV [203] but also for short chains, namely C1oHa
inside DWCNT, observed by Moura et al. [104]. This off-resonance for the short chains may
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lead to an underestimation of the absolute number of short chains within the sample, however,
as the 568nm laser was used for all samples this error is constant and therefore does not change
the ratio of this contribution between different samples.
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Figure 4.11: Raman map of a DWCNT sample annealed at 1480 °C, all single spectra normalized
to the G-Line at ~ 1590cm ™! with its intensity in the colour bar set to 1. The signal of the
carbon chains with the main peak ~ 1850cm™! can be separated in 3 parts, long, average
long and short chains as discussed earlier; quantitative assignment of the chain lengths will
be discussed later in the text. Vertical intensity profiles along the center of the white, dotted
boxes of these contributions plotted right to the map. The white horizontal bar (black in the
profiles) marks the energy of the laser used for the line shape analysis of the chain signal for the
differently annealed samples, corresponding to a wavelength of 568nm.

The chain length distribution within the samples is of great importance for analyzing the
effect of the LCC on the photoluminescence behaviour for the differently annealed samples later
on in this chapter. The excess charges are located at the chain ends [11, 105, 106] and this effect
becomes stronger with increasing chain length [12]. On the other hand, some inner tube species
are better suited for the growth of long chains than other chiralities because of their diameter,
so the chain lengths can be different for tubes of unequal size. Therefore, a variation of the PL
signal depending on the inner tube diameter might occur.

As a last point in the analysis of the Raman response from the LCC an estimate on the
actual chain length is performed. The work of Yang et al. [183] gives a theoretical approach to
evaluate the frequency behaviour for the Raman shift of differently long LCC and is plotted with
the black curve in Figure 4.12. They calculated the Raman active optical frequencies of polyynes
with first-principles methods and used a hybrid linear /exponential scaling scheme for simulating
the behaviour of the carbon-carbon bond stretching force constant couplings. The frequency
saturation for long chains is found to occur at 1870cm™! which is close to the above mentioned
values. Still, it is only on the edge of the highest observed Raman shift for the samples used in
this thesis marked by the dotted black lines and also the experimentally evaluated frequencies of
short polyynes inside SWCNT could not be reproduced. This can be attributed to the fact that
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environmental effects were not included in the used model. Such effects have to be considered
since the potential energy of the otherwise very reactive LCC is lowered remarkably by the
insertion into a nanotube [101]. Wakabayashi et al. have shown that the Raman shift of the
C1oHs inserted into a SWCNT is 62cm ™! lower than the frequency observed for the same chain
in a solution of hexane [187]. To model the frequency observed for chains inside DWCNT in
this thesis, this difference of 62cm™! was used as a first attempt to incorporate environmental
effects in the model of Yang et al. and is illustrated by the green graph in Figure 4.12 which is
downshifted as a whole compared to the black curve.
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Figure 4.12: Model calculations for the Raman shift of LCC as function of the chain length by
Yang et al. (black curve) [183]. The same model fit is either shifted energetically downwards
by 5lecm~! (blue curve) so that the lowest observed frequency in Raman measurements in this
thesis matches the longest chain length seen in HR-TEM measurements (red dashed line) [13],
or by 62cm~! which is the difference in the Raman shift of C19H> molecules inside SWCNT and
hexane observed by Wakabayashi et al. [187]. Added to this model are experimentally evaluated
Raman shifts for polyynes of known size inside SWCNT by Wakabayashi et al. [187], Malard et
al. [188], Moura et al. [104] and Zhao et al. [98].

In this way, the theoretical prediction is closer to the values observed for different polyynes in-
side SWCNT [187, 188] and fits well for the values reported for C1oHg molecules inside DWCNT
[98, 104]. It can also be used to roughly estimate the number of carbon atoms linked together for
the LCC signal observed for the samples used in this work and is 30 for the highest and 66 for the
lowest frequency. Admittedly, these values can only be seen as a minimum boundary since chain
lengths including at least 150 atoms have been observed in HR-TEM images for similar samples
from our group [13]. To account for this deviation, another model was established as the blue
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curve in Figure 4.12 is downshifted from the black curve only by 5lcm~!. This value was taken
so that the fit from Yang et al. matches the lowest observed Raman frequency of carbon chains
observed in this thesis and HR-TEM measurement. In this way, the highest observed Raman
frequency corresponds to a chain length of 32 atoms. The difference in the assigned chain length
between the two models giving the green and the blue graph unambiguously demonstrates that
environmental effects such as encapsulation of LCC in carbon nanotubes are not negligible for
the correct length assignment. Although the assigned chain lengths for the highest Raman fre-
quency are quite similar (32 and 30), a strong dissonance is revealed for the lowest frequency
(150 and 66). The divergence between these values might arise from the interaction of the LCC
with the nanotube; Cahangirov et al. predicted in a theoretical study that the excess charges
of the chains which are located at the end of the LCC grow as the chain becomes longer [12].
This could lead to an upshift of the Raman frequency counterbalancing the downshift due to an
elongation of the chains. A theoretical model that accounts for environmental effects is currently
in preparation.
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4.2.2 Optical absorption spectroscopy of filled double-walled carbon nano-
tubes in solution
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Figure 4.13: (a) Comparison of the absorption spectra from DWCNT (blue) and SWCNT (grey)
in solution [147]. (b) Spectra of suspended pristine (black) and DWCNT samples filled with
linear carbon chains grown at different temperatures. Spectra were normalized at the minimum
between the Ei; and Ego at 900nm to the same optical density.

After the Raman measurements all samples were solubilized to elucidate on their optical
properties. The parameters of the procedure on how homogeneous DWCNT suspensions are
received are of uttermost importance for the absorption and the photoluminescence of DWCNT.
Strong sonication and subsequent application of density gradient ultracentrifugation (DGU)
leads to the extraction of inner tubes [29, 147]. There are also strong hints that carbon chains
can be extracted if DGU is applied and that this process is diameter dependent [207] which
is currently under investigation. Consequently, for evaluating absorption and luminescence be-
haviour of DWCNT filled with linear carbon chains it is crucial to prohibit the separation of
outer tubes, inner tubes and LCC. In order to exclude these unwanted effects all samples were
solubilized by tip sonication in an aqueous solution of 2% w/v sodium deoxycholate and purified
by centrifugation without a gradient medium and 10.000 x g for 30 minutes. This corresponds
to Procedure A described in chapter 3 which has been shown in our study that it does not lead
to the extraction of inner tubes [147].

Before analyzing the effect of filling DWCNT with LCC on the optical properties, the ab-
sorption spectrum of pristine DWCNT has to be recapitulated. As reported features of the
excitonic transitions between corresponding van Hove singularities of DWCNT are strongly at-
tenuated in comparison to SWCNT (e.g. [8, 29, 147, 208)]), illustrated in Figure 4.13a. This is
attributed to tube-tube interactions and the overlap between inner and outer tube contribution
to the absorption spectrum. The DWCNT samples used for the growth of linear carbon chains
in this thesis are made by an identical synthesis procedure and therefore the same assignment
can be used.

In Figure 4.13b the absorption of DWCNT annealed at different temperatures is plotted after
normalization to the minimum optical density between Eq; and Ego at 900nm (same procedure
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Figure 4.14: (a) Absorption spectra of SWCNT filled with ferrocene taken at different stages of
the filling process (after [10]). The Eq; signal of some tubes is enhanced which is marked by the
grey area. (b) Absorption spectra of all samples used after normalization and background sub-
traction. The indices i and o represent contributions of inner and outer tubes. (¢) Comparison of
the absorption spectra from pristine DWCNT and the samples annealed at 1400 °C and 1480 °C.
Similar as for the ferrocene example the E1; of several species (marked grey) is enhanced by the
presence of LCC. (d) Chain length distribution observed in Raman measurements discussed in
the previous section.

as applied in [147]). The spectra of the latter exhibit more pronounced peaks than the pristine
sample as these samples are filled with linear carbon chains. Incorporation of e.g. ferrocene in
the hollow space of SWCNT has been shown to alter the optical properties of their host tubes
[10]: illustrated in Figure 4.14a is the developement of the optical response of HiPco SWCNT
for different stages in the filling process. Ferrocene enhances the optical response of nanotubes
depending on the tube-diameter and this is marked grey in Figure 4.14a.
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To analyze the absorption spectra of the annealed DWCNT they were first normalized at
the minimum between the E1; and Esg at 900nm to the same optical density before background
subtraction of the high energy contribution was performed as discussed in section 2.3.1. The
result of these procedures can be seen in Figure 4.14b. The size and shape of the Ei; peaks
of the inner tubes change for all filled DWCNT compared to the pristine sample. For example
the signal of the (7,5) species is much more pronounced, also the (8,3) and (6,5). The strongest
influence of the LCC is observed for the sample annealed at 1400 °C. This illustrates that the
incorporated linear carbon chains affect the optical properties of DWCNT. Figure 4.14¢ places
more emphasis on this change: Here, the focus lies on the absorption spectra of the pristine
sample, the samples annealed at 1400°C and 1480°C. The latter is of special interest since
this sample exhibited the strongest intensity of the LCC signal in Raman measurements as
discussed in the previous section. The E1; peaks are slightly more pronounced than the pristine
sample as marked by the grey areas but they are weaker compared to the DWCNT filled with
carbon chains grown at 1400 °C. This is a first hint that the chain length distribution plays an
important role for the effect of the LCC on the optical properties of DWCNT (shown in Figure
4.14d). While the DWCNT annealed at 1480 °C contain more long chains, the LCC grown at
1400 °C are more of short and average length. This indicates that short carbon chains play an
important role for the intensity increase of the Eq1 peaks in contrast to their longer counterparts.
Another interesting feature is the peak around 1120nm that represents a superposition of the
Eq;1 excitonic transition of the (8,4), (7,6) and (9,4) species. The shape of this peak is rather
unsymmetric for the pristine sample but changes its appearance for the annealed samples. The
underlying reason for this alteration might be a diameter selective influence of the LCC on the
inner tube’s optical properties.

The intensity increase observed in optical absorption measurements for peaks of excitonic
transitions can be understood as a result from a charge transfer between LCC and inner tube.
For SWCNT it has been shown that doping (e.g. by the surfactant) leads to a decrease of
the intensity of absorption features as it depletes the number of electrons in the valence band
and induces a shift of the Fermilevel [10, 209, 210]. Filling with ferrocene on the other hand
compensates for this doping, increasing the Ei; absorption intensity. The same process can
be postulated for DWCNT filled with LCC: Excitonic transitions of inner tubes are strongly
attenuated compared to SWCNT (Figure 4.13a) due to doping by the outer tubes. The LCC
induce an opposite charge transfer to the inner tube, compensating the outer tube influence and
therefore increasing the Eq; intensity. However, a detailed analysis of the correlation between
the absorption spectra and the chain length distribution for all observed species filled with
chains grown at several different temperatures is complicated by the overlap of inner and outer
tube contribution. To further investigate on this issue, photoluminescence spectroscopy was
performed on the same solubilized samples. Since the PL response of the inner tubes also
strongly depends on their absorption cross section [127, 211] an enhancement of the PL emission
pathways can be expected.
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4.2.3 Photoluminescence spectroscopy of double-walled carbon nanotubes
filled with linear carbon chains

Photoluminescence spectroscopy has the advantage over absorption spectroscopy that specific
chiralities can be addressed directly [197]. By exciting the nanotubes with light of a wavelength
corresponding to their Koo transition energy they subsequently exhibit maximum emission at
a wavelength corresponding to their Ei; transition energy. In this way samples subjected to
different procedures can be compared. A PL map of a pristine DWCNT sample is shown in
Figure 4.15:

Excitation Wavelength [nm]

900 1000 1100 1200 1300
Emission Wavelength [nm]

Figure 4.15: PL map of pristine DWCNT. The black circles mark the area of the strongest
intensity for a given inner tube denoted by its (n,m) values. For wavelengths above 680nm the
intensity was multiplied by 5 due to the low PL emission of these chiralites.

The resonance maxima of 9 different semiconducting nanotube species could be evaluated
and the position of each chirality is given in Table 4.1. These values are close to reported
resonance wavelengths of suspended SWCNT obtained by several groups (e.g. [10, 171, 197])
and did not vary significantly (within the spectrometer accuracy of 0.5nm) for all samples. The
intensity observed in a PL measurement depends on the magnitude of the PL process being
quenched by external factors. As shown in section 4.1 and reference [147], the PL efficiency of

Chirality 60 [ 65 [ (33) [ (75) [ 34 [ (102)] (7.6) [ 08 | (3.6)
Diameter [nm] 069 | 0.76 | 0.78 | 0.83 | 0.84 | 0.88 | 0.89 | 0.91 | 0.96
E5; resonance [nm] | 587 | 569 | 670 | 647 | 595 | 742 | 652 | 727 | T24

Table 4.1: Observed Ego resonance wavelengths of inner tube species within the range of the
used setup. The accuracy of the spectrometer is 0.5nm.
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inner tubes of DWCNT compared to SWCNT is very low which is illustrated in Figure 4.16.
The difference of the PL intensity for the (6,5) species was found to be up to a factor of 50 lower
for DWCNT. PL of inner tubes from DWCNT is strongly affected by tube-tube interactions
between inner and outer tube that increase the number of nonradiative pathways for exciton
energy relaxation. This factor in return can severly be altered by the sample preparation for
solubilizing the nanotubes. In the same report we found that by applying density gradient
ultracentrifugation after sonication to the nanotube suspensions, inner tubes can be extracted
from their outer tube hosts, increasing their PL quantum yield dramatically [147]. Therefore,
to elucidate on the effect of linear carbon chains being incorporated in DWCNT on the PL
properties of the latter, the technique corresponding to Procedure A in the experimental section
was chosen to exclude an extraction process (tip sonication in an aqueous solution of 2% w/v
sodium deoxycholate and purification by centrifugation without a gradient medium and 10.000
x g for 30 minutes).

6
] & g, = 569NM
) (6,5) Resonance
54 —— SWCNT (x 0.1)
| ——DWCNT

Normalized PL Intensity [x Inwcw]

T T T T
1000 1100 1200 1300
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T
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Figure 4.16: Comparison of the PL intensity for the (6,5) tubes as SWCNT (blue) and inner
tube of a DWCNT (black) with the latter showing much lower PL intensity. Adapted from [147].

For an evaluation of the luminescence behaviour of DWCNT filled with linear carbon chains
each species for each sample was measured with an excitation wavelength corresponding to its as
mentioned Ego resonance. The Figures 4.17a-c show three examples of the numerous PL spectra
taken for pristine DWCNT and the samples annealed at 1400 °C and 1480 °C representing filled
DWCNT. These growth temperatures for the LCC were chosen in this context as the 1400°C
annealed sample showed the strongest change in the absorption spectra as discussed in the
previous section and the 1480 °C annealed sample exhibited the strongest intensity of LCC in
Raman measurements. The first line scans in Figure 4.17a investigate the change in the PL
signal of (6,5) tubes with a diameter d; = 0.76nm. The intensity of this chirality is amplified
greatly for the chain filled samples compared to pristine inner tubes. From the intensity of
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Figure 4.17: Photoluminescence line scans of different species. Spectra were normalized at the
minimum between the E1; and E9g at 900nm to the same optical density observed in absorption
measurements as well as to the same laser input power and integration time of the PL signal.
The intensities are further normalized to the intensity of the selected species being in resonance
for pristine DWCNT so that Ip,istine = 1. (n,m) assignment performed on the work of Bachilo
et al. [124]. PL line scan at (a) 569nm, the resonance of (6,5) tubes. (b) 670nm, the resonance
of (8,3) tubes and (c) 742nm, the resonance of (10,2) tubes.

the sidepeaks, i.e. tubes that are not in resonance with the incident laser wavelength it is
already foreshadowed that for different species other growth temperatures for the carbon chains
lead to the strongest PL intensity. This becomes apparent when other species are measured at
their Ego resonances. For e.g. the (8,3) inner tubes with d; = 0.78nm the sample annealed at
1400 °C gives the highest intensity and the same observation is done for the (10,2) species with
with d; = 0.88nm. Furthermore, the (8,3) filled with LCC grown at 1400 °C species exhibits
the strongest PL signal for inner tubes of DWCNT investigated in this thesis which indicates
a diameter-dependent optimum of nanotube-chain interaction for PL amplification. In order
to quantitatively analyze the PL response a line shape analysis (example illustrated in Figure
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4.18a) for all spectra was performed to evaluate the correct PL signal of the species being in
resonance since other species might give overlapping contributions (e.g. the (6,5) next to the
(8,3)). The results obtained in this analysis are depicted in Figure 4.18b, 4.19a and 4.20 (Error
bars were not included, as the maximum error was always within £+ 0.1 of the amplification
value).
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Figure 4.18: (a) Fitting procedure for all samples illustrated on the example of the (8,3) species
annealed at 1400°C. (b) Fitted intensity of each investigated species as function of the LCC
growth temperature and chirality.

Measuring the 9 different species observed in the PL map (Figure 4.15) for all samples at their
respective Eog resonance wavelength and comparing their intensity to the pristine sample gives
two types of correlations: First, the PL amplification as function of the tube diameter is shown
in Figure 4.19a for three representative samples. The amplification reaches a maximum for the
(8,3) species with a diameter of 0.78nm for all samples annealed at temperatures < 1480°C
(here only 1400°C, red curve, and 1480°C, green curve, is shown for clarity), for the 1500 °C
(blue) and 1530 °C sample (not shown) the (6,5) species exhibits a maximum in the amplification
(Plots of the PL from DWCNT filled with LCC grown at other temperatures are shown in the
Appendix). The appearance of a diameter-dependent optimum in the PL amplification is similar
to the PL enhancement of SWCNT filled with ferrocene as observed by Liu et al. [10] (black
curve). There the amplification of the PL intensity was attributed to a local charge transfer
between ferrocene molecule and the nanotube sidewall which is depending on the tube diameter
and can only be observed for SWCNT with a diameter larger than 0.9nm due to the size of
ferrocene. In the present case of LCC inside DWCNT the effect might be similar in nature as
the excess charges on the end of a LCC interact with the inner tube [11] leading to an optimum
of the charge transfer at a specific tube diameter. The position of the optimum diameter can
be linked to the ability of different inner tube species to form LCC which is connected to the
ability of nanotubes to actually incorporate carbon atoms. The minimum nanotube diameter
for doing so can be estimated from the van der Waals (vdW) radii of the carbon atoms of both
the nanotube wall and the chains in the center (sketched in Figure 4.19b, top). The typical vdW
radius of carbon is 0.17nm if no charge transfer is involved. The minimum diameter for insertion
of carbon atoms into a carbon nanotube then would be 4 x 0.17nm = 0.68nm. This is only the
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Figure 4.19: (a) Amplification of DWCNT filled with carbon chains as function of the inner tube
diameter. Growth temperatures: Red = 1400 °C, green = 1480 °C and purple = 1500 °C). The
appearance of a diameter-dependent maximum is similar to the observation of PL amplification
found for SWCNT filled with ferrocene, black curve [10]. (b) Top: Minimum distances between
the carbon chain atoms (black dot) and the inner tube wall given by the van der Waals radius
ryaw (dashed lines and black arrow) of carbon. Bottom: Minimum interlayer distance between
concentric layers in DWCNT.

case if no other interactions are considered; analogue to the case of varying interwall distances
between inner and outer tubes of DWCNT (2 x vdW radius, illustrated in Figure 4.19b, bottom)
that have been reported to be up to 0.42nm [35], the ideal diameter for encapsulating carbon
atoms in nanotubes can be larger than 0.68nm. The (6,4) species with d; = 0.69nm is very
close to the minimum required diameter and therefore probably only contains a low number of
LCC that can interact with the nanotube to increase the PL intensity. For chains grown below
1500°C the case is similar for (6,5) inner tubes, as the PL signal is only marginally amplified.
The diameter of (8,3) being d; = 0.78nm is unambiguously the closest to the ideal diameter
regarding the gain in amplification compared to the (6,5) tubes. For larger diameter inner tubes
the interaction between LCC and nanotube weakens and is caused by the larger distance between
carbon chains and the nanotube sidewall similar to the drop of PL enhancement of ferrocene
filled SWCNT [10].

The shift of the PL amplification maximum to lower diameters at temperatures > 1500 °C
on the other hand can be related to the formation process and thermal stability of linear carbon
chains. The PL amplification as function of the growth temperature is plotted in Figure 4.20.
There the curves can be seperated in three different groups according to their diameter and
temperature dependence: ”Small” inner tubes like the (6,4) and (6,5) tubes, whose diameters of
0.69nm and 0.76nm are close to the smallest possible diameter for containing LCC as mentioned
above; "medium”-sized inner tubes with diameters ranging from 0.78nm to 0.89nm and ”large”
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Figure 4.20: Amplification of the PL intensity of DWCNT as function of the annealing tempera-
ture. For clarity, the species are seperated in three groups according to their diameter. The right
panel shows sketches of DWCNT with different diameters and a single carbon atom including
their van der Waals radii (dashed grey line for the nanotube, size of the black dot for the carbon
atom). As the diameter is increased the latter can either move freely along the nanotube axis or
even receives an additional degree of freedom for the movement inside large diameter tubes. In
the bottom graph the result of the Raman line shape obtained earlier is shown for the discussion
in the text.
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inner tubes with diameters > 0.9nm. In the lower two graphs the result of the Raman line shape
analysis on the chain length distribution obtained in the previous section is plotted; important
to note for this context is that the chain signal observed by Raman spectroscopy originates from
the whole sample, i.e. LCC from different species are detected simultaneously. Based on the
observations from Raman, optical absorption and photoluminescence spectroscopy, a model for
the carbon chain formation process is given with the PL enhancement depending on the number
of chain ends within a sample, as this factor already played an important role in absorption
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spectroscopy in the previous section (in the right panel sketches are drawn to illustrate the
diameter dependent carbon atom diffusion inside DWCNT with the van der Waals radius of the
nanotubes marked as dashed grey lines and the carbon atom with this radius included as a big
black dot):

The (6,4) species (d; = 0.69nm) are just on the edge of the diameter limit for incorporating
carbon atoms, therefore only small amounts of chains appear to be able to reside inside these
tubes causing a weak amplification of the PL signal. Also, since the amplification is almost
constant for all temperatures, it is likely that an energy barrier preventing long range diffusion
exists (illustrated by the curled arrows). Tubes with (6,5) chirality (d; = 0.76nm) appear to
show the same constant behaviour at low growth temperatures but when exceeding 1460 °C, the
PL is increased higher. This might be caused by the larger inner tube diameter compared to
the (6,4), lowering the aforementioned energy barrier that is then overcome at higher thermal
energies, so the formation of average long chains is facilitated. Their number increases at an
even higher growth temperature of 1530°C, so the PL decreases again as the shortest chains
form more and more average long chains, lowering the number of chain ends.

The medium sized tubes (0.78nm < d; < 0.89nm) show a completely different progression
of the PL amplification than the small tubes (d; < 0.76nm). For these tubes, the carbon atoms
are able to move "freely” along the nanotube axis (depicted by the long straight arrows) since
the inner tube diameter is already much bigger than the minimum required diameter of 0.68nm
as discussed earlier. Interestingly, they exhibit the same temperature dependence like the short
chain contribution observed in Raman measurements which indicates that the abundance of this
chain type is the most important factor for the PL enhancement. In the beginning a first local
maximum is reached at 1400°C. Then the PL amplification decreases concommitant to the
formation of long LCC at the expense of short and average long chains. At 1480 °C, long chains
start breaking up, leading to a second local maximum as the number of chain ends is increased.
At even higher temperatures, long chains continue breaking up but short chains continue to
grow longer, resulting in a lower total PL signal. The overall decrease in PL from 0.78nm to
0.89nm can be explained by the larger diameter of the tubes lowering the interaction between
carbon chains and nanotube sidewall similar as with ferrocene inside SWCNT [10].

For large inner tubes (d; > 0.91nm), the amplification is already very weak. The first
maximum is only reached at 1430 °C which can be caused by the large diameter of these tubes:
the movement is not restricted to a one-dimensional path anymore but small radial movements
are also possible (sketched by the short arrows perpedicular to the tube axis). This decreases
their diffusion length along the nanotube axis displayed by the shorter arrows in the sketch
compared to the picture above and eventually impedes long chain formation. After this mark
the progression again follows the Raman response of the short chains. In the next section
the physical background of the PL amplification caused by the interaction between LCC and
nanotube will be discussed.
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4.2.4 Discussion on the physical process behind the luminescence signal and
enhancement

The unambiguous correlation between carbon chain length and amplification of the PL signal
of the same samples as shown before leads to the question of the physical process that causes
the amplification. At first, we have to consider the PL quantum yield of non-filled DWCNT.
For pristine samples, the strongest PL quenching occurs from the outer tubes as pointed out
in section 4.1. Structural factors like metallicity of the outer tube and in some cases small
wall-to-wall distances are attributed to cause the overall low PL quantum yield of inner tubes
from DWCNT samples [200]. Although the outer wall shields the inner tubes from external
effects like functionalization, changes in the outer wall structure (e.g. defects) can locally alter
the interaction between inner and outer tube, giving additional quenching sites to the intrinsic
inner tube quenching sites. In our experiments we applied completely reproducible conditions in
order to exclude varying environmental conditions for the inner tubes of the different samples.
This allowed us to achieve a highly stable PL response, enabling us to elucidate the relative PL
quantum yield with an error below 5% on average. Now we can turn to a detailed analysis of
the PL enhancement.

In the literature several methods of influencing the recombination of excitons have been pre-
sented, showing that the reduction of non-radiative recombination channels leads to an increase
of the PL quantum yield. All of these methods have in common that they are accompanied by a
change of additional parameters like charge transfer complexes (e.g. ferrocene inside nanotubes
[10]) as well as covalent (oxygen or diazonium salts) and noncovalent functionalization (encap-
sulation of HoO or Cgp). For instance, the filling of SWCNT with ferrocene has been shown
to increase their PL response [10]. The amplification was attributed to a local charge transfer
from the ferrocene molecule to the nanotube sidewall, cancelling out external perturbations like
doping from the surfactant molecule. This was further supported by an increase in the absorp-
tion features of the Eq; excitonic transitions which indicates a "re”-filling of the electron states.
A similar observation could also be made for the chain-filled samples investigated, however, an
increase of the Eq1 absorption could not be seen for all species that also showed a strong increase
in PL. Therefore, other processes must also be involved for some of the tubes.

Covalent functionalization by oxygen-doping of SWCNT also leads to a strong enhancement
of the PL signal [9, 82]. The oxygen induces a strong local, covalent rehybridization of the
nanotube sidewall that traps mobile excitons so they can not reach sites that reduce radiative
exciton recombination. The emission wavelength is severely red-shifted in both reports, at least
~ 120nm. Similar observations were made by Piao et al. [146], where a controlled introduction
of defects by diazonium salt functionalization led to a red-shift of almost 200nm. The local,
covalent changes in the hybridization of the nanotube sidewall were attributed to enable ”har-
vesting” from dark excitonic states, meaning that the number of allowed optical transitions was
increased.

Noncovalent functionalization by filling of Cgp inside SWCNT modifies the optical band gap
depending on the nanotube chirality [144]. The emission can shift either to the red or to the blue
with the magnitude of these changes varying between 20 to 150nm and is attributed to a change
in the hybridization between the nanotube states and the Cgp molecular orbitals. Water-filling
also induces noncovalently a red-shift which is more than 10nm [130]. The latter shift is caused
by dielectric screening effects reducing the exciton binding energy. Both of these filling materials
were not reported to change the PL quantum yield.
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Compared to these values, the shifts in the emission wavelength observed for the present
samples were on the one hand considerably smaller, with only two species showing a shift larger
than the detection limit of our setup that is 0.5nm. On the other hand, the emission shifted
solely to the blue. The only species showing a noteworthy change in the emission wavelength
is the (6,5). The blue-shift of &~ 6nm compared to the pristine sample is almost the same for
all annealed samples and is illustrated in Figure 4.21. This shift could be caused by the small
diameter of the (6,5) (d¢ = 0.76nm) close to the minimum diameter of encapsulating carbon
chains, inducing a noncovalent hybridization between LCC and nanotube. For the (6,4) species
with d; = 0.69nm a blue-shift of ~ 1nm was seen for all LCC filled samples. The degree of filling
in this kind of tubes is already very low so the exciton energy is influenced only marginally.
The small amplitude of the shift in the emission wavelength for both species is consistent with
reference [10] and excludes a strong covalent hybridization between LCC and the inner tubes.
A weak change in the van der Waals interaction due to the confinement in small inner tubes can
be the underlying reason for this blue-shift of the (6,4) and (6,5) tubes.

As a last point, it is not known if the carbon chains alter the exciton fine structure of the
inner tubes. As mentioned in section 2, the bright excitonic state is located energetically just
above a dark state. Brightening of the dark state due to magnetic effects can be excluded since
the magnetic flux has to be strong enough (using magnetic fields tens of Tesla strong) so the
Aharanov-Bohm splitting exceeds the mixing between the direct exciton states due to short-
range Coulomb interaction [119].
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Figure 4.21: Shift in the emission wavelength for inner tubes filled with LCC. A shift of ~ 6nm
was seen for all samples filled with LCC but only for the (6,5) species. The (6,4) also exhibit a
minor blue-shift of ~ Inm. For all other investigated species, no shift bigger than the detection
limit of 0.5nm was observed.

Ruling out differences in the environment outside of the inner tube, strong covalent hybridiza-
tion and strong magnetic fields, two possible mechanisms might be involved in the enhancement
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Figure 4.22: (a) Schematic of mobile excitons being prevented to interact with quenching sites,
therefore enhancing the PL quantum yield. If the sites of local charge transfer act as ”hot spots”
for enhanced radiative exciton recombination or simply as barriers so that quenching sites can
not be reached by the excitons, is not known. (b) Sketch of the reduction of nonradiative
pathways. The *-sign for conduction and valence bands denotes that these energy values are
reduced by the exciton binding energies. In the left picture, the exciton created by absorption
of light from an inner tube transfers its energy to the tube, prohibiting inner tube luminescence.
In the right picture, such a relaxation is prevented which enables the inner tube to exhibit
photoluminescence.

of the PL quantum yield observed for the inner tubes of DWCNT filled with LCC, illustrated
in both pictures of Figure 4.22:

(1) The chain ends establish a charge transfer to the inner tube [11] that cancels out the
influence of the outer tube similar as ferrocene inside SWCNT cancels out external perturba-
tions [10]. Therefore sites with enhanced radiative exciton recombination probability are created
(sketched by the yellow circles). This approach is supported by the result of optical absorption
measurements of the annealed samples shown in section 4.2.2: doping of carbon nanotubes leads
to the filling/depletion of electronic states [209, 210] which decreases the intensity of absorption
features. Counterbalancing this doping then results in a recovery of these properties. Such an
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increase in absorption intensity was observed for some selected tubes like the (7,5) or (8,4) but
not for other species. A strong increase for the (8,3) as in PL was not found, so, as mentioned
above, a charge transfer can not be the only process responsible for the PL intensity enhance-
ment.

(2) Another process could involve the localization of mobile excitons (orange circle) ”trapped”
between potential walls created by the carbon chain ends (in this case, the yellow circles repre-
sent such potential walls). These obstacles prevent the excitons from interacting with quenching
sites, similar as suggested for the PL enhancement of SWCNT by oxygen doping [9, 82] but
without strong covalent hybridization of the nanotube sidewall that would invoke a considerable
red-shift. In this way, scattering between bright and dark excitonic states facilitated by local
defects or other deviations from ideality can be prevented. This approach is supported by the
diameter and temperature dependence of the PL amplification: For those tubes large enough
to be sufficiently above the minimum diameter required for carbon chain encapsulation, i.e. all
species with d; > 0.78nm, the progression of the PL amplification is closely related to the abun-
dance of short LCC. These types of chains contain more chain ends (where excess charges are
located [105, 106]) so there are more sites interacting with the nanotube leading to higher PL.
This interaction decreases with growing inner tube diameter as the distance between chain and
tube is increased.

Summarizing, our results provide a sound way to finally proof that PL from inner tubes of
DWCNT is weak but is existing. External perturbations by the outer tube is lowering their PL
quantum yield but it does not completely suppress PL. These findings demonstrate a pathway
to tailor the optical properties of inner tubes and it may be possible to further enhance the
PL response of DWCNT either by optimizing the growth yield of linear carbon chains or other
dopants. The strong correlation between chain length distribution and PL amplification can
also aid in the development of theoretical models that are able to improve the understanding
of interactions between filler material and host tube but also on the mechanism of tube-tube
interactions in DWCNT reducing PL.
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Chapter 5

Conclusions and outlook

In this thesis, double-walled carbon nanotubes were synthesized by high vacuum chemical vapour
decomposition of ethanol and subsequently treated by various sorts of procedures to modify their
structure. The first part of the result section is dedicated to the still ongoing debate whether
DWCNT are capable of exhibiting photoluminescence. For elucidating this question, optical
absorption and photoluminescence spectroscopy were performed on pristine DWCNT samples.
Although having been purified by the same DGU technique, the samples treated with different
sonication intensities show clearly unsimilar absorption spectra due to the difference in the son-
ication procedure. While all the inner tube species that have been seen in the PL measurement
were also abundant after applying DGU when being sonicated under a stronger input power,
some tubes (d; > 0.8nm) can not be seen if a lower input power has been used. This can
be attributed to the well known fact that nanotubes can be cut in the sonication process and
smaller tubes are more susceptible to damage than bigger tubes, implying a diameter-dependant
threshold for the cutting (i.e. opening) of the DWCNT. This effect is the basic requirement of
the extraction process in the subsequent DGU procedure, as it can be seen by the developement
of the abundance of different nanotube species in the optical absorption spectra after applying
the same DGU technique to samples treated by different sonication intensities. Tiny fractions
of bigger diameter inner tubes like the (10,2) (d; = 0.88nm) can be observed which can be
explained by possible defect-assisted cutting of bigger tubes. Furthermore, the difference in the
PL intensity of the extracted tubes compared to the pristine DWCNT sample was found to be a
factor of 50 stronger; this is associated to the outer tube shielding of the DWCNT lowering the
PL quantum yield of the inner tube. In the final graph it has been shown that the factor of the
purification technique (DGU or no DGU) is not negligible since the resulting PL intensities vary
by at least one order of magnitude. For the investigation on inner tube extraction, the details of
the solubilization technique with respect to sonication intensity and centrifugation parameters
as well as nanotube parameters such as tube type and chirality are of vital importance. Our
results show strong indications that inner tube extraction can be avoided and the resulting PL
signal originates from the inner tubes of DWCNT.

The second part of the results section is focusing on linear carbon chains inside DWCNT
and how they affect the optical properties of the latter. The same kind of DWCNT samples as
used for the extraction experiments where subjected to high temperature annealing treatments
at different temperatures in high vacuum after synthesis and the removal of catalyst particles
and SWCNT. This procedure leads to the growth of carbon chains inside the inner tubes of
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DWCNT with different yield by varying the temperature since the size and shape of the chain-
related Raman band changes. By performing a line shape analysis of the Raman response from
the differently annealed samples it was found the ratio between long, average and short chains
is strongly dependent on the applied temperature. The highest amount of the longest chains
was observed for the sample annealed at 1460 °C, being in agreement with a previous report of
our group. At higher temperatures the chains become shorter again, implying that they are less
stable above this mark. Average long chains on the other hand can still be grown at higher tem-
peratures as their number continues to increase. After these measurements the samples where
solubilized with tip-sonication and a ultracentrifugation technique that did not extract inner
tubes like mentioned before. The optical absorption spectra of chain-filled DWCNT showed a
selective increase of the E;; feature of the (7,5) and (8,4) species which was similar for all sam-
ples but almost no changes were seen for other species. This can be attributed to the still heavily
attenuated absorption features of the DWCNT compared to SWCNT due to tube-tube interac-
tions and the overlap of inner and outer tube contributions. Photoluminescence spectroscopy
in a broad range of excitation wavelengths was subsequently performed. The PL intensity is
amplified greatly for various chiralities and shows a diameter dependence reminiscent of PL
amplification SWCNT filled with ferrocene, though it is observed at smaller diameters due to
the smaller extension of the chains. The maximum is found for the (8,3) species (d; = 0.78 nm)
for the sample annealed at 1400 °C exhibiting 6 times brighter luminescence than the pristine
sample. Analyzing the temperature dependence of the PL amplification for nine different species
reveals different progressions according to the inner tube diameter and can be correlated to the
chain length distribution evaluated by Raman spectroscopy. Small tubes (d; < 0.76 nm) have a
diameter close to the smallest possible inner tube diameter for the insertion of carbon atoms (&
0.68nm). The PL of (6,4) is almost constant despite changes in the chain length distribution for
the overall sample; this indicates that chain formation in this type of tubes is hampered by an
energy barrier due to the inner tube confinement. The case is almost the same for the slightly
larger (6,5) tubes though at temperatures exceeding 1460 °C, LCC formation is facilitated so
the PL amplification deviates from the constant case. For medium sized tubes (0.78nm < d; <
0.89nm) the amplification was the strongest which implies that tubes with this diameter do
not hold diameter dependent obstacles for LCC formation. The strong correlation between the
temperature dependence of the PL with the progression observed for short carbon chains hints
that this chain type is most important for the influence of LCC on the PL of inner tubes. This
might be related to the higher number of chain ends for a given number of carbon atoms when
they are abundant as short carbon chains instead of long chains. Excess charges of LCC that
can induce doping to the nanotube are located at these chain ends so the length distribution of
LCC is crucial for the magnitude of the PL alteration. Large diameter inner tubes (d; > 0.9nm)
appear similarly although the first amplification maximum is observed at a higher temperature
compared to the medium sized tubes. The progression of the latter can be explained by the
higher degree of freedom given for carbon atoms within nanotubes with non-ideal diameter,
allowing radial movements, so the diffusion length along the tube axis is reduced which impedes
long chain formation.

Combining the results of the inner tube extraction studies with the correlation between chain
length distribution of LCC grown inside the inner tubes and the inner tube PL amplification,
these studies serve as a final proof that inner tubes of double-walled carbon nanotubes are ca-
pable of exhibiting photoluminescence.
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The work described in this thesis contributes to the field of tailoring the optical properties
of double-walled carbon nanotubes either by extracting inner tubes or by filling DWCNT with
linear carbon chains. An open question is how chain-filled DWCNT respond to the application
of DGU to the nanotube suspension. First results indicate that inner tubes are extracted but
that some of the LCC remain inside these extracted tubes, depending on the tube diameter. It
might be possible to improve the DGU process in a way that SWCNT with optimum diameters
(e.g. the (8,3) species with d; = 0.78nm) filled with long linear carbon chains can be obtained.
This could lead to SWCNT with enhanced optical properties compaired to pristine SWCNT.
Also, other properties like electrical transport could be studied in more detail since the effect of
different external perturbations of the chains’ properties due to different environments (varying
tube types) would be minimized. Another topic is the underlying physical process of the PL
amplification and the mechanical coupling of the chains to the nanotube. Both of these two
questions are currently under investigation.
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Appendix

Data of the sample annealed at 1480 °C measured by Raman spectroscopy with a 568nm laser
and fitted with the method of Fantini et al. [203].
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Raman Shift [cm™]
Peak Type Amplitude [arb.u.] | Position [cm™'] | FWHM [cm™]
B Constant Bg 152.159480
1 Lorentz Amp 206.212696 1830.61320 10.0478229
2 Lorentz Amp 812.164053 1842.67553 10.0478229
3 Lorentz Amp 2251.07069 1851.04245 10.0478229
4 Lorentz Amp 470.689902 1856.54573 10.0478229
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Data of the sample annealed at 1480 °C measured by Raman spectroscopy with a 568nm laser
and fitted with 34 Voigtians. For the other samples the peak positions were similar, only the
amplitude varied.
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Raman Shift [cm™]
Peak Type Amplitude [arb.u.] | Center [cm '] | FWHM [em '] | FW Base
B Constant Bg 237.687967
1 Voigt Amp 31.1018035 1823.49456 3.15336583 10.5112193
2 Voigt Amp 41.2542786 1825.43417 3.15336583 10.5112193
3 Voigt Amp 71.0756561 1827.18115 3.15336583 10.5112193
4 Voigt Amp 62.0640663 1828.21811 3.15336583 10.5112193
5 Voigt Amp 113.695343 1829.61251 3.15336583 10.5112193
6 Voigt Amp 113.827458 1831.23872 3.15336583 10.5112193
7 Voigt Amp 95.3373615 1832.88063 3.15336583 10.5112193
8 Voigt Amp 106.965625 1834.16533 3.15336583 10.5112193
9 Voigt Amp 190.731608 1835.90587 3.15336583 10.5112193
10 Voigt Amp 206.148449 1837.58284 3.15336583 10.5112193
11 Voigt Amp 242.718097 1839.11234 3.15336583 10.5112193
12 Voigt Amp 284.582956 1840.44978 3.15336583 10.5112193
13 Voigt Amp 377.492154 1841.84799 3.15336583 10.5112193
14 Voigt Amp 455.596220 1843.17444 3.15336583 10.5112193
15 Voigt Amp 577.088115 1844.69336 3.15336583 10.5112193
16 Voigt Amp 457.786397 1846.24639 3.15336583 10.5112193
17 Voigt Amp 530.945553 1847.48058 3.15336583 10.5112193
18 Voigt Amp 773.623935 1848.98328 3.15336583 10.5112193
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19 Voigt Amp 850.335922 1850.26186 3.15336583 10.5112193
20 Voigt Amp 1087.23914 1851.60645 3.15336582 10.5112193
21 Voigt Amp 873.797931 1853.19859 3.15336583 10.5112193
22 Voigt Amp 578.276583 1854.70572 3.15336583 10.5112193
23 Voigt Amp 491.154569 1856.14053 3.15336583 10.5112193
24 Voigt Amp 395.852090 1857.53289 3.15336583 10.5112193
25 Voigt Amp 269.145067 1858.88644 3.15336583 10.5112193
26 Voigt Amp 190.629960 1860.18227 3.15336583 10.5112193
27 Voigt Amp 159.181976 1861.77515 3.15336583 10.5112193
28 Voigt Amp 107.546592 1863.84306 3.15336583 10.5112193
29 Voigt Amp 49.4015732 1865.72469 3.15336583 10.5112193
30 Voigt Amp 31.5319602 1866.62263 3.15336583 10.5112193
31 Voigt Amp 38.4008884 1868.23650 3.15336583 10.5112193
32 Voigt Amp 36.6533515 1870.34644 3.15336583 10.5112193
33 Voigt Amp 11.7894760 1872.77509 3.15336583 10.5112193
34 Voigt Amp 13.6359359 1875.11085 3.15336583 10.5112193
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Amplification of the PL Intensity compared to the pristine sample for DWCNT filled with
linear carbon chains grown at different temperatures as function of the inner tube diameter.
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