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Abstract

Carbyne, the carbon allotrope consisting of an sp'-hybridized linear carbon chain, is a novel ma-
terial with remarkable properties and potential applications. It is a true one-dimensional material
with an interesting bonding situation, tunable electronic band gap and unparalleled mechanical
properties. Free-standing carbyne is, however, not stable due to exothermic collapse of the chain
or cross-linking with other chains. The first successful synthesis of carbyne was achieved by
confining the chain inside a double-walled carbon nanotube. The interaction with the tube sta-
bilizes the chain and sterically prevents cross-linking or collapse. In recent years, many differ-
ent pathways for confined carbyne synthesis were developed, mainly based on high-temperature
high-vacuum annealing. Unfortunately, no robust method for consistently high yields of con-
fined carbyne exists yet. One of the main obstacles to developing such a synthesis method is the
lack of a reliable determination of the bulk yield. Raman spectroscopy is the preferred method
for analyzing confined carbyne due to the high Raman scattering cross section of carbyne, lead-
ing to high signals from the chain. Unfortunately, carbyne also has a highly irregular resonance
behavior which makes the Raman peak of carbyne a poor indicator for yield.

In this thesis, a new model was developed which does not rely on the resonance behavior of
the chain, but rather on Raman modes following the more regular resonance behavior of the sur-
rounding nanotube host. These are coupled modes which were recently described by anharmonic
phonon-phonon interactions. The coupled mode yield evaluation model is fast, robust and not
dependent on the incident laser energy, providing an easy way to determine the bulk yield of
carbyne confined in double-walled carbon nanotubes. Additionally, the model considers the di-
ameter distribution of the sample, since only a narrow window of diameters is suitable to grow
inner tubes with the appropriate diameter for the growth of carbyne. Relating the bulk yield to
the fraction of theoretically fillable nanotubes in the sample provides the realized growth poten-
tial, which is an essential metric when comparing samples from different starting materials and
determining the efficiency of the synthesis.

Using the novel model, quantitative assessments of the influence of the main parameters in
the carbyne synthesis were made. The studied parameters were the filling of the host tubes with
carbonaceous precursor, temperature and annealing step sequences. These results provide cru-
cial insights into the fundamental formation mechanisms of confined carbyne, advancing our
understanding of this promising hybrid nanomaterial system.

In order to create new structures based on the confined carbyne system, heteroatoms were
introduced during the synthesis. Nitrogen doped precursors were filled into the nanotube hosts
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to create doped carbyne chains. The incorporation of nitrogen atoms into the chains and the
surrounding carbon nanotube hosts was confirmed using Raman spectroscopy. The doping of
carbyne was also achieved by treating the carbon nanotube hosts with a boron-nitride precursor
using chemical vapor deposition. From the doped carbon nanotube hosts, doped carbyne chains
were grown. The results demonstrate the possibility to tailor the confined carbyne system and
unlock new properties.

Reliable synthesis methods and controllable properties as presented here are an important step
in the advancement of technology using confined carbyne. In the future, this material has great
potential in applications such as molecular sensing, thermometry, and nano-electronics.
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Kurzfassung

Carbin ist ein Allotrop des Kohlenstoffs, das aus einer linearen Kette aus sp! hybridisiertem Koh-
lenstoff besteht und beeindruckende Eigenschaften und ein enormes Anwendungspotenzial hat.
Es ist ein eindimensionales Material mit einer interessanten Bindungssituation, kontrollierbaren
elektronischen Eigenschaften und einzigartiger mechanischer Stabilitéit. Allerdings ist freiste-
hendes Carbin nicht stabil, da es zu einem stark exothermischen Zusammenfall der Kette oder
Reaktion mit anderen Ketten kommen wiirde. Die erste erfolgreiche Synthese von Carbin wurde
erzielt, indem die Kohlenstoffketten direkt in einem doppelwandigen Kohlenstoffnanoréhrchen
hergestellt wurden. Die Kohlenstoffnanordhrchen dienen als Nanoreaktor und stabilisieren die
Kette, indem sie die Reaktion der Kette mit sich selbst oder anderen Ketten sterisch verhindern.
In den letzten Jahren wurden verschiedene Synthesepfade fiir Carbin entwickelt, die hauptséich-
lich auf der Hochtemperaturbehandlung im Hochvakuum beruhen. Es gibt allerdings noch kei-
nen reproduzierbaren Weg fiir die Carbinsynthese, der konsistent hohe Ausbeute liefert. Eines
der grofBten Hindernisse dafiir ist das Fehlen einer verldsslichen Methode fiir das Bestimmen
der Ausbeute. Raman Spektroskopie ist die bevorzugte Methode zur Untersuchung von Carbin
in Kohlenstoffnanoréhrchen, da Carbin einen extrem hohen Streuquerschnitt hat. Dadurch hat
Carbin ein sehr starkes Signal im Raman Spektrum. Allerdings ist das Resonanzverhalten der
Carbinketten sehr irreguldr, weshalb das Signal im Ramanspektrum kein guter Indikator fiir die
Ausbeute ist.

In dieser Arbeit wurde eine neue Methode fiir die Bestimmung der Ausbeute entwickelt, die
nicht auf dem irregulidren Resonanzverhalten des Carbinsignals beruht, sondern auf Ramanmo-
den, die dem stabilen Resonanzverhalten der umgebenden Nanordhrchen folgen. Diese Moden
sind gekoppelte Moden zwischen der Kette und dem Nanordhrchen, die erst kiirzlich mit anhar-
monischer Phononenwechselwirkung beschrieben wurden. Das Modell, das auf den gekoppelten
Moden basiert, ist einfach, schnell und unabhéngig von der Laserenergie, mit der das Raman
Spektrum aufgenommen wurde. Zusétzlich beriicksichtigt das Modell die Durchmesservertei-
lung in der Probe, da nicht jeder Durchmesser an Kohlenstoffnanordhrchen geeignet ist, die rich-
tigen inneren Rohrchen zu wachsen, in denen auch die Ketten gut wachsen und stabilisiert werden
konnen. Wenn man die Ausbeute in Relation zu den Anteilen an passenden Nanorohrchen setzt,
ergibt sich dadurch eine Metrik, die besagt, wie sehr das Potenzial einer bestimmten Probe aus-
geschopft wurde. Mit dem neuen Modell wurden quantitative Erkenntnisse iiber den Einfluss
verschiedener Parameter auf die Ausbeute von Carbin gewonnen. Die untersuchten Parameter
waren das Fiillen mit kohlenstofthaltigen Molekiilen (z.B. Fullerene) als Kohlenstoffquelle fiir



das Wachstum der Carbinkette, die Temperatur wihrend der Hochtemperaturbehandlung und die
Wiederholungen der Hochtemperaturbehandlungen. Die Ergebnisse liefern wertvolle Erkennt-
nisse zu den grundlegenden Mechanismen, die das Wachstum von Carbin in Kohlenstoffnano-
rohrchen bestimmen.

Um neue Materialien auf Basis von Carbin herzustellen, wurden Heteroatome in das System
eingefiihrt. Es wurden mit Stickstoff dotierte Fullerene in die Nanorohrchen gefiillt und dann
in Carbinketten umgewandelt. Mithilfe von Ramanspektroskopie konnte nachgewiesen werden,
dass Stickstoffatome in die Kette eingefiigt wurden. Eine weitere Methode, um Heteroatome
in das System einzubinden war das Behandeln der Nanor6hren mit einem Bornitrid Prakursor
mittels chemischer Abscheidung aus der Gasphase (CVD). Auch mit dieser Methode konnten
Carbinketten mit Heteroatomen hergestellt werden. Diese Ergebnisse zeigen, dass es moglich ist,
das System Carbin/Kohlenstoffnanordhre mafzuschneidern und eventuell neue Eigenschaften zu
entdecken.

Methoden fiir zuverldssige Syntheses und kontrollierbare Eigenschaften sind ein wichtiger
Baustein fiir den Fortschritt in Carbin-basierten Technologien. Carbin hat grofies Potenzial in
Anwendungen wie Sensoren, Thermometrie und Nanoelektronik.
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Infroduction

Carbon is the most versatile element on earth, as it forms more chemical compounds than all
other elements on earth combined. It is a non-metallic element with the atomic number 6 that has
three naturally occurring isotopes, with '2C being the most abundant. '3C is also a stable isotope
(1.1% abundance), while '*C is a radionuclide that is often used for carbon dating. Carbon has 4
electrons in its valence shell which means it can form 4 bonds, making it the basis of the organic
molecules that make up life on earth.

Carbon also forms a wide array of allotropes with vastly different properties, depending on its
hybridization (fig. 1.1). Depending on the hybridization, different bonding geometries arise.

1.1 Allotropes of carbon

In the case of sp>-hybridized carbon, a tetrahedral bonding environment leads to the diamond
structure which forms naturally under high pressures and temperatures. Diamond is known and
loved for its brilliance (it is "sparkly") but also its physical properties. It has the highest hardness
on the Mohs scale of any natural material and a high thermal conductivity. It is an electrical in-
sulator with a band gap between 4.5 eV and 6 eV [1]. In graphite, another common allotrope, the

ground state sp'-hybridized sp>-hybridized sp>-hybridized
L A A +
H L
2p,  2py 2p 2p, 2p 2p
5 o o
S ﬁ % 25 2p, % 25 2p, 2p, % 2s  2py  2py 2p,
2s
H
s 1s 1s 1s

Figure 1.1: Different hybridizations of carbon.
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sp2-hybridization leads to a trigonal planar bonding environment, resulting in a stack of planar
carbon sheets consisting of hexagonally arranged carbon atoms. Graphite is the stable allotrope
of carbon under ambient conditions. Graphite appears black or gray, is an electrical conductor
and can be used as a lubricant or for pencils. The name "graphite" is even derived from this
application, as it comes from the Greek "graphein" - to write. In the past decades, other forms of
sp2-hybridized carbon have been synthesized. Those include fullerenes, which were first theo-
retically predicted in the 1970s by Eiji Osawa [2]. The first paper about the synthesis of Cgp and
Cyp fullerenes was published in 1985 [3] and some of its authors Robert F. Curl, Harold W. Kroto
and Richard E. Smalley were awarded the Nobel Prize in Chemistry for this discovery in 1996.
A method for the bulk synthesis of fullerenes was reported by Kritschmer ef al. in 1990 [4].
The first synthesis and characterization of helical microtubules of graphitic carbon or - as they
are now more commonly referred to - carbon nanotubes is often credited to Sumio lijima in 1991
[5], even though similar structures of "hollow carbon fibers" had already been observed in the
1970s [6], [7]. These were multi-walled carbon nanotubes synthesized during the pyrolysis of
organic compounds in the presence of catalyst particles or from arc-discharge. In 1993, Iijima [8]
and Bethune [9] independently discovered methods to produce single-walled carbon nanotubes.
Carbon nanotubes can have very varying properties depending on their individual structure, e.g.
some nanotubes are semiconducting, while others are metallic. Due to the curvature of fullerenes
and nanotubes, they are not considered fully sp>-hybridized, but as having a small amount of sp>
character. Another important milestone in the world of carbon allotropes was the isolation of
graphene, a single layer of graphite [10], for which Andre Geim and Kostya Novoselov were
awarded the Nobel Prize in Physics in 2010. Graphene is highly conductive to electrons, has a
remarkable strength and an interesting electronic structure, it is a zero gap semiconductor.

The most elusive, however, of the carbon allotropes is the one made of sp'-hybridized carbon.
In this case, the hybrid orbital geometry leads to a linear bonding environment, specifically a
linear chain of carbon atoms. Organic compounds with such a bonding geometry are called
alkynes, the shortest of which is acetylene, which has a carbon-carbon triple bond and hydrogen
atoms as end groups. If further carbon atoms are added to the chains, the resulting compounds
are called polyynes. An "infinitely long" carbon chain is called carbyne. This means that the
properties become independent of the chain length and it is no longer regarded as a molecule,
but a material [11]. The potential existence of such a material has been a rather controversial
topic for a long time.

A whole host of carbon materials have been discovered and engineered in recent years which
contain a mixture of carbon hybridizations, such as graphynes (carbon hexagons connected by lin-
ear carbon chains), yne-diamonds (mix of sp? and sp! carbon) or carbon dots (CDs) and graphene
quantum dots (GQDs), which contain all three hybridizations [1], [12]. A ternary "phase dia-
gram" as shown in figure 1.2 was first suggested at a seminar in Japan in 1992 to classify the
discovered, as well as hypothetical and speculative allotropic forms of carbon, and published in
1997 [13].
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Figure 1.2: Allotropic forms of carbon resulting from the different hybridizations, from [1].

1.2 History and contention over carbyne

The first attempts on making polyynes were published in 1885 by Adolf von Baeyer [14]. He
attempted to polymerize acetylene dicarboxylic acid, but was not able to isolate the desired end
product tetraacetylene. He was, however, cautiously optimistic that it would be possible to cre-
ate longer polyynes, if the "slight" problem of the instability of the carbon-carbon triple bond
was solved. The interest in polyynes was renewed when natural polyynic compounds were iso-
lated from plants and fungi [15]-[17]. This led to more attempts of bottom-up synthesis, where
polyynes with up to 20 carbon atoms in the chain were synthesized [18]. The basis of these
methods is the attachment of bulky end groups to the polyynes in order to prevent cross-linking,
for example aromats, heterocycles or large organometallic compounds [19], only limited by the
creativity of organic chemists. The highest number of carbon atoms (44) with such methods was
achieved using a tris(3,5-di-t-butylphenyl)methyl moiety as the end-capping group [20].

A pivotal discovery in the history of carbyne was made in Germany in 1968, where "a new
allotropic form of carbon" was proposed from a mineral found in the Ries Meteorite Crater in
Bavaria [21]. The mineral appeared different from the graphitic rock surrounding it, with white
lamellae embedded in the rock, and the analysis showed that the phase is composed of pure
carbon. At the same time, Russian scientists, who were also responsible for the name "carbyne",
allegedly discovered a material made only from carbon composed mostly of linear carbon chains
[22]. It was then proposed that carbyne might be the allotrope of carbon that occurs at high
temperatures, forming from graphite. A new phase diagram was proposed that included the
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carbyne forms [23]. Even in interstellar dust, claims of carbyne structures were presented [24].

However, improved analysis methods showed that many of the early identifications were wrongly
attributed to carbyne and that the signals originated from impurities, e.g. from talc, and the me-
teorites were composed mostly of poorly ordered graphite [25]. In 1975, another publication
countered the supposed evidence of carbyne by explaining its diffraction patterns as the product
of double scattering of electrons in twinned graphite with specific twinning angles [26]. Doubts
were cast again over even the possibility of the existence of carbyne in minerals. H.W. Kroto,
one of the Nobel prize winners for fullerenes, even said [27]:

"The existence of carbyne is myth based on bad science and perhaps even wishful thinking."
- H.W. Kroto

Chemists have long since doubted the possibility of stable long linear carbon chains, as our
experiences tell us that carbon-carbon triple bonds are unstable and the chain would collapse onto
itself in a strongly exothermic way, or as R.B. Heimann phrased it [26]:

"Organic chemists tend to look at the pile-up of double and triple bonds connecting the carbon

atoms in the chains and take cover."
- R.B. Heimann

Some even gave up on the pursuit after minor accidents in the laboratory [28]. In 2015, a paper
claimed to have successfully synthesized carbyne crystals using laser ablation in liquid [29], to
which the greatest naysayer in the world of carbyne said [11]:

"I know that they can’t have made carbyne because they are still alive.”
- H.W. Kroto

Quickly following, another paper proposed that the material made was more consistent with
carbon-gold clusters than with pure carbon chains [30]. It seems, some of the animosity on this
topic is also concerning semantics, disagreements on nomenclature and gate-keeping of the name
"carbyne".

Nonetheless, a host of sp!-hybridized carbon containing materials have been synthesized using
physical methods, for example laser vaporization of graphite [31], laser ablation of graphite
particles in liquid [32] or arc-discharge between graphite electrodes [33]. Another method is
the irradiation of a sheet of graphene in the TEM, where the "bridges" of linear carbon chain
remain between graphene structures after the removal of carbon atoms from the lattice due to
radiation damage. [34]. Short-lived carbon chains have also been made in situ in a scanning
tunnel microscope, using gold contacted graphene flakes and applying a current [35]. Carbon
wires can also be made in field electron microscopes, where high voltage is applied to needle
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shaped specimen of carbon fibers at low temperatures. This unravels singular carbon chains
from the tip surface [36].

A third approach to stabilize linear carbon chains is to confine them inside carbon nanotubes. It
was observed that linear carbon chains of 20 nm, corresponding to more than 100 carbon atoms,
appear inside multi-walled carbon nanotubes made from carbon electrodes by arc-discharge evap-
oration in hydrogen gas [37]. It is also possible to fill single-walled carbon nanotubes with
polyynes, e.g., C1oH, under vacuum [38]. From polyyne-filled carbon nanotubes, longer chains
can be formed by fusing the polyynes together at high temperatures under vacuum [39]. In 2016,
a breakthrough was achieved, where carbon chains with lengths of more than 6000 carbon atoms
were synthesized directly inside small-diameter double-walled carbon nanotubes using high tem-
perature annealing under high vacuum (fig. 1.3) [40], which is considered the closest we have

come to true carbyne [41].

Figure 1.3: Long linear carbon chains inside double-walled carbon nanotubes, adapted from

[40].
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1.3 Raman spectroscopy

This chapter largely follows references [42] and [43].

Raman spectroscopy is the main tool for the study of confinded carbyne in this thesis. Itis based
on the inelastic scattering of light, also called Raman scattering or Raman effect. This effect was
first predicted by Adolf Smekal in 1923 [44] and observed by Sir Chandrasekhara Venkata Raman
in 1928 [45], who received the Nobel Prize in Physics in 1930 for his work on the scattering of
light and the discovery of the Raman effect. Raman spectroscopy probes quasiparticles, such as
vibrational modes, in a molecule or crystal. The peaks in a Raman spectrum correspond to the
quantized excitations or quasiparticles, most often optical phonons, in the sample. In contrast to
elastic scattering (Rayleigh scattering), where the wavelength of the incident light is not changed
after scattering, a shift in the wavelength both to longer and shorter wavelengths is observed
in Raman scattering. The shift to longer wavelengths (quasiparticle creation) is referred to as
Stokes scattering and the shift to shorter wavelengths (quasiparticle destruction) is called Anti-
Stokes scattering (fig. 1.4). Both Rayleigh scattering and Raman scattering intensities scale
with w* or A#, the frequency or wavelength of the light. The Rayleigh scattering process is
significantly more likely, which leads to higher intensity compared to peaks resulting from Raman
scattering. In the resonance Raman effect, the energy of the photons matches the electronic
transition energies, significantly enhancing the intensity.

Rayleigh
scattering
exited state
4 Stokes
. >
thualenergysta_te_s __________________ N A . £
CoooooIIITIE R S (i (122 @ ‘
A A ‘é Anti-
Stokes
vibrational {; MJL \\
energy states |
ground state ] ] — - 0 > +
Rayleigh Stokes Anti-Stokes Raman shift

scattering  Raman Raman
scattering  scattering

Figure 1.4: Elastic scattering (Rayleigh scattering), Stokes and Anti-Stokes scattering and reso-
nant Stokes/Anti-Stokes scattering. On the right side, a schematic Raman spectrum
is shown.

In practice, the Raman shift is usually denoted as  and measured in wavenumbers (cm™'). The
wavenumbers can be converted to electron volt according to equation 1.1. Note that spectroscopic
wavenumbers are defined without the factor of 27r. This energy corresponds to the energy of the
created or annihilated quasiparticle. The Raman shift in wavenumbers is independent from the
incident laser wavelength, which means the peak positions do not depend on the laser wavelength.
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8065cm ™' = 1eV (1.1)

Scattering cross section

The total Raman scattering cross section o refers to the probability of inelastic scattering at a
Raman shift v into any solid angle €2 (eq. 1.2). The total Raman scattering cross section is an
integral over the differential scattering cross sections ¢, and oq, which refer to the probability
that a photon is inelastically scattered with Raman shift v in any direction and the probability that
a scattered photons travels into the direction (0, ¢) of the steradian 2. The double differential
scattering cross section o, o describes the probability of an incoming photon being inelastically
scattered in the direction €2 and acquiring the Raman shift v.

_ﬁ 0._&2 o _&2 o _aQO'T
I YT ov 27790 Y2 500

or (1.2)

Molecular scattering

In order for a phonon peak to be observable in the Raman spectrum, the vibration needs to mod-
ulate the polarizability « of the molecule or crystal (eq. 1.3), which occurs due to the periodical
change in the interatomic distances or bond angles. The frequency of the quasiparticle is 2.

a(t) = ap + ag cos(Qt) (1.3)

The interaction of an electric field E(w) with a molecule with polarizability « leads to a dipole
moment Pp(w) (eq. 1.4 and eq. 1.5), which acts as the source of an evanescing electromagnetic

wave.

Pp(w) = aE(w) (1.4)

Pp(w) = aEy cos(wt) (1.5)

When introducing the modulated polarizability (eq. 1.3) into equation 1.5 we receive equation
1.6, and subsequently, by trigonometric sum rules, equation 1.7.

Pp(w) = agEycos(wt) + a1 Ey cos(Qt) cos(wt) (1.6)

Pp(w) = agEycos(wt) + alEO% <cos((w — Q)t) + cos((w + Q)t)) (1.7)

The evanescing electromagnetic wave is therefore a superposition of the original incoming
frequency w and two sidebands w =+ €). The sidebands correspond to the Stokes and Anti-Stokes
shifted wavelengths.

Even though Raman activity follows selection rules, most molecules and solids have at least
one Raman active mode. The Raman active modes of a molecule or solid can be determined from
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their symmetry and group theory. Vibrational modes are only Raman active if the derivative of
the polarizability « as a function of the deformation @ at ¢ = 0 is non-zero. In figure 1.5,
examples for vibrational modes of diatomic and triatomic molecules are shown and their Raman

activity is discussed.

molecule o—oO O—O O_O_O

vibration | «0—0» | «0—) 00| <00 é—@—é
h f a

e | Lo [T o [Tl [TV, [TV,

da

do #0 #0 #0 =0 =0
Raman
setive yes yes yes no no

Figure 1.5: Raman active vibrations for diatomic and triatomic molecules, adapted from [43].

Raman scattering in solids

For the case of crystals, one must use a susceptibility tensor x;; instead of the scalar polarizability
«. The displacements of the atoms are denoted by the normal coordinates (), of the oscillations.
The susceptibility can be expanded around the equilibrium C_j = 0 with a Taylor expansion, which

is terminated after the linear term (eq. 1.8).

oxi
ij( Xz] ‘|‘ Z 0Q J

If the Raman scatterers oscillate with specific eigenfrequencies €2, the susceptibility is mod-

Qr + ... (1.8)

ulated by the same frequencies (eq. 1.9) in analogy to equation 1.3.

8><
Xij( le + Z el

Qr cos(Q2t) (1.9)

The partial derivative of the susceptibility x;; with respect to the normal coordinate (), is
called the Raman tensor [x;;]x (eq. 1.10).

_ Oxij
[le]k - an .

(1.10)

The components of the tensor have three indices: 7 and j extend over the coordinates of the
tensor and k runs over the 3N-3 normal coordinates for the vibrations, where N is the number
of atoms in the unit cell. There is a rank-2 tensor for every individual mode with frequency €1,
which have been tabulated [46]. The scattering intensity of a Raman mode is proportional to the
square of the Raman tensor (eq. 1.11), where Iy is the intensity of the incident light, o5/ is the
measured scattering cross section, F; and F; are resonance enhancement factors for the initial
(¢) and final (f) wavelengths, €; and € are unit vectors of the initial and the final electric fields,
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and [x;;], is the Raman tensor of a specific vibration. The measured scattering cross section oy
arises from the limitations of the recording of all possible angles of scattering.

I = Iyon FiFy |8 - [xijly - & (1.11)

Raman thermomeiry

The Raman signal is dependent on the temperature. The intensity ratio of the Stokes and Anti-
Stokes peak is affected, as occupation of higher vibrational energy levels/existence of quasiparti-
cles is necessary for the appearance of the Anti-Stokes peak (eq. 1.12). At higher temperatures,
the higher energy states are more occupied in accordance with the Boltzmann distribution. Addi-
tionally, peaks are shifted towards lower wavenumbers in case of strong temperature dependence
of the phonons themselves. Thermal broadening of peaks occurs as a result of diffuse motions
of phonons.

I —O\* e
i: <Z+Q) eFBT (1.12)

Isotope effect

The frequency of vibrational modes is correlated with the masses of the atoms participating in
the vibration. Equation 1.13 [47] describes the shift in frequency resulting from changes in the
mass, where v is the frequency belonging to the altered mass, v the frequency of the unaltered
mass, my is the unaltered mass, m, is the mass of the isotope, and c is the relative concentration
of the isotope.

vg —V mo
=1- 1.13
Vo \/mo + (myx —mo)c (1.13)
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Raman specirometers

The instrumentation of Raman spectroscopy in its most simple form includes a light source, usu-
ally a laser, an optical path including mirrors, filters, gratings, a beamsplitter and a monochroma-
tor, an objective, a spectrometer and a detector (e.g. CCD) to record the scattered light (fig. 1.6).

laser filter

beam
splitter

i
gra |ng/ 4 focusing
mirrors

. detector

Figure 1.6: Schematic set-up for confocal Raman microscopy.

microscope

sample

Raman spectroscopy is a useful method for the identification of samples using their charac-
teristic Raman finger print and studying material properties such as strain, crystallinity, doping,
band gaps and phase transitions. Raman thermometry can be used to determine the temperature
in the sample. If the Raman cross section of the sample is known, quantitative analysis is also
possible. Raman spectroscopy can be applied to gases, liquids or solid samples and is generally
non-destructive, as long as the laser power is low enough to not cause thermal damage to the
samples. For this reason, it is often also applied to analyze sensitive materials, such as biological
samples or pigments of artworks.

10
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1.4 Carbon nanotubes

1.4.1 Structure of carbon nanotubes

This chapter largely follow reference [48].

Carbon nanotubes can be conceptually thought of as a rolled up sheet of graphene. Depending
on the orientation of the axis with respect to the graphene lattice, the geometry of the carbon
nanotube can differ (fig. 1.7). The axis is perpendicular to the vector of helicity Cy, (eq. 1.14),
which is the sum of the lattice vectors a; and a, multiplied by integers n and m, respectively. The
different vectors of helicity result in chiral (n,m) and achiral nanotubes. The achiral nanotubes
can be further divided into zigzag (n,0) nanotubes and armchair (n,n) nanotubes.

CL = naj + mas (1.14)

5e

©3) chiral (n,m) (8,3)

Figure 1.7: Carbon nanotubes formed by rolling up a sheet of graphene.

The diameter of carbon nanotubes typically ranges between 0.4 nm [49] and 2.5 nm [50]. The
lower limit exists due to the high stress on the carbon-carbon bonds while the cylindrical shape
is not stable much above 2.5 nm and the tubes would collapse [51]. As compromise between
strain on the carbon bonds and stability of the cylinder, carbon nanotubes with a diameter of
about 1.35 nm seem to be the most favorable, as this is the diameter that grows predominantly
during synthesis from solid carbon sources in the absence of catalysts [50]. The diameter can
be calculated from the vector of helicity (eq. 1.15), where a. is the bond length between carbon
atoms.

D ‘Ch‘ _ acc\/B(n2+nm+m2)
T T

, (1.15)

The bond length varies slightly depending on the radius of curvature, as the carbon-carbon
bond is elongated compared to that of flat graphene. The lower limit is 1.42 A, which is the
carbon-carbon bond length in graphite, and 1.44 A, is reasonably assumed to be the upper limit,
which corresponds to the carbon-carbon bond length in Ceg fullerenes [50]. The length of single-
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Figure 1.8: Left: single-walled carbon nanotubes (top: chiral; bottom: zigzag); Right: multi-
walled carbon nanotube; adapted from [56] and [57], respectively.

walled carbon nanotubes (SWCNT) is dependent on the synthesis method and can range from
500 nanometers up to several millimeters. One of the longest reported carbon nanotubes was 0.55
meters long [52]. Due to their extremely high aspect ratios, carbon nanotubes exhibit properties
of truly one-dimensional solids. Their behavior is similar to that of polyacetylene polymers with
more than 100 carbon atoms, where the properties become independent of length. However,
polyacetylene, which should be metallic considering only a combination of molecular orbitals,
due to Peierl’s distortion, becomes a semiconductor or insulator [53], [54]. Carbon nanotubes
are stable against Peierl’s distortion [48] and therefore exhibit properties of one-dimensional
metals, such as Luttinger liquid behavior.

Double- or multi-walled carbon nanotubes (DWCNT/MWCNT) are Russian-doll like struc-
tures of coaxial single-walled carbon nanotubes with increasing diameter. Their diameter can
range from 1.4 - 30 nm and they are, in contrast to flexible single-walled carbon nanotubes,
rod-like rigid structures [55]. In figure 1.8, transmission electron microscopy (TEM) images of
single-walled carbon nanotubes and multi-walled carbon nanotubes are shown.

1.4.2 Properties of carbon nanotubes

In order to understand the electronic properties of carbon nanotubes, it is useful to first look at
the electronic band structure of graphene. Graphene has a hexagonal Brillouin zone, and the 7
and 7* bands touch only at the corner points of the Brillouin zone, labeled K and K’ (fig. 1.9a
and b), where the density of states is zero [58]. This is why graphene is neither a true metal nor a
true semiconductor, but is often referred to as a semi-metal or a zero-gap semiconductor. When
the graphene sheet is rolled up into a carbon nanotube, periodic boundary conditions are imposed
on the structures perpendicular to the tube axis and only a limited amount of k states are allowed,
which are shown by the red lines in figure 1.9¢ and d. The distance between the quantization lines
is determined by the diameter D of the nanotube. Depending on the geometry of the nanotube,
this results in metallic, tiny-gap semiconducting or large-gap semiconducting nanotubes. If the K
and K’ points are included in the allowed k states, the nanotube is metallic, if it is not included, the
tube is a semiconductor. This can be seen by the depiction of the Dirac cones (linear dispersion
relation of the energy bands at the K and K’ points), where the offset of the quantization line
from the K/K’ point leads to the opening of a band gap (fig. 1.9d). Armchair (n,n) nanotubes
are always metallic, in the case of zigzag (n,0) or chiral (n,m) nanotubes, a general rule can be
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Figure 1.9: Electronic band structure of graphene and carbon nanotubes, adapted from [58]: a)
Brillouin zone of graphene; b) energy bands of graphene close to the Fermi level, the
7 and 7* bands touch at the K and K’ points; c¢) Brillouin zone of a metallic carbon
nanotube, the allowed k states (red lines) include the K and K’ points; d) Brillouin
zone of a semiconducting carbon nanotube, the allowed k states do not include the K
and K’ points, the Dirac cone below shows how the offset from the K/K’ points leads
to the opening of a band gap.

found in equation 1.16. If j is a nonzero integer, the nanotube is a tiny-gap semiconductor, in
all other cases the tube is a large-gap semiconductor. When only considering the zone-folding
model, the nanotubes that follow equation 1.16 should be metallic, but a tiny gap can open due to
tube curvature effects in cases where j is nonzero. Armchair nanotubes always remain metallic,
since even taking curvature into account, the shift of the wave vector is along an allowed line of
the graphene Brillouin zone [59]. However, the band gaps of tiny-gap semiconductors are so
small that they appear metallic under ambient conditions [60].

n—m = 3j, (1.16)

As single-walled carbon nanotubes are one-dimensional solids, the density of states exhibits
interesting features. Compared to three-dimensional systems, where the density of states has a
monotonic increase with energy, one-dimensional systems show sharp maxima at certain ener-
gies with a decaying tail (fig. 1.10a). These are called Van Hove singularities. Due to these
well-defined energy maxima, single-walled carbon nanotubes behave almost like molecules in
terms of electron excitations and optical transitions. Depending on the structure of the nanotube,
different discrete transitions occur, which are denoted as Ej; in figure 1.10b [61]. A systematic
plot of single-walled carbon nanotube optical transitions as a function of diameter, the so-called
Kataura plot [62], can be found in figure 1.10c. This plot is useful in order to select the correct
excitation wavelength to study a certain nanotube or, inversely, determine the diameter of the
nanotube from the optical absorption properties. Semiconducting carbon nanotubes also exhibit
photoluminescence, which is a useful tool to characterize them [63]-[65].

The electronic and optical properties of carbon nanotubes are, in practice, strongly influenced
by the environment. For example, in (metallic) armchair nanotubes, bundling together the nan-
otubes into a rope will lead to repulsion of the bands between neighboring tubes. This causes
a pseudogap of up to 0.3 eV to open, drastically changing the electronic properties [67]. As
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Figure 1.10: a) Density of states of 3D, 2D and 1D systems, adapted from [66]; b) density of
states for an armchair (10, 10) metallic single-walled carbon nanotube (top), a chiral
(11, 9) semiconducting single-walled carbon nanotube (middle) and a zigzag (22,
0) semiconducting single-walled carbon nanotube (bottom), adapted from [42]; ¢)
Kataura plot of electronic transitions E;; as a function of nanotube diameter, adapted
from [42].

mentioned above, semiconducting carbon nanotubes exhibit photoluminescence, but only indi-
vidually isolated single-walled carbon nanotubes have a strong photoluminescence signal. In
case of nanotube bundles the signal is quenched due to non-radiative relaxation of the excitons
[64].

The phononic properties of carbon nanotubes can also be derived from graphene. In graphene,
there are 6 phonon branches. Four of them are in-plane phonon branches, namely transverse
acoustic (TA), longitudinal acoustic (LA), transverse optical (TO) and longitudinal optical (LO)
and two out-of-plane branches, one acoustic (ZA) and one optical (ZO) [68]. A closer look
into the phonon dispersion of graphene revealed two Kohn-Anomalies at the I" and K points (fig.
1.11b) [69]. The phonon branches of graphite, measured using inelastic X-ray scattering (IXS)
and modeled using GW calculations, are shown in figure 1.11 [70]. The three highest branches
(LO, TO and LA) are almost triply degenerate around the K point. The study by Griineis et al.
also enabled the disentangling of the phonon branches at the K points [70]. Many-body effects
needed to be considered to correctly reflect experimental results, which could not be explained
using density functional theory (DFT).

The electronic and optical properties of carbon nanotubes make them interesting materials for
a wide range of applications, such as nano-scale light emitters [71], field effect transistors [72]
or even biosensing applications [73].

Carbon nanotubes also have remarkable mechanical properties, such as high tensile strength
of around 45 GPa for single-walled carbon nanotubes [74] and around 150 GPa for defect free
multi-walled carbon nanotubes [75]. Steel in comparison only has a tensile strength of 0.45-2.35
GPa, depending on the structure, while being significantly heavier [76]. The Young’s modulus
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Figure 1.11: Phonon dispersion of graphite along the the I'KM direction. The points are ex-
tracted from IXS measurements, full lines represent the GW calculations. The
dashed lines correspond to DFT calculations, illustrating the importance of con-
sidering electron-electron correlations (GW approach) to achieve good agreement
with experimental values, adapted from [70].

of carbon nanotubes is exceptionally high, in the TPa range [77]. Carbon nanotubes also have
high resilience, meaning that they can significantly change their shape, e.g., bending, torsion
or flattening without irreversible atomic rearrangements [78]. Due to their superb mechanical
properties, low density and high aspect-ratios, carbon nanotubes are ideal candidates for high
performance composite fibers [79]. Composites of nanotubes with metal, ceramic or polymer
matrices are extensively studied, as carbon nanotubes promise major advances for the properties
of such materials [50].

1.4.3 Raman spectroscopy of carbon nanotubes

Raman spectroscopy is a useful tool to study carbon nanotubes and related systems, as they have
many Raman active modes that are directly related to their properties such as diameter, chirality
and purity. In figure 1.12, the Raman spectrum of a single-walled carbon nanotube is shown and
the characteristic modes are marked.

The radial breathing mode (RBM) describes a synchronous vibration of all carbon atoms in the
radial direction, comparable to the movement of the thorax when breathing. The typical Raman
shifts of radial breathing modes are in the range of 100-500 cm™'. The RBM is very useful
for the characterization of carbon nanotubes, as its frequency is dependent on the diameter of
the nanotube roughly according to equation 1.17, where w is the frequency of the RBM, D is
the nanotube diameter and A and B are constants to be determined empirically. For isolated
single-walled carbon nanotubes the values A = 248 and B = 0 and for bundles the values
A = 234 [cm'nm] and B = 10 [cm™] have been found [80]. However, this relation is only
accurate for nanotubes between 1.2 and 1.8 nm in diameter, as below a diameter of 1 nm, lattice
distortions lead to a chirality dependence of the frequency of the radial breathing mode [80],
[81].

A
wrem = 55 + B (1.17)
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Figure 1.12: Raman spectrum of single-walled carbon nanotubes measured with a 568 nm laser.
The vibrations of the RBM and G modes are shown schematically, adapted from
[80].

Using resonant Raman scattering and the Kataura plot (fig. 1.10c), the RBM frequency can
even be used to identify the chirality of a single nanotube [82]. The Stokes/Anti-Stokes intensity
ratio can also be used for the determination of electronic transitions and subsequently, chirality
of individual single-walled carbon nanotubes [83]. It is important to note that equation 1.17
does not take into account environmental effects, which also causes shifts in the RBM frequency
[84]. Double-walled carbon nanotubes exhibit radial breathing modes from both the inner and
the outer tubes, which are shifted towards higher frequencies compared to single-walled carbon
nanotubes with the same diameter [85]. The inner and the outer tube can be considered as two
oscillators connected by a spring [86]. It can also be observed that the inner tube RBMs exhibit a
characteristic splitting into multiple components for each outer tube due to interactions between
the shells [87].

The tangential modes in carbon nanotubes originate from the optical phonons in graphite and
are characterized by a displacement parallel to the nanotube wall, either along the circumference,
the axis or a mixed direction in-between. As these modes involve mostly the strong sp? carbon
bonds, they appear at high frequencies. The Raman active tangential modes are the G-mode
("G" as in "graphite") at around 1585 cm™!, sometimes also referred to as the high energy mode
(HEM) and the 2D-mode [86]. In graphite, the longitudinal optical (LO) mode and transverse
optical (TO) mode are degenerate at the I point, leading to a single peak [81]. However, due to
their curvature, the G-mode is a multi-peak feature in carbon nanotubes, where the most intense
peaks, labeled G* and G-, originate from the breaking of symmetry along the tube axis and along
the circumference, respectively. The G-mode is also dependent on the diameter and metallicity
[80]. While the frequency of the G* mode is relatively independent of the nanotube diameter,
the G~ frequency increases with increasing diameter (fig. 1.13b). However, for metallic tubes,
ab-initio calculations have rejected previous assignments of the LO- and TO-mode to G* and G
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Figure 1.13: Diameter dependence of the the Raman modes of carbon nanotubes: a) diameter
dependence of the RBM (adapted from [89]); b) diameter dependence of the G-
mode (adapted from [80]); c) opposite mode assignment for the G-mode of metallic
single-walled carbon nanotubes (adapted from [88]).

and assigned the modes the opposite way (fig. 1.13c) [88]. Using the difference in frequency of
G* and G bands, the diameter can be estimated. This is however not as accurate as determination
from the radial breathing mode. The diameter dependence of the radial breathing mode is shown
in figure 1.13a.

The D-mode ("disorder-induced" mode), also a tangential mode, is located at around 1350
cm’! and appears in the Raman spectrum of carbon nanotubes in the presence of defects, such
as heteroatoms, vacancies, impurities, heptagon-pentagon pairs, kinks or grain boundaries [80],
[81]. This mode is not visible in the Raman spectrum of a perfect carbon nanotube structure, as
it is associated with the K point of the Brillouin zone and only modes at the center of the Bril-
louin zone (I" point) can be measured due to momentum conservation. Breaking the translational
symmetry due to defects in the structure leads to a breakdown of momentum conservation by ac-
tivating phonons at the K points of the Brillouin zone. The disorder-induced lattice distortions
could also lift other symmetry-based selection rules, thus also activating phonons that are forbid-
den by the symmetry of the unperturbed crystal structure [42]. The origin of the mode is based
on a double-resonance process, coupling phonons and electrons [90]. The frequency, linewidth
and intensity can provide information on the structure of the carbon nanotubes, their degree of
disorder and mechanical properties such as compressive or tensile strain [81]. A comparison
of the ratio of the D-band and G-band intensities as a function of distance between defects in
graphite is shown in figure 1.14 [91]. However, resonance behavior has to be considered when
comparing D-band intensities with other Raman features.

The 2D-band, also often called G’-band, appears at even higher frequencies, between 2500-
2800 cm’!. This band arises from the anti-parallel second harmonic of the D-band at the K point.
The cancellation of the momentum renders this mode optically active. It is highly dispersive and
therefore useful to probe the electronic and phononic structure of sp? carbon materials. Despite
its name, it is not dependent on defects in the structure. Its frequency, linewidth and and intensity
are, however, sensitive to strain [81]. Both the D- and the 2D-bands are dependent on carbon
nanotube diameter and chiral angle.
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Figure 1.14: Ratio of D-band to G-band intensities in the Raman response of graphite as a func-
tion of distance between defects, adapted from [91].

1.4.4 Synthesis, purification and sorting of carbon nanotubes
Synthesis

The main methods of carbon nanotube synthesis are arc-discharge, laser ablation and chemical
vapor deposition [92]. In the arc-discharge method, carbon electrodes are evaporated in an
inert gas using high currents. The temperatures can reach 3000°C-4000°C. Single-walled and
multi-walled carbon nanotubes with high crystallinity can be synthesized by arc-discharge. Arc-
discharge was also the method used by Iijima in 1991, who used the method typically used for
fullerene synthesis and discovered carbon nanotubes [S5]. The first larger scale synthesis of
multi-walled carbon nanotubes using arc-discharge was reported in 1992, where high pressures of
helium gas (500 Torr) were used [93]. Synthesis of single-walled carbon nanotubes through arc-
discharge requires a metal catalyst in the carbon anode. In 1993, substantial amounts of single-
walled carbon nanotubes could be synthesized using carbon anodes with a small percentage of
cobalt [9]. High yields of 70-90% of single-walled carbon nanotubes could be achieved with
1 at.% Y and 4.2 at.% Ni as catalysts [94].

In laser ablation, laser pulses are used to ablate a target in a furnace, while a flow of inert
gas, e.g. argon, carries the produced nanotubes into a cooler zone to be collected. This method
was pioneered in 1995 to make multi-walled carbon nanotubes [95] and single-walled carbon
nanotubes [96]. The single-walled carbon nanotubes were synthesized from metal-graphite com-
posite targets containing cobalt and nickel or cobalt and platinum with a furnace temperature of
1200°C.

In chemical vapor deposition (CVD), a catalyst is heated inside a furnace and a hydrocarbon gas
flows over the catalyst. The catalysts are usually transition-metal nanoparticles, e.g. iron, cobalt
or nickel, and ethylene or acetylene are typical feedstock gases. Temperatures for CVD growth
of multi-walled carbon nanotubes commonly range between 550°C and 750°C. First reports of
such methods for growing multi-walled carbon nanotubes by acetylene decomposition over iron
catalyst particles at 700°C came out in 1993 [97]. In order to grow singe-walled carbon nan-
otubes from CVD, generally higher temperatures are required, as smaller diameter single-walled
carbon nanotubes have higher strain energies. It is important to consider the feedstock gas at
high temperatures, as self-pyrolysis into amorphous carbon is unfavorable for the yield [92]. For
example, high-quality single-walled carbon nanotubes were grown using methane as a carbon
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Figure 1.15: Common synthesis methods for carbon nanotubes: a) arc-discharge; b) laser abla-
tion; ¢) chemical vapor deposition.

source and supported Fe, O3 catalysts at 1000°C [98]. Generally, there are many parameters in
CVD (feedstock gas, partial pressures, temperatures, catalyst, catalyst supports) which can and
have been tuned in the past decades in order to improve the yield of high-quality nanotubes and
even make aligned carbon nanotubes, which is possible due to the catalyst pores acting as growth
templates [99].

A sketch of the three main methods for nanotube synthesis is shown in figure 1.15. All three
methods have some advantages and limitations [100]. In arc-discharge, near perfect single-
walled and multi-walled carbon nanotubes can be synthesized. However, high temperatures are
required and only batch production is possible. The growth parameters are not easily controllable
and the tubes are typically short and deposited in random positions and orientations. Laser abla-
tion is relatively costly due to the need for expensive lasers, but compared to arc-discharge, the
growth conditions can be well controlled. It primarily produces single-walled carbon nanotubes
with a well defined diameter which are cleaner than the tubes made from arc-discharge. In CVD,
the yield can be extremely high, the tubes can be very long and it is the most easily scalable at
an industrial level. Unfortunately, the tubes are often high in defects, which is disadvantageous
to their properties. In recent years however, CVD methods have been greatly improved in this
regard, basically eliminating this issue.

A variation of the CVD method for carbon nanotube synthesis is enhanced direct injection
pyrolytic synthesis (eDIPS) (fig. 1.16) [101]. This method uses a vertical ceramic furnace tube
with a temperature gradient, where an organic solvent solution of the catalyst precursor is injected
via a spray nozzle under a hydrogen carrier gas flow. A second carbon source, e.g. ethylene, flows
trough the reactor. The reaction temperature is around 1200°C. The nanotubes are collected
in a filter at the bottom. For example, ferrocene is used as a catalyst precursor in a toluene
solution, which sublimates and decomposes into iron clusters/nanoparticles with increasing size.
The diameter of the nanotubes can be controlled through the decomposition temperature of the
carbon source. Itis assumed that carbon precursors decomposing at lower temperatures will yield
smaller diameter nanotubes, as the catalyst particle clusters in this furnace zone are smaller.
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Figure 1.16: Enhanced direct injection pyrolytic synthesis (eDIPS), adapted from [101].

Purification

As-grown carbon nanotubes with any method always contain a certain amount of impurities
[102]. In the case of CVD, undesired side products often include amorphous carbon, aromatic
carbon, polyhedral carbon, carbon nanoparticles and metal particles. In arc-discharge and laser
ablation, common by-products are fullerenes, graphitic polyhedrons, also with catalyst particles
enclosed, and amorphous carbon. There are several purification methods based on chemical ox-
idation processes, these include gas-phase oxidation, liquid phase oxidation using acid treatment
and electrochemical oxidation. These methods are based on the principle that amorphous carbon
and carbon nanoparticles are less stable towards oxidation than the carbon nanotubes. However,
these chemical processes can damage the nanotubes, e.g. open the end-caps, modify their surface
structure and add functional groups. While this is unwanted for some applications, the modified
nanotubes can serve as starting materials for further interesting chemical reactions. For exam-
ple, opening the end-caps is necessary for filling carbon nanotubes with other molecules, such as
fullerenes to create "peapods" [103]. To avoid the chemical modifications by the various types
of oxidation treatments, physical methods of sample purification can also be used. Common
methods include filtration, centrifugation, chromatography, electrophoresis, and high tempera-
ture (1400-2800°C) annealing. While these methods are generally non-destructive, for most of

them the nanotubes need to be in solution, requiring surfactants and sonication for dispersion.

Separation

For many applications, e.g. optoelectronics, it is necessary to not only purify carbon nanotubes,
but also to separate the nanotubes themselves according to their properties, such as diameter,
band gap, metallicity or chirality.

One of the most common methods for nanotube separation is density gradient ultracentrifuga-
tion (DGU). This technique is based on the different buoyant densities of carbon nanotubes with
different structures. The centrifugation is performed in solution with a density gradient and the
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resulting centripetal force on the particles causes them to spatially separate according to their
buoyant densities. Using successive iterations of ultracentrifugation, very small diameter distri-
butions can be achieved [104]. In the first attempts, the single-walled carbon nanotubes were
wrapped in DNA strands and separated by diameter in a density gradient solution of iodixanol
[105]. This method had some significant drawbacks, including the limited stability of DNA in
aqueous solutions, difficult removal and non-sensitivity to metallicity, which is why other sur-
factants were explored. Bile salts such as sodium cholate (SC), sodium deoxycholate (DOC) and
anionic-alkyl amphiphiles such as sodium dodecyl sulfate (SDS) are often used. The surfactants
form encapsulation layers around the carbon nanotubes which are sensitive to slight differences in
the structure. With these surfactants, also metallicity sorting is possible, as the surfactants inter-
act differently with metallic and semiconducting nanotubes. It has been suggested that metallic
nanotubes interact more strongly with the surfactants via 7 interactions than semiconducting nan-
otubes [106]. The packing density of the surfactants is also sensitive to electrostatic screening
of the nanotubes. Partial charge-transfer between metallic nanotubes and the surfactants could
also play a role [104]. Using nonlinear density gradients, different chiral single-walled carbon
nanotubes can be enriched [107]. Even the right and left handed enantiomers of single-walled
carbon nanotubes can be separated with DGU using the chiral surfactant sodium cholate [108]
and nonlinear density gradients [107].

Co-polymer isolation is based on the different dispersability of carbon nanotubes in different
polymers. With this method, carbon nanotubes can be sorted by length [109], diameter [110],
chirality [111] and enantiomer [112].

Aqueous two-phase extraction (ATPE) is another common method for the separation of carbon
nanotubes [113]. In this method, two water-soluble polymers are mixed together in an aqueous
solution. At certain concentrations, a transition occurs and the mixture separates from one phase
into two phases. When the other components of the mixture have different affinity to the two
phases, they will also be enriched in the respective phases, allowing a separation. Surfactant
concentrations are used in single-walled carbon nanotube separation to control the affinity to
the polymer phases, typically polyethylene glycol (PEG) and dextran (DEX). Carbon nanotubes
covered with SC or DOC tend to gather in the dextran-rich phase and nanotubes with SDS into
the PEG rich-phase. Using several steps of separations with varying surfactant concentrations,
highly enriched fractions can be collected. Separation according to diameter, metallicity, band
gap and enantiomeric sorting are possible with ATPE. This method is generally very practical, as
it requires no expensive equipment, has low energy cost, low material costs and high throughput.

Different types of chromatography have also been applied for the separation of carbon nan-
otubes. In general, chromatography is a separation technique based on differences in the inter-
action of the components in the sample with the material of a column. At first, size-exclusion
chromatography was used to separate the multi-walled carbon nanotubes by length, using SDS to
disperse the sample and controlled pore glass as a chromatography column [114]. Using agarose
gel and single-walled carbon nanotubes dispersed in SDS, a separation of metallic and semicon-
ducting nanotubes can be achieved [115]. Single-chirality separation could also be achieved,
e.g. by using gel chromatography with an alkyl-dextran based gel [116]. Ion exchange chro-
matography can also be applied for diameter sorting [117] and chirality sorting [118]. Using
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gel permeation chromatography, even double-walled carbon nanotubes can be separated into four
fractions according to the metallicity of both the outer and the inner nanotubes [119].

In electrophoresis, the application of an electric field leads to the sorting of a sample according
to the mobility of its components in a medium. For example, semiconducting and metallic single-
walled carbon nanotubes can be dispersed in SDS and separated using agarose gel electrophoresis
in only 20 minutes [120]. This method is fast, low cost and high yield.

The "holy grail" of nanotube synthesis would be to find methods where only one single chirality
of nanotube is produced. Even if this has not yet been achieved, synthesis pathways that lead to
the enrichment of one type of nanotube have been developed in recent years, such as total organic
synthesis, cloning and catalyst engineering [121].

1.4.5 Functionalization of carbon nanotubes

Carbon nanotubes can be modified to enhance or change certain properties or for specific appli-
cations. Such modifications include, but are not limited to, doping (substitutional, endohedral
or exohedral), intercalation, functionalization, coating and endohedral filling [122]. Heteronan-
otubes and filled nanotubes are discussed in further detail in the following sections.

Intercalated nanotubes

Intercalation compounds of nanotubes refer to structures where heteroatoms, often alkali metals
such as lithium or potassium, are found between single-walled carbon nanotubes in bundles.
The heteroatoms act as electron donors or acceptors, modifying the electronic structure of the
nanotubes [122], [123].

Different levels of charging can be observed in the Raman frequency for potassium intercalated
nanotubes [124]. Intercalated nanotubes can be synthesized using two-zone vapor transport
[125]. Intercalated nanotubes are structurally closely related to graphite intercalation compounds
(GIC), which makes GICs well-suited models for the study of electronic doping on sp>-hybridized
nanocarbon. For intercalated graphite, different effects were observed on the Raman frequency,
specifically the G-mode and the 2D-mode of graphite [126] (fig. 1.17). Charge transfer causes
upshifts in Raman frequencies, while the strain caused by the deformation of the lattice and
subsequent elongation of the carbon-carbon bond leads to downshifts in the Raman frequency.
For the G-band, a mode originating at the I' point, both effects occur, but the effect of charge
transfer dominates, resulting in a net increase of the Raman frequency. For the 2D-mode, which
contrary to the G-mode originates at the K point in the Brillouin zone, only the effect of strain is
observed, leading to a downshift in the Raman frequency.

The effects of electronic doping have also been observed in doped graphene. Shifts of the
G-band can be correlated to changes in the Fermi level. It has been shown in simulations that
the G-band in graphene will shift downwards slightly, regardless of p-type or n-type doping in
very low concentrations. With increasing concentrations, both the increase and decrease of the
surface electron concentration leads to an upshift of the G-band frequency (fig. 1.18a and b)
[127], [128]. The "dip" at low concentrations is more pronounced at low temperatures compared
to room temperature, where almost no decrease in the G-band frequency can be measured. The
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full-width at half maximum (FWHM) also decreases
(fig. 1.18a and ¢).
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Figure 1.17: Shifts of the G-mode (left) and 2D-mode (right) in intercalated graphite as a func-
tion of inverse intercalation stage, adapted from [126].
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Figure 1.18: Effect of electronic doping on the G-mode of graphene: a) simulations for linewidth
and frequency of the G-mode, adapted from [128]; b) experimental values for fre-
quency shifts of the G-mode at 295 K, adapted from [127]; c) experimental values
for the linewidth of the G-mode, adapted from [127].

Apart from doping, the effect of charging on carbon nanotubes has been studied using gating.
Nanotubes are promising materials for field-effect transistors. The increase in the G-band fre-
quency has been observed also for applying a positive gate voltage, i.e., adding charges into the
material [129].
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Heteronanotubes

Carbon atoms in the structure can be replaced with heteroatoms such as boron, nitrogen or even
phosphorus without changing the honey-comb lattice structure (heteronanotubes) [130], [131].
The substitution of a carbon atom with a boron atom leads to the creation of an electronic hole, as
boron has only three valence electrons, compared to four valence electrons in carbon. Therefore,
boron doped carbon nanotubes are p-type "nanoconductors". Nitrogen, on the other hand, has
five valence electrons, so three-coordinated nitrogen can be substituted into the structure and the
nanotube will exhibit n-type doping. The nitrogen can substitute a carbon atom in the lattice and
be bonded to three carbon atoms (graphite-type doping) (fig. 1.19a), or it can be bonded to only
two carbon atoms (pyridine-type doping), in which case another carbon needs to be removed from
the lattice, creating a structural "hole" (fig. 1.19b). Such nanotubes have localized electronic
states above and below the Fermi-level.

a b

Figure 1.19: Different types of nitrogen doping in carbon nanotubes: a) graphite-type doping;
b) pyridine-type doping, adapted from [131].

Heteronanotubes can be synthesized with the same methods as pristine carbon nanotubes, e.g.
CVD, arc-discharge or laser ablation, by changing the gas atmosphere or the targets to include
the desired dopant atoms [131]. Other methods include ion implantation [132] and substitution
reactions [133].

The Raman spectrum of nitrogen doped single-walled carbon nanotubes (N-SWCNT) differs
from the Raman spectrum of pure single-walled carbon nanotubes in a few different ways [134].
The radial breathing mode (RBM) intensity is lowered, the higher the concentration of nitrogen
in the doped tubes. The defect band (D-band) intensity can increase with higher concentrations
of nitrogen. For boron doped single-walled carbon nanotubes (B-SWCNT), an increase in the
intensity of the D-band was observed, as well as a downshift of the 2D-band and variations in
RBM and G-band intensity [135]. Since the defect band (D-band) intensity is correlated to
the amount of defects in the structure, it is not surprising that doping leads to higher intensity
compared to undoped single-walled carbon nanotubes.

In multi-walled doped carbon nanotubes, downshifts of the D-band for boron doped MWC-
NTs, upshifts for the D-band for nitrogen doped MWCNTs and downshifts of the G-band can be
observed regardless of doping with boron or nitrogen [136].

The isotope effect discussed in section 1.3 can also be applied to calculate frequency shifts
for heteronanotubes, following equation 1.13. For N-SWCNT with 1% nitrogen, the G-band at
1585 cm™ would shift downwards by about 1.3 cm™!. For B-SWCNT, with 1% boron, the G-band
would shift upwards by 0.8 cm™! as a result of the lower mass of boron compared to carbon.
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The different effects changing the Raman frequency occur simultaneously (fig. 1.20). The
effect of electronic charge transfer can be more or less pronounced depending on the system. In
the case of boron doping, both the mass and charge transfer effects shift into the same direction,
since the lower mass leads to an upshift in frequency and the frequency also increases due to
the change in the electronic structure. For nitrogen doping, the effects push the frequency in
opposite directions, since from the mass, a downward shift can be observed, while the increase
in electronic density will lead to an upshift. Additionally, tensile strain and elongation of carbon-
carbon bonds can lead to downshifts [126]. Conversely, compression would lead to an upshift in
the Raman frequency. This makes the evaluation of Raman shifts for doped single-walled carbon
nanotubes rather complex. Even if no shifts are observed, it does not necessarily mean that there
is no doping.

Endohediral filling of carbon nanotubes

Another possibility to modify carbon nanotubes is by filling them with metals, oxides, salts, gases
or molecules, commonly denoted as X@SWCNT. The filling is commonly done in solution, with
molten-state precursors or with sublimated molecules and is usually preceded by an oxidation step
in order to open the end-caps of the nanotubes [50]. Such structures are promising candidates for
a wide array of applications [137]. Especially the concept of carbon nanotubes as nanoreactors
to synthesize and stabilize exotic phases or molecules is of great significance for this work.
Single-walled carbon nanotubes can be filled with fullerenes, creating so-called "peapods", as
their structure somewhat resembles the legume (fig. 1.21a). This structure was first observed
in 1998, where it was discovered that fullerenes can be trapped inside carbon nanotubes, both
made using pulsed laser vaporization of graphite [138]. Especially Cg fullerenes, which have a
diameter of 0.7 nm can be well accommodated inside carbon nanotubes with a diameter of 1.4 nm.
This is due to the Van der Waals radius of carbon of 0.17 nm [139]. The spacing between the
nanotube and any molecule or inner tube is ideally two times the Van der Waals radius from
both sides, meaning a total difference of four times the Van der Waals radius (0.68 nm), between
the diameter of the nanotube and the fullerene. A different synthesis pathway to peapods is the
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filling of Cgq into acid-purified nanotubes at 450°C [140]. Here, it is proposed that the fullerenes
are first adsorbed on the outside of the nanotubes and diffuse along the carbon nanotube until a
defect or an opening is found, where the fullerenes will get sucked into the nanotubes. Another
method is the sublimation of fullerenes and filling into carbon nanotubes inside an evacuated
glass ampoule at 650°C [141]. The vapor filling method was optimized by adding a nanotube
oxidation step (10-30 minutes at 400-450°C) before the actual filling in order to open the end-caps
of the carbon nanotubes [142].

The filling of the carbon nanotubes with fullerenes can be observed in TEM, however, this
technique only provides very local information. The bulk yield can be determined with X-ray
diffraction [143] or electron energy loss spectroscopy (EELS) [144]. '3C nuclear magnetic res-
onance can also be used to count the fullerenes inside the nanotubes, if isotope enriched fullerenes
are used [47]. It is also possible to determine the yield using Raman spectroscopy, from the Cgg

I [145]. Using a 488 nm laser for exci-

Ag(2)-mode (pentagonal pinch mode) at ~ 1468 cm’
tation, the ratio of the Ag(2) mode to the G-mode of the nanotube is 4.6 X 1073, if the entire
available volume (94%) is filled with fullerenes for nanotubes with a mean diameter of 1.4 nm.
The available volume can be estimated from the diameter distribution of the single-walled carbon
nanotubes, as only nanotubes with a diameter of more than 1.2 nm can be filled with fullerenes.
Under electron beam irradiation, the fullerenes coalesce into short, small diameter end-capped
nanotubes inside of the surrounding carbon nanotubes [146]. As this method leads to a high
amount of defects in both the outer and the inner tube, experiments with high temperature vacuum
annealing at 1200°C were carried out, which produced longer double-walled carbon nanotubes
with few defects [147]. A TEM image of double-walled carbon nanotubes grown from peapods
by annealing is shown in figure 1.21c. It is also possible to combine heating and electron beam
irradiation in order to tune the process of inner tube formation [148]. Another method for double-
walled carbon nanotube synthesis from peapods is pulsed laser annealing [149]. A growth mech-
anism of the inner tubes proposed in ref. [150] (fig. 1.21b) is based on a (2+2) cycloaddition
between two fullerenes followed by a series of bond rotations called generalized Stone-Wales
transformations [151]. The resulting structure (Cj59) can be imagined as a short nanotube end-
capped with two fullerene hemispheres. The polymerization of Cgy and Cyq fullerenes into short
nanotubes with an average diameter of roughly 0.7 nm inside the surrounding nanotube was ex-
perimentally observed using Raman spectroscopy [152]. In this study, the inner nanotubes were
grown over several days at relatively low temperatures of 800°C in order to study the interme-
diates the polymerization process. The characteristic radial breathing mode (RBM) of the inner
tube can be directly associated with a specific chirality of nanotube. A Cj,¢ nanotube would be
an armchair (5,5) nanotube with pentagonal rings at the tips of the end-caps, energetically in-
hibiting further polymerization. However, if a (9,0) zigzag nanotube (C149) is formed, hexagonal
rings are at the tip of the end-caps, in which case further polymerization can continue like a chain
reaction. Additionally, 6 carbon atoms are released from the structure that can migrate and assist
in the polymerization. Freely-moving carbon atoms significantly lower the activation barrier of
the polymerization and structural relaxation compared to pure Stone-Wales transformations.
The observation of very small diameter inner tubes grown from C7o peapods challenged the
polymerization growth model [154]. It was also shown that double-walled carbon nanotubes
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Figure 1.21: Cg filled carbon nanotubes ("peapods"): a) TEM image of peapods, adapted from
[138]; b) Proposed mechanism of Cgy dimerization, adapted from [150]; ¢) TEM
image of double-walled carbon nanotubes made from peapods using annealing,
black arrows indicate DWCNTSs, white arrows peapods and intermediates, adpated
from [153].

can be synthesized using organic solvents, e.g., toluene and benzene as a carbon source, inside
a single-walled carbon nanotubes in addition to fullerenes, which act as stoppers to prevent the
small organic molecules from evaporating before the growth of inner tubes [155]. Inner nan-
otubes can also grow in single-walled carbon nanotubes filled with ferrocene [156]. In these
cases, a decay of the molecules into fragments inside the nanotube and subsequent formation of
the inner tube is suggested as the mechanism of inner tube growth. However, experiments with
13C enriched fullerenes showed little diffusion of carbon along the tube axis during inner tube
formation [157], supporting the polymerization growth model for inner tubes from peapods.
Currently, there are no industrial scale uses for peapods, but some possible applications have
been demonstrated on small scales. Peapods can be used in transistors, as they have better suited
band gaps than unfilled single-walled carbon nanotubes. Using metallofullerene peapods such
as Gd@Cg,, a band gap of 0.1 €V can be achieved [158] and a working device could be manu-
factured [159]. Due to their ability to separate charges, peapods are also an interesting candidate
for solar cells [160]. More generally, filled nanotubes can be used for drug delivery in medicine
[161]. In combination with external nanotube functionalization, filled nanotubes are good ves-
sels for transporting molecules to specific organs and even anti-cancer drugs directly to a targeted
tumor [162]. Some more theoretically envisioned application of peapods are photonic crystals,
peapods as "shuttle" memory, high frequency oscillators and quantum computing [122]. A
very honorable mention goes to the "nanogun" [163]: simulations have shown that a positively
charged tube could cause the fullerenes inside to be driven out of the tube with a speed of over
1 km/s. In case of negative charge applied to the tube, the fullerenes are driven to oscillation and
electrically neutral molecules can be "inhaled" into an open end of the tube, which I will call a

"nano vacuum cleaner".
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Coaxial Van der Waals heterostructures

An interesting hybrid system containing single-walled carbon nanotubes are coaxial tubes. These
systems are made from layers of Van der Waals structures, such as transition metal dichalco-
genides (e.g. MoS,), graphene and boron nitride, which are, conceptually speaking, rolled up
into a coaxial cable of tubes. A combined boron nitride and carbon nanotube could be synthe-
sized using chemical vapor deposition [164] (fig. 1.22). Using X-ray photoelectron spectroscopy
(XPS), only boron-nitrogen and carbon-carbon bonds and no boron-carbon or nitrogen-carbon
bonds were observed, confirming they are two separate tubes and there is no exchange of atoms
between the two tubes. Downshifts in the Raman signal of the combined system could be ob-
served compared to pure single-walled carbon nanotubes. Boron nitride coating was shown to
protect single-walled carbon nanotubes against oxidation, raising the temperature of where the
single-walled carbon nanotubes remain intact in air from 400°C to 700°C. The coaxial single-
walled carbon nanotube and boron nitride nanotube cable was theoretically predicted to be a
topological insulator [165].

2nm
annular carbon boron nitrogen
dark field K, edge K, edge K, edge
image

\

Yo

vy
> \

SWCNT-BNN

Figure 1.22: Coaxial Van der Waals heterostructures: a) schematic of a single-walled carbon
nanotube (SWCNT) surrounded by boron nitride nanotubes (BNNT); b) annular
dark field image and EELS mapping of a carbon nanotube partially surrounded by
a boron nitride tube, ¢) TEM image of a single-walled carbon nanotube partially
surround by a boron nitride nanotube adapted from [164].
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1.5 Linear carbon chains and carbyne

1.5.1 Structure and propetties of linear carbon

Linear carbon chains are the allotropic form of sp!-hybridized carbon. The two hybrid orbitals
(see fig. 1.2) form covalent bonds in opposite directions (180°), making the linear carbon chain
a true one-dimensional material. Carbon atoms can form four covalent bonds, and in the case of
the linear carbon chain, two bonding geometries are possible (fig. 1.23). The structure where the
chain consists only of double bonds is called cumulene. This structure is not always energetically
favorable, resulting in a breaking of the symmetry called Peierl’s distortion into alternating single
and triple bonds, leading to a doubling of the unit cell [53], [166]-[168]. In contrast to cumulene,
where all bonds are the same length, this structure is called polyyne and it exhibits bond length
alternation (BLA) as the triple bond is shorter than the single bond. The 7-electrons in cumulene
are uniformly distributed across the chain, whereas the 7-electrons in the polyyne are localized at
the triple bond [169] while the single bond is depleted. Cumulene is therefore metallic, polyyne
a semiconductor (fig. 1.23).

| I
cumulene polyyne a
> > —p —
1.28 A a 1.30A 1.26 A
E E
Peierl’s distortion
)
\ / E; T AE,
k k
-T/a 0 m/a -m/a -m/2a 0 1/2a m/a

Figure 1.23: Different bonding configurations of linear carbon chains: cumulene (left) has only
double bonds and is metallic, polyyne (right) has alternating single and triple bonds
and is a semiconductor; adapted from [169].

The preferred configuration of the carbon chain is an interplay between several contributing
factors, such as electronic energy, zero-point vibrations and strain. The opening of the band
gap leads to a lowering of the electronic energy, stabilizing the polyyne. However, a reverse
effect stabilizing the cumulene comes from zero point vibrations [170]. Mechanical strain to
the chain induces the cumulene to polyyne transition [171]. Increasing the mechanical strain on
the chain also leads to an increase in the bond length alternation due to stretching of the weaker
single bond and a widening of the band gap [35]. At a critical strain, the band gap switches
from a direct band gap to an indirect band gap [167]. An additional contribution to the bonding
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Figure 1.24: Band gaps of linear carbon chains as a function of chain length: a) Raman resonance
excitation profiles for six different carbyne chains; b) the band gap decreases as the
chain gets longer, different band gaps can be observed for chains in different matrices
(gas phase, solution, confined inside carbon nanotubes); adapted from [175].

situation in the carbon chain is imposed by the terminating groups in finite chains [170]. In
case of hydrogen terminated chains, sp? groups (e.g. -CH3) increase the bond length alternation,
while sp? groups (e.g. =CH,) decrease the bond length alternation in comparison to an infinite
unterminated chain. In addition to the influence of the end-capping groups, the chain length
affects the bond length alternation, with longer chains leading to lower bond length alternation
[172]. Through the bond length alternation, the chain length and band gap are correlated (fig.
1.24). The band gap is dependent on the matrix, showing differences for chains in the gas phase, in
liquid phase and confined inside double-walled carbon nanotubes. The decrease of the band gap
in finite hydrogen-capped linear carbon chains was observed in the gas phase [173] and in organic
solvents [174] using UV-spectroscopy. The same trend of decreasing band gap with chain length
was observed for polyynes with up to 44 carbon atoms end-capped by large organic molecules
(tris(3,5-di-t-butylphenyl)methyl moiety), measured by UV-Vis spectra in hexane [20]. In this
study, a convergence of the band gap to around 2.2 eV was estimated. The band gap values for
the confined carbon chains were determined from resonance Raman spectroscopy [175]. In the
case of confined carbyne, the band gap is not directly related to the chain length anymore, as the
properties become length independent at a certain threshold (marked in blue in fig. 1.24). In this
regime, the bond length alternation, and therefore band gap, are related to the geometry of the
host nanotube [176]. The full resonance profiles of confined carbyne were recently measured by
Martinati et al. [177].

Carbyne has extraordinary predicted mechanical properties. It was calculated that the tensile
stiffness is ~10° N'm/kg, which is around double the value of graphene and carbon nanotubes
(4.5x 108 N'm/kg) and three times the value of diamond (3.5x 10% N m/kg) [178]. Carbyne also
outperforms any other known material in specific strength. The Young’s modulus of carbyne was
calculated to be 32.7 TPa [178], compared to graphene’s 1 TPa [179]. In theoretical investiga-
tions in finite carbon chains, the mechanical properties are dependent on the chain length [180].
For example, longer chains have a higher elastic modulus and odd numbered chains have higher
strength than even numbered chains up to a chain length of 12 carbon atoms. The strength of
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carbon chains produced in situ in a field emission electron microscope (sec. 1.5.3) was measured
at low temperatures, revealing a strength of 270 GPa at 5 K and 251 GPa at 77 K [181].

1.5.2 Raman spectroscopy of linear carbon

Raman spectroscopy is an important technique for studying linear carbon chains and carbyne

2 sr'! per atom, which makes it the

because it has a very high Raman cross section of 102> cm
strongest Raman scatterer ever reported [182]. The strongest visible Raman mode of linear car-
bon chains is sometimes referred to in literature as the "R" or "effective conjugation coordinate"
(ECC) mode and is characteristic for m-conjugated systems. For an infinite polyynic carbon chain,
the linear optical phonon at q = 0 is described as a stationary wave in which both carbon-carbon
single and triple bonds simultaneously oscillate out-of-phase in the whole structure [183]. This
mode usually appears in the range of 1800-2300 cm’!.

A Raman spectrum of confined carbyne inside a carbon nanotube is shown in figure 1.25. The
mode at around 1840 cm™! is the characteristic LO-mode of the carbyne chain (CC-mode). The
familiar modes of the carbon nanotube also appear, however, the G-mode and the 2D-mode have
visible shoulders that arise from coupling of the modes of the carbyne chain with the inner and
outer tubes of the double-walled carbon nanotube host. These modes were recently described
by anharmonic phonon-phonon interactions between the carbyne chain and the nanotube hosts
[184].

coupled G
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Figure 1.25: Raman spectrum of confined carbyne inside a double-walled carbon nanotube, mea-
sured with a 568 nm laser. Compared to the spectrum of a single-walled carbon
nanotube (fig. 1.12), RBMs corresponding to the inner tubes appear, as well as a
mode from the chain itself and coupled modes appear in the area of the G-mode of
the carbon nanotube. The inset shows the vibration of a carbyne chain inside the
host nanotube, made with VESTA [185].

As discussed above, the Raman frequency of the LO-mode of confined carbyne is dependent on
the host inner tube geometry and diameter, leading to the appearance of the peak in the spectrum
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at different frequencies (fig. 1.26) [176]. The inner tube diameter of the double-walled carbon
nanotube hosts influences the frequency of the confined carbyne mode (CC-mode) a smaller
diameter leads to a lower peak position in the Raman spectrum.
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Figure 1.26: Dependence of the Raman mode of linear carbon chains on inner tube host diameter,
adapted from [176]: a) pairs of tip-enhanced Raman spectra (TERS) for 14 carbyne
chains and their surrounding inner nanotube hosts; b) frequency of the carbyne as a
function of inner tube diameter.

When not considering infinite chains or carbyne, the frequency of the Raman modes of linear
carbon chains (e.g. polyynes) is strongly dependent on the chain length as well as the bond length
alternation [186], [187] (fig. 1.27). The Raman frequencies of hydrogen-capped short chain
polymers have been measured in liquid, showing a shift from 2172 cm™! for CgH, downwards to
2031 cm™! for C16H, [188].

In experimental results, the matrix of the chain has to be considered, as for example shifts to
lower frequencies can be observed for chains inside carbon nanotubes as opposed to chains in so-
lution [189]. This also means that the band gap of the linear carbon chains is tunable by choosing
the corresponding nanotubes as host tubes [190]. A linear relation can be observed between the
Raman frequency and the band gap, which is related to the bond length alternation. The bond
length alternation is dependent on chain length and, in the case of strong confinement inside
small-diameter inner tubes, the geometry of the inner host tube. However, in the combined sys-
tem of confined carbyne inside carbon nanotubes, the strong interaction with the host nanotubes
governs the band gap and any effect of differing bond length alternations due to chain length is
inconsequential, as carbyne, per definition, is a material where the properties are independent of
chain length.

32



1 INTRODUCTION

2300

2200

1 = /?ﬁ\-
N =20 2000 = &
e = p

N =10 JL 1800 |-

1600

2100 | 1400

1200

wavenumber (cm")
arb. units
z
n
o

1000
2000

Wavenumber (cm")

800

600

1900 - 1 N=5 i

[T N=4
N=10 — [ —

200

1800

2 L L L L L 0 L s L L
[ 0.1 02 03 04 05 1000 1200 1400 1600 1800 2000 2200 2400 0 0.2 04 06 0.8 1

wavevector (qc / m units) [0) (cm ) qc/n

Figure 1.27: Dependence of the Raman mode of linear carbon chains on chain length and bond
length alternation: a) calculated linear optical phonon dispersion (LO) for chains
with different lengths, adapted from [191]; b) calculated Raman spectra for H-
capped polyynes from 4-20 carbon-carbon triple bonds, adapted from [187]; ¢)
dependence of the LO-mode on the bond length alternation (BLA), the arrow indi-
cates increasing bond length alternation, the dashed line represents cumulene with
a bond length alternation of zero, adapted from [186].

1.5.3 Synthesis of linear carbon

The field of organic synthesis has long since attempted the synthesis of linear carbon chains. The
synthesis of short-chained cumulenes was pioneered in the 1930s, where it was discovered that
the reduction of tetraphenyl-butyne-diol with e.g. hydroiodic acid leads to the removal of the al-
cohol groups and the creation of a chain of double bonds [192]. The cumulene series is denoted
according to the number of double bonds in the chain. An [n]cumulene is structure with n carbon-
carbon double bonds and n+1 atoms in the chain. Synthesis methods have been developed for the
bottom-up synthesis of cumulenes with up to 10 carbon atoms ([9]cumulene) with end-capping
groups [193]. Some pathways to [3]cumulenes include the dimerization of carbenes/carbenoids
[194] (fig. 1.28a), elimination of trihaloalkanes [195] and reduction of acetylenic diols [196].
The formation of [4]cumulenes can be achieved, for example, via dibromo-1,4-pentadienes and
base-induced elimination [197] or addition of dichlorocarbene to a [3]cumulene [198]. [S]Cu-
mulenes can be synthesized similarly to the [3]cumulenes via dimerization of carbenes [199],
addition of carbenes to [3Jcumulenes [200], or oxidative homocoupling of acetylenic diols and
subsequent reductive elimination [192]. Only one synthesis method has been reported for a
[6]cumulene, which is based on an acetylenic cross-coupling reaction and ferrocene end groups
[201]. The synthesis of [7]cumulenes is similar to the pathways for [3] and [S]cumulenes, from
triyne dioles [196]. Due to their instability, these longer cumulenes are difficult to assemble and
isolate, however, even [9]cumulenes have been synthesized from acetylenic diol derivates [193].

While the first "bottom-up" organic synthesis attempt of polyynes is credited to Adolf von
Baeyer in 1885 [14], the basis for his work was the discovery of acetylenic coupling reactions
by Carl Glaser in 1869 [204]. After renewed interest in polyynes in the 1950s, synthesis meth-
ods based mainly on polymerization of butindiols were developed [205]. The main methods
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Figure 1.28: Synthesis methods for linear carbon chains: a) synthesis of [3]Jcumulenes based
on the dimerization of carbenes/carbenoids, adapted from [193]; b) acetylenic
coupling, adapted from [202]; c) fusion of short chain polyynes inside double-
walled carbon nanotubes, adapted from [39]; d) laser ablation of graphite in vac-
uum, adapted from [203]; e) laser ablation of graphite in liquid solvents, adapted
from [203]; f) arc-discharge in liquid, adapted from [203]; g) TEM irradiation of
graphene, adapted from [34].

for the synthesis to date are based on acetylenic homo- or heterocoupling reactions [202] (fig.
1.28b) or elimination reactions to form the polyyne in the last step [206]. The boundaries of
what chain lengths are considered possible to synthesize and stabilize/isolate have been pushed
further and further. Through cross coupling reactions, chain extensions of up to 28 carbon atoms
were achieved using Pt-containing large organic end-capping groups [207]. Many types of end
groups have been used to stabilize the chains, mainly organic or organometallic moieties [19].
Using tris(3,5-di-t-butylphenyl)methyl as the end-capping group, chains consisting of 44 atoms
were synthesized in 2010 [20]. Recently, with additional stabilization of the chain during syn-
thesis using masking groups, which are then eliminated in the final step, and threading the chains
through organic macrocycles, even longer chains with up to 68 carbon atoms have been synthe-
sized [208]. Another interesting "bottom-up" method is the growth of carbon chains using Pt
atoms on graphene [209]. In this study, it was observed in a TEM how free carbon atoms on a
graphene sheet are trapped by Pt atoms, which serve as nucleation sites for the growth of carbon
chains, terminated by Pt atoms on one or both ends. The chains were however only stable for a
little over a minute. Another possible pathway to free standing chains is atomic manipulation of
organometallic precursors inside an atomic force microscope [210]. With this method, a chain
with 120 carbons could be manufactured and studied on a metallic surface using scanning probe
microscopy.

Polyynes can be formed during laser ablation of graphite in a He carrier gas with chain lengths
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of up to 22 carbon atoms [31] (fig. 1.28d). With this method, hydrogen, nitrogen or cyano end
groups terminate the chains. Laser ablation can also be used to make polyyne chains up to 12
carbon atoms from Cgg suspended in hexane or methanol [211]. Similarly, carbon chains with
up to 16 carbon atoms can be formed using laser ablation of graphite particles in organic solvents
[32] (fig. 1.28e). Arc-discharge has also been used to synthesize polyyne chains with up to 18
carbon atoms, by submerging electrodes in organic solvents [33], [212] (fig. 1.28f). Recently, the
growth dynamics of polyynes made with pulsed laser ablation in liquid were studied in situ using
a tunable synchrotron radiation Raman excitation source, where the size and solvent-dependent
growth rates were evaluated [213].

Another approach for the synthesis of linear carbon chains are "top-down" methods. In a TEM,
carbon atoms can be removed from a graphene sheet until only a chain remains between two areas
of graphene [34], [214] (fig. 1.28g). Carbon chains can also be created in situ from graphene
flakes mechanically by pulling them apart after electrical contacting to a gold tip inside a TEM
and then measured using scanning tunnel microscopy (STM) [35]. Inside a field ion microscope,
high voltage can be applied to a needle shaped sample with carbon fibers, unraveling chains of
carbon from the tip [36].

a b -
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Figure 1.29: HRTEM images of the steps of the multi-step annealing process for confined car-
byne synthesis from single-walled carbon nanotube peapods: a) C7o peapods; b)
and c) double-walled carbon nanotubes made from the peapods; d) and e) defective
double-walled carbon nanotubes after oxidation; f) and g) confined carbyne inside
double-walled carbon nanotubes, adapted from [215].

The problem of the instability of longer linear carbon chain was overcome by synthesis meth-
ods where the chains are grown inside carbon nanotubes. Apart from stabilizing the structure ster-
ically and through interaction with the surrounding tube, confinement inside carbon nanotubes
also modifies the mechanical properties of carbyne, such as its compressive stiffness [216]. Such
hybrid structures of carbon chains inside carbon nanotubes ("confined carbyne") can be formed as
"side-products" during nanotube synthesis by arc-discharge [37], [217]. Inside multi-walled car-
bon nanotubes, linear carbon chains of more than 100 carbon atoms have been observed. It is also
possible to fill short chain polyynes made e.g. from laser ablation in liquid into carbon nanotubes
[38]. Using double-walled carbon nanotubes filled with short chain polyynes, annealing leads to
the fusion of the polyynes into longer carbon chains [39], [218], [219] (fig. 1.28c). The longest
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observed carbon chains inside double-walled carbon nanotubes (6000 atoms) were synthesized
using high temperature high vacuum annealing of CVD-grown double-walled carbon nanotubes
[40]. The CVD double-walled carbon nanotubes contain other carbon based molecules as well
as amorphous carbon from the synthesis process which act as carbon sources for the growth of
the carbyne chain. The diameter of the inner nanotube is crucial for the formation of carbon
chains and the ideal diameter is around 0.7-0.8 nm. This synthesis can also be performed using
laser annealing of double-walled carbon nanotubes in vacuum [220]. In order to optimize the
yield, the carbon nanotube host tubes can be filled with molecules such as methanol [221] or
fullerenes (peapods) [215], [222] in order to increase the amount of carbonaceous feedstock. The
yield can be further increased by following a multi-step annealing process, where the fullerene
filled single-walled carbon nanotubes are first annealed to form double-walled carbon nanotubes
at 1300°C, then oxidized to create defects, and then annealed at 1500°C [215] (fig. 1.29). Re-
cently, low temperature annealing at only 400°C has been used to synthesize weakly confined
carbyne from ammonium deoxycholate as a carbonaceous precursor inside single-walled carbon
nanotubes [223]. This system could pave the way for studying the properties of carbyne more
independently from the surrounding host tubes.
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1.6 Optical absorption

This chapter largely follows reference [43].

Optical absorption spectroscopy (OAS) is based on the different transmitted intensities of
wavelengths after interacting with a sample. Photons corresponding to discrete allowed energy
transitions are absorbed and electrons in the material are excited from a lower molecular orbital
or the valence band to a higher orbital or the conduction band (fig. 1.30a). The transitions must
be in resonance according to equation 1.18, where E; and E'¢ correspond to the energies of the
initial and final states and hv describes the photon energy.

|Ef — Ei| = hv (1.18)

The electrons leave behind a positively charged hole in the band structure. The bound state
of the electron and hole is referred to as an exciton. For carbon nanotubes, the optical response
arises from the excitonic states beyond the electronic band structure [224]-[226] and the strong
interaction of electron and hole needs to be considered to accurately describe the observed spectra
[227]. Excitonic effects are typically very small in bulk systems due to screening of the separated
charges, but for low-dimensional nanostructures, electron-hole correlations are more prominent.

For an interaction between a molecule (solid) and electromagnetic radiation to occur, the
molecule most have a dipole or temporary dipole with which the electromagnetic field can in-
teract. The probability p of a transition is described by equation 1.19. The wavefunctions of
the initial and final states W; and W ¢ are connected via the dipole operator ﬁ, integrated over all

coordinates.

Dfei —/\If}ﬁxp,- d3r (1.19)

In order for a transition to be allowed, the integral must be non-zero. In other words, the
product of the three functions in the integral must have even parity (behavior against inversion).
The dipole operator itself has odd parity, s- and d-orbitals have even parity and p-orbitals have
odd parity. When multiplying, even, odd and even (e.g. s, ﬁ’ and s) give an odd product, which
means a transition from s- to s-orbitals is forbidden. In the case of s, ﬁ and p, the product is even,
meaning that transitions from s- to p-orbitals are allowed. Transitions from s- to d-orbitals are
forbidden.

Using photons, only direct transitions can be achieved due to momentum conservation, as
photons cannot transfer momentum. In summary, transitions must be in resonance (eq. 1.18),
the dipole selections rules must be followed and the total momentum must be conserved.

The transmitted intensity I from a simple viewpoint of absorption of incident light with inten-
sity Ip in a medium is described by an exponential decay (Lambert-Beer law, eq. 1.20), where
€ is the specific extinction coefficient of the material at a specific wavelength A, c is the concen-
tration of the absorbing molecule and d is the length of the path of the light in the medium (fig.
1.30b).

I =Iye>red (1.20)
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Figure 1.30: Principles of optical absorption: the absorption of a photon, excitation of an electron
to a higher energy level and creation of a hole; b) intensity of incident and outgoing
light in an absorption experiment (Lambert-Beer law).

In a dispersive geometry, the absorption spectrum is calculated from the sample spectrum and
a "blank" reference spectrum. A typical set-up for optical absorption includes a light source, a
monochromator, a beam splitter to create the two beam paths for the reference and the sample
and detectors. The reference should be an identical cuvette containing the solvent or matrix
the sample is dissolved or dispersed in in order to eliminate matrix effects from the resulting
spectrum. Certain wavelengths of the incident light (usually in the range between IR and UV)
will be absorbed due to the quantized electronic transitions in the sample.

Fourier-transform (FT) spectrometers are also often used for optical absorption measurements.
In this case, an interferometer is set before the sample. The reference spectra are recorded se-
quentially. A schematic of the optical beam path of an FT-spectrometer is shown in section 2.4.

Optical absorption is a useful technique to study the properities of carbon nanotubes, as the
electronic transitions of carbon nanotubes fall into this energy range. A systematic study of the
diameter dependent electronic transitions in carbon nanotubes was performed by Kataura in 1999
[62] (fig. 1.10). The optical absorption spectra can be used to estimate the mean diameter of a
sample of carbon nanotubes (eq. 1.21), where Efl is the transition energy in €V, ay is the carbon-
carbon bond length in graphene (0.142 nm), ¢ is the tight binding nearest neighbor overlap
integral (~ 3 eV) and d is the diameter of the nanotubes in nm [228]. Newer studies provdide
empirical formulas to determine the diameter dependent transition energies [229], which are
applicable for chirality-sorted metallic and semi-conducting nanotubes in the range between 1
and 2 nm. When considering the different peaks for metallic and semiconducting nanotubes, the
quality of metallicity sorting can be reviewed [230].

EY = (1.21)
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Experimental methods

2.1 Preparation of metallicity-sorted arc-discharge carbon
nanotubes

The metallicity sorting of the arc-discharge carbon nanotubes was performed in the laboratory
of Prof. Kazuhiro Yanagi at the Tokyo Metropolitan University in Japan. The following protocol
was followed to prepare arc-discharge nanotubes from MEIJO Nano carbon:

. Add ca. 80 mL methanol to the carbon nanotubes

. Sonicate for 30 minutes in the bath sonicator

. Filter the sample using a 0.2 um PTFE membrane and wash with methanol 3 times
. Add methanol and sonicate for 15 minutes, filter the sample

. Add ca. 80 mL toluene

. Sonicate for 30 minutes

. Add toluene, sonicate for 20 minutes, filter the sample 2 times
. Add methanol, sonicate for 20 minutes, filter the sample

. Wash with 100°C ultrapure water 3 times

. Add methanol, sonicate 20 minutes, filter the sample

. Wash with 100°C ultrapure water 5 times

. Disperse the sample in 2% sodium deoxycholate (DOC) solution (FUJIFILM Wako Pure
Chemical Corporation)
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. Homogenize for 3 hours using a tip sonicator

. Centrifuge the homogenized solution at 3600 rpm for 2 hours

For the density gradient centrifugation (DGU), 6 solutions with different concentrations of
iodixanol (Optiprep, COSMO BIO) (40%, 35%, 32.5%, 30%, 27.5% and 5%) were prepared.
First, for each solution, 1.2 g of sodium dodecyl sulfate (SDS, Sigma Aldrich) were dissolved
in ultrapure water and sonicated for 10 minutes. Then, the appropriate amount of iodixanol
was added and the mixture was sonicated for 10 more minutes. Using a peristaltic pump, the
density gradient solutions were then layered into a plastic tube from highest (40%) to lowest
(27.5%) concentration of iodixanol. The homogenized carbon nanotube solution is layered on
top. The solutions were then centrifuged at 50000 rpm for 9 hours. After the centrifugation, the
separated nanotube solution was pumped into small vials using a peristaltic pump. The separated
fractions were then measured to determine the quality of separation using UV/Vis spectroscopy.
Measured optical spectra are shown in figure 2.1 for the semiconducting and metallic fractions
of the separated carbon nanotubes. For the highest purity (dark blue and dark red spectra), there
is no visible peak in the region of the M| or S), peaks, respectively, for the lower purities (light
blue and light red spectra), small peaks in those areas can be seen.
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Figure 2.1: Optical spectra of the metallicity-sorted 1.4 nm arc-discharge carbon nanotubes: red
spectra are metallic nanotubes, metallic 1 is the highest purity, metallic 2 a lower
purity, blue spectra are semi-conducting nanotubes, semi-conducting 1 is the highest
purity, semi-conducting 2 a lower purity.

From the highest purity fraction of semiconducting nanotubes, a bucky paper was prepared,
which was then used to synthesize confined carbyne. In order to prepare the bucky paper, the
nanotube solution from the centrifugation was treated as follows in order to bundle the nanotubes
and remove the surfactants and the iodixanol:

. Add equal volume of methanol to the nanotube solution

. Filter the sample using a 0.2 um PTFE membrane and wash with methanol 3 times
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. Wash with 100°C ultrapure water

. Add methanol and sonicate for 10 minutes, filter the sample, wash with methanol and 100
°C ultrapure water 3 times

. Add toluene, sonicate 20 minutes, filter the sample
. Add methanol, sonicate 10 minutes, filter the sample

. Let the nanotubes dry on the filter and peel off the bucky paper

2.2 Synthesis process for confined carbyne

Many different processes were tested during this thesis for confined carbyne. The specific details
will be discussed in the respective chapters in the results. Generally, the steps involve filling the
host tubes with fullerenes and multiple steps of annealing at high temperature and in high vacuum
and with oxidation steps in-between under the following conditions:

. Oxidize nanotubes at 450°C in air for 30 minutes (opening end-caps)

. Put the nanotubes and the fullerenes inside a glass ampoule and evacuate to ultra-high
vacuum

. Seal the glass ampoule under vacuum
. Heat the ampoule inside a furnace for 12 hours at 550°C (filling the nanotubes)

. Anneal the nanotubes under high vacuum at 1500-1600°C for 1 hour (direct growth of con-
fined carbyne OR anneal the nanotubes under high vacuum at 1300°C for 2 hours (growth
of double-walled carbon nanotubes)

. Oxidize the nanotubes at 600 mbar at 500°C for 2 hours (opens end-caps of inner tubes
and introduces defects)

. Anneal the nanotubes under high vacuum at 1500-1600°C for 1 hour

The opening of the end-caps is necessary in order to allow the fullerenes, or other molecules,
to be filled into the nanotubes. The molecules inside the carbon nanotube hosts act as carbona-
ceous feedstock for the growth of carbyne chains. High temperature high vacuum annealing
leads to the growth of inner walls and carbyne chains. In the oxidation step, a temperature is cho-
sen where single-walled carbon nanotubes are less stable than double-walled carbon nanotubes,
which leads to preferential etching of the parts of the nanotube hosts where no inner tubes were
grown [231]. Since the maximum fraction of carbon nanotubes that can be filled with inner
walls is around two thirds, governed by the fullerenes from which they are grown, some parts
of the sample are still only single-walled carbon nanotubes. During the subsequent annealing
step, more inner tubes grow, leading to a higher fraction of double-walled nanotubes, as the free
carbon from the destruction of some of the single-walled parts can be used to form more inner
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walls and carbyne. While this may lead to a fracturing of long nanotubes into shorter segments,
it ultimately increases the fraction of nanotube hosts with inner walls where carbyne can grow.
The oxidation step also ensures opening of end-caps of the double-walled inner nanotubes and

partial destruction of the double-walled carbon nanotubes and introduces defects which help the
growth of confined carbyne [222].
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Figure 2.2: Example: Raman spectra of precursors, intermediates and end products of confined
carbyne synthesis: a) single-walled carbon nanotubes, the inset shows the RBM area,
measured with a 568 nm laser; b) Cgy peapods, the inset shows the characteristic
peapods peak, measured with a 488 nm laser; ¢) double-walled carbon nanotubes
(568 nm laser); d) confined carbyne (568 nm laser).

In Figure 2.2, Raman spectra of the starting material, intermediates and the end product, con-
fined carbyne, are shown. For the single-walled carbon nanotubes, which is the starting material
of the synthesis, two main peaks of the G-mode (G* and G*) and one main feature in the RBM
region are present, which indicates a narrow diameter distribution, as the RBM frequency is di-
ameter dependent. Using equation 1.17, the diameter is estimated to be 1.45 nm. For the peapods,
no significant changes in the characteristic modes of the carbon nanotubes are observed, however,
using the 488 nm laser, a peak at around 1460 cm™! can be observed, which is attributed to the
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Ceo pentagonal pinch mode [145]. After the double-walled carbon nanotube growth, the shape
of the G-mode changes as the inner tubes also each have a main G* and G~ component, which
are only slightly shifted compared to the modes of the outer tubes. In the RBM region, peaks at
300 to 350 cm™! can be observed, which correspond to the RBM of the smaller diameter inner
nanotubes. The RBM frequencies of the smaller inner tubes are not as uniform as the outer tube
modes due to the 1/d scaling of the RBMs. For the confined carbyne, the G-mode has shoul-
ders on the left and right, which arise from vibronic coupling between the carbyne chain and the
surrounding nanotube host. The characteristic mode of the carbyne chain appears at 1850 cm’!.

2.3 Raman spectrometer

The Raman spectra shown in this thesis were measured with a Horiba LabRAM HR Raman
microscopy set-up with 800 mm focal length. The multi-frequency Ar*/Kr* laser (Coherent
Innova 70C) provides laser wavelengths of 458, 488, 514, 532, 568, and 647 nm. Additionally,
a He-Ne laser with 633 nm is coupled into the set-up. The spectra are recorded using a liquid
nitrogen cooled CCD detector. Two gratings are available in the set-up, with 600 Gr/mm and
1800 Gr/mm. A neon lamp was used to calibrate spectra. All measurements were performed
using a 50x objective with a laser spot of 500 - 1000 nm in size, with a 1000 um pinhole and a
100 pm slit. The laser power was kept below 0.5 mW to avoid thermal effects or damage to the
samples.
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Figure 2.3: Horiba LabRAM Raman microscopy set-up.
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2.4 Optical absorption spectrometer

The optical absorption measurements were made with a Bruker vertex 80v FT-IR spectrome-

ter. This spectrometer has evacuable optics and covers a spectral range from UV to THz with a
resultion of below 0.06 cm™.

The measurements were performed in reflectance on thin films on BaF; wedges. The samples
were prepared by sonication in acetone and then airbrushed onto the wedges.
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Figure 2.4: Bruker 80v FT-IR spectrometer: a) spectrometer components; b) optical beam path,
adapted from [232].

2.5 Ceramic furnace for high temperature annealing

A ceramic tube (Al,O3) was used for high temperature high vacuum annealing. The ceramic tube
is attached to an ultra-high vacuum chamber and the pressure in the tube can reach the 10" mbar
range. The ceramic tube can be heated by a Carbolite furnace to 1600°C. A picture of the ceramic
furnace set-up is shown in figure 2.5.
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Figure 2.5: Ceramic furnace for high temperature high vacuum annealing.
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2.6 Furnace for chemical vapor deposition

For the chemical vapor deposition experiments with boron nitride, the glass furnace in figure 2.6
was used. In this set-up, there are multiple home-made furnaces that can be heated separately in
order to have different temperature zones during the synthesis. There is a vacuum pump (scroll
pump) on one side, which can achieve a vacuum of 10> mbar. On the other side, a valve to the
ultra-high vacuum chamber can be opened. The gas is introduced opposite to the scroll vacuum
pump to achieve a flow, which can be regulated and monitored using a pressure gauge and leak
valve.

to vacuﬂ :

Figure 2.6: Experimental set-up for chemical vapor deposition.
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Results: A novel method for bulk
yield determination

3.1 Summary: Determining the bulk yield of confined
carbyne

A novel method for determining the bulk yield of confined carbyne inside carbon nanotube hosts
was developed. The model is based on a computational study (E. Parth et al., Nature Communi-
cations [184]) which relies partially on experimental data by me and my colleagues Dr. Weili
Cui and Christin Schuster. The new yield determination model is published in Carbon (C. Schus-
ter et al. [233]). For this work, the experimental data was obtained by me, Christin Schuster,
Dr. Weili Cui and Prof. Lei Shi, the data evaluation and writing the manuscript was performed
by Christin Schuster and 1. The nanotube host tubes were provided by Dr. Takeshi Saito (eDIPS)

and Prof. Kazuhiro Yanagi (arc-discharge). Below, the yield determination model is summarized.

The main work of this thesis focuses on the synthesis of confined carbyne inside carbon nan-
otubes. For the process of optimizing the bulk yield of confined carbyne, first, a reliable method
of determining the yield had to be be found. The state of the art was to consider the intensity
of the longitudinal optical (LO) mode of the carbyne chain at around 1850 cm™ in the Raman
spectrum to determine the yield [215]. However, this is not a reliable indicator for bulk carbyne
yield for multiple reasons. Firstly, due to its extremely high scattering cross section, the signal
is highly enhanced [182]. Additionally, the resonance profile of carbon chains is not constant
and the chain has a narrow resonance window [175], [177]. In comparison, the resonance re-
sponse of the G-band of the host nanotube is relatively constant across the visible light spectrum
[184]. Apart from the appearance of the carbyne LO-mode (CC-mode) in the Raman spectrum,
other changes to the spectrum of the confined carbyne/nanotube host system (CC@CNT) can be
observed, specifically shoulders in the G-line and the 2D-band of the nanotubes. The shoulders
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were recently explained by anharmonic phonon-phonon interactions between the carbyne chain
and the nanotube host [184]. These modes of the nanotube hosts are vibrationally coupled with,
but electronically decoupled from the carbyne chain, which means they follow the stable reso-
nance behavior of the nanotube hosts. In other words, the resonance behavior, which is due to
the electronic structure of the individual sub-systems (carbon nanotube and confined carbyne),
is independent. In contrast, the phononic structure shows interaction features, which were ex-
plained by correlation effects from phonon-phonon interactions. This means that the area, i.e.,
integrated intensity, of these coupled modes could be a good indicator for determining the bulk
yield of confined carbyne as they follow the more stable resonance behavior of the host tubes
rather than the irregular resonance behavior of the carbyne chain. In figure 3.1, the coupled G-
band and the CC-mode of a CC@CNT sample is shown for different laser energies. The left and
right shoulders are denoted as G4 and Gg. The line-shape analysis was performed by fitting 6
peaks to the double-walled carbon nanotube host and an additional 2 peaks for each of the shoul-
ders. The fit model for the double-walled carbon nanotube hosts was previously fitted from a
Raman spectrum of the unfilled host tubes. The two peaks for the shoulders are correlated and
have a fixed distance, corresponding to the distance between the two main features of the carbyne
mode. In order to obtain the relative G-line area using the fit model, the fraction that the shoulder
peak areas (Ag) make up of the total area (Ar) is evaluated (eq. 3.1).
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Figure 3.1: Resonance behavior and line-shape analysis of the coupled G-mode and CC-mode
of CC@CNT measured at different wavelengths across the visible light spectrum.

A
relative G-line area (fit model) = /TS 3.1
T

The resonance behavior of the carbyne chain can be seen in figure 3.3. While the left and right
shoulders vary strongly over the studied spectral range, the sum of both shoulders is reasonably
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3 RESULTS: A NOVEL METHOD FOR BULK YIELD DETERMINATION

constant. In order to test if it is possible to simplify the analysis without significantly reducing
the accuracy of the bulk yield determination, we compared the combined Gfg + G area obtained
by the coupled G-mode fit with a simple area comparison of filled and unfilled tubes. For this
analysis, the Raman spectrum of the double-walled carbon nanotube host without carbyne is also
needed. The integrated area of the G-band of the unfilled DWCNT spectrum (Ay;) is subtracted
from the area of the CC@DWCNT spectrum (Ap) and then divided by the area of the filled
sample (Af) to obtain the relative G-band area arising from the interaction of the tube with

confined carbyne (eq. 3.2 and fig. 3.2).
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Figure 3.2: Area integration model for the determination of the bulk yield of confined carbyne:
a) Raman spectrum of the unfilled double-walled carbon nanotube host; b) Raman
spectrum of the double-walled carbon nanotube hosts filled with confined carbyne;
c) the area of the unfilled subtracted from the spectrum of the filled nanotube hosts.

Ap — A
relative G-line area (area integration model) = FTU (3.2)
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Figure 3.3: Bulk yield determination models: fit model versus area integration model.

In figure 3.3, the relative G-line area and CC-mode area relative to the G-band area are shown.
The simplified area integration model provides an even more stable relative G-line area of around
0.75, which is within the error range of the fit model (0.82 £ 0.08). The lower stability of the fit
model] arises from the overestimation or underestimation of the G-line of the carbon nanotube due
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3 RESULTS: A NOVEL METHOD FOR BULK YIELD DETERMINATION

to the peak fronts and peak tails of the shoulders, especially in the case of large shoulders. The
area integration model also works better for samples where line-shape analysis is more difficult
due to lower yields or complex line-shapes, e.g. due to the presence of metallic tubes, which
have broad Fano peaks [234], [235]. The stability of the area integration over the entire measured
energy range also indicates that the bulk yield can be determined using any laser from the Raman
spectra of a sample and its reference. In all following chapters, the area integration model was
applied for the determination of the bulk yield.

For comparing different samples of confined carbyne, the relative G-line area can be used as
an indicator for which sample has a higher bulk yield of confined carbyne. However, determining
absolute values of bulk yield is more complicated as there is, to my knowledge, no other method
of bulk yield determination to provide a calibration point. Nevertheless, a reasonable calibration
was attempted using a sample with exceptionally high bulk yield under the assumption that the
sample is filled to is maximum (fig. 3.4a).
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Figure 3.4: Calibration of the bulk yield of confined carbyne: a) Raman spectrum of confined
carbyne used as a calibration for the bulk yield determination model; b) diameter
distribution of the host nanotubes modeled by a Gaussian curve, the green area marks
the diameter window where carbyne is expected to grow; c¢) calibration of the relative
area under the assumption that this sample is filled to its maximum (lilac star) and
calculated bulk yield values for other samples with the same nanotube hosts obtained
from sonication experiments of the same sample.

Some considerations regarding the diameter of the host nanotubes need to be made in order
to determine the calibration point, as not all nanotubes are suitable for the growth of inner walls
and carbyne. While the diameter of the inner tubes suitable for carbyne growth is not definitively
known, one can rely on experimental observations, where confined carbyne was observed in
nanotubes in a diameter range of 0.63 to 0.83 nm [176]. It is also empirically known that the
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optimal spacing between inner and outer walls of carbon nanotubes is 0.36 nm [236]. Even
though the Van der Waals radius of carbon is 0.17 nm, the slightly higher value of 0.18 nm for
the spacing of nanotubes is expected due to curvature. This means that the difference of the
diameter between inner and outer tubes is 0.72 nm and carbyne growth should mainly take place
in carbon nanotube hosts with an outer tube diameter between 1.35 and 1.55 nm. If the diameter
distribution of the carbon nanotube hosts is known, the percentage of host tubes suitable for
carbyne growth can be determined. The nanotube sample used for the calibration point has a
diameter distribution of 1.36 4+ 0.08 nm [184], which was modeled using a Gaussian curve (fig.
3.4b). Here, the diameter distribution was estimated from the RBM frequencies measured with
multiple laser energies. From integrating between the boundaries of 1.35 and 1.55 nm, it was
determined that 56% of the nanotubes have the correct diameter for carbyne growth. Under the
assumption that all suitable tubes are filled with carbyne, this value was used to calibrate the
relative G-line areas (fig. 3.4c).

Another consideration, additionally to comparing bulk yields, is the realized growth potential.
Since not all carbon nanotubes have a suitable diameter for the growth of confined carbyne, the
fraction of carbon nanotubes in the sample for which confined carbyne growth is possible was
derived from optical absorption data [62], [229], [237]. The excitonic E;; peak was measured for
the carbon nanotube hosts before the synthesis of confined carbyne using optical absorption spec-
troscopy. From the diameter distribution, the percentage of suitable hosts within the boundaries
of 1.35 nm and 1.55 nm can be determined.

From this data, the bulk yield can be transformed into a relative yield, or realized growth
potential (eq. 3.3). This metric shows how many of the fillable tubes contain confined carbyne,
while the bulk yield only gives the yield on the entire sample, not removing the unfillable tubes
from the calculation. The realized growth potential provides important information about the
synthesis as it shows the success in relation to the potential of the specific host nanotubes. If
the realized growth potential is almost entirely fulfilled, it would not make sense to change the
synthesis further in the pursuit of higher bulk yields. It is also important to consider the different
diameter distributions when different host tubes are compared. With only the bulk yield, the
comparison would not reflect the difference in fraction of fillable tubes of the different host and
might lead to wrong conclusions about synthesis pathways.

bulk yield [%]
fraction of fillable tubes

realized growth potential [%] = 3.3)
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Keywords:

Confined carbyne
Raman spectroscopy
Bulk yield

Carbyne can be successfully synthesized inside carbon nanotubes with exceptionally high yield. However, the
exact determination of its bulk yield remains challenging because of the lack of an available analysis method.
Raman spectroscopy is the preferred method for the analysis of confined carbyne, as confined carbyne has the
highest observed resonance Raman cross section. However, the resonance window is narrow and depends on the

host carbon nanotube and its interaction with the confined carbyne, which results in challenges accounting for
the bulk yield of confined carbyne in different environments. Here, we propose a model to quantify the yield of
confined carbyne using distinct changes in the vibrational response induced by the anharmonic coupling between
the carbon nanotube and the carbyne chain. This allows us to quantify the bulk yield of carbyne confined in
different carbon nanotube environments without relying on the narrow resonance window of carbyne, paving the
way for optimizing the bulk yield of confined carbyne and achieving the full growth potential.

1. Introduction

Carbyne is the sp! hybridized allotrope of carbyne, forming an infi-
nitely long one-dimensional chain with excellent predicted mechanical,
optical and electronic properties [1-8]. Many pathways have been
explored to build materials with linear carbon bonds, for example laser
vaporization of graphite [9], laser ablation of graphite particles in liquid
[10] or arc-discharge between graphite electrodes [11]. Following
organic synthesis pathways, large end-capping groups have been used to
sterically stabilize linear carbon chains with up to 44 carbon atoms [12].
The possibility to form long chains with carbon-carbon double bonds or
alternating single and triple bonds from polymers using high energy
radiation has recently been demonstrated [13]. Extremely long carbon
chains, which have reached the threshold of being considered “infinite”
carbyne, have been successfully synthesized inside carbon nanotube
(CNT) hosts [14] and the synthesis was steadily improved in recent years
[15-18].

* Corresponding author.
** Corresponding author.
**% Corresponding author.

Its growth mechanisms have been intensively investigated, showing
that confined carbyne (CC) can only grow in the presence of carbona-
ceous precursors inside the host tubes [19]. The synthesis of CC is
possible either directly inside an as-grown CNT [14] or in a stepwise
process from single-walled carbon nanotube (SWCNT) hosts [17], first
forming inner tubes and then growing the CC in a second step. Both of
these processes can be improved by introducing additional carbona-
ceous material inside the CNT host instead of relying on the amorphous
carbon already present inside the CNT after its synthesis. The added
carbon feedstock for the CC growth can be provided by filling the
nanotubes with precursors, e.g. methanol [18], fullerenes [17] or short
chain linear polyynes [20], or oxidation of the double-walled carbon
nanotube (DWCNT) host prior to the CC synthesis [19]. Confined car-
byne can also be formed directly inside multi-walled carbon nanotubes
during arc-discharge nanotube synthesis [21,22]. The most common
synthesis methods for CC is high temperature annealing in high vacuum
[23], but low temperature annealing [24] and photothermal synthesis
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[16] have also shown success. Recently, weakly confined carbyne has
been synthesized inside large single-walled carbon nanotubes at a very
low temperature [25]. The growth of carbyne is governed by the
experimental conditions (e.g. temperature, pressure) as well as the
suitability of the host tubes regarding diameter and the presence of
enough carbonaceous feedstock to form the carbyne chain.

Confined carbyne is the best known Raman scatterer with a resonant
differential Raman cross section per atom in the order of 10722 em?sr!
[26], making Raman spectroscopy the preferred investigative method
for CC. The characteristic peak of polyynes can be found at around 2100
em™! for short chain hydrogen-capped polyynes in liquid [27]. The
Raman frequency decreases with increasing chain length [28]. The
Raman frequency is also dependent on the matrix, shifting down from
chains simulated in vacuum to chains in solution to chains confined
inside carbon nanotubes, which appear in the region between 1800 and
1900 cm™? [29]. When comparing Raman spectra of CC, the current
state of the art is to compare the area of the CC peaks, which are
attributed to the longitudinal optical (LO) mode of the confined carbyne
chains in order to access the yield [17]. However, the Raman signal of
the carbyne chain inside the CNT hosts is strongly dependent on the
geometry of the CNT surrounding it, which explains different fre-
quencies of the CC peaks depending on the chirality of the CNT used as a
host tube [30]. Different frequencies of the CC peaks also show starkly
different resonance behavior for different laser energies. Estimating the
CC yield from the area of the CC peak in Raman is therefore rather
complicated, as the resonance behavior has to be considered, which
requires access to multi-frequency lasers for the Raman measurements
[31].

On the other hand, in the Raman response of the confined carbyne
and carbon nanotube host system (CC@CNT), peculiar changes in the G
and the 2D mode fine structure can be observed, specifically shoulders
on the left and right sides. These shoulders were recently described by
anharmonic phonon-phonon interactions as coupled modes between the
carbyne chain with the nanotube host and follow the resonance behavior
of the surrounding nanotubes and not the highly variable and distinct
resonance of CC [32].

Here we present a new model to determine the bulk yield of CC in
different nanotube hosts. We show that the additional shoulders in the G
and 2D-band can be fitted by coupled modes and act as a fingerprint of
the CC yield, circumventing the challenge of the narrow resonance
window of the CC modes.

2. Material and methods

For this study we analyzed, SWCNT hosts (eDIPS, semi-conducting
arc-discharge) as host tubes to synthesize CC via high temperature
annealing in high vacuum and also compared them to previously pub-
lished results on direct growth of CC inside CVD DWCNT hosts [14] and
1.36 nm semi-conducting arc-discharge CNT hosts [32].

For the eDIPS CNT hosts with a mean diameter of around 1.33 nm,
different samples of the as grown CNT hosts were annealed once in high
vacuum for 1 h at different temperature points, from 1500 °C to 1600 °C
in 20 °C steps. To study the influence of repeating the annealing process
with oxidation steps in between, one sample was repeatedly annealed at
1500 °C for 1 h at high vacuum, measured with Raman spectroscopy and
then oxidized at a pressure of 600 mbar for 2 h at 470 °C and then
annealed with the same parameters again.

For the semi-conducting 1.45 nm arc-discharge and the 1.41 nm
eDIPS samples, the first step was filling the nanotubes with Cgq fuller-
enes under vacuum to create peapods. For the filling, the buckypaper
was oxidized for 30 min at 450 °C in air to open the endcaps of the
nanotubes and then sealed inside a glass ampule under high vacuum (<
10~% mbar) together with the fullerenes. The sealed ampule was heated
to 550 °C for 12 h. From the CNT peapods, inner walls were grown at
1300 °C in ultra high vacuum. Afterwards, the sample was oxidized in
air at 500 °C to open the endcaps of the inner tubes and create defects. As
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Fig. 1. Spectra of six different types of CNT hosts filled with carbyne measured
with 568 nm laser radiation. All spectra show a change in the G-line and the 2D-
line indicated by the arrows. For comparison, an arc-discharge DWCNT sample,
also measured with the same laser, is shown at the bottom. (A colour version of
this figure can be viewed online.)

a last step, it was annealed again in ultra high vacuum at 1500 °C for 1 h
to grow the carbyne chains. For some samples, the process of oxidizing
and annealing was repeated multiple times.

Raman measurements of the samples were made with a Horiba
LabRAM HR spectrometer combined with an Ar+/Kr + laser (Coherent
Innova 70C, 458, 488, 514, 532, 568, 647 nm) and a He—Ne laser (633
nm). As detector a liquid nitrogen cooled CCD chip was used.

The optical absorption measurements of the samples were made with
a Bruker vertex 70v/80v. For the measurement the nanotubes were
sonicated in acetone and then airbrushed on to BaF, wedges to create a
thin film.

For the fit models we used PeakFit™ v4.06 and their residual model.

All structure models were made using VESTA [33].

3. Results and discussion

The Raman spectrum of a DWCNT shows radial breathing modes
(RBM) for the inner and outer tube (around 180 cm™! - 400 cm’l), the G
mode (around 1600 ¢cm™!) and the 2D-mode (around 2600 cm™!) as
shown in Fig. 1. When comparing the Raman spectra of unfilled DWCNT
hosts with the Raman spectra of CC@DWCNT, the LO modes of the
carbyne chains appear at around 1850 cm ™. Additionally, the nanotube
related G-band and the 2D-band reveal strong changes in the fingerprint.
These modes, indicated by the arrows in Fig. 1, have been recently
successfully explained by anharmonic phonon-phonon interactions
[32]. As depicted here, these interaction features are a unique finger-
print of CC@CNT and appear independently of the precursor for all CNT
hosts filled with CC.

A more detailed analysis of the G and 2D band by coupled modes is
shown in the insets of Fig. 2a. For the G-band, we used a line-shape
analysis that has been previously fitted to the DWCNT host tubes of
the sample with 4 Voigt peaks to account for the different G™ and G~
components of the inner and outer nanotubes and 2 additional Voigt
peaks. We then describe the extra peaks in the G mode (Gg) with 4
additional Voigtians, where the G¢ and Gg each consist of 2 Voigtians
that are correlated and separated by the same distance as the one be-
tween the two main CC modes. For the 2D-band, we used 5 Voigt peaks
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Fig. 2. Synthesis optimization for high temperature annealing of arc-discharge CNT

buckypaper. a) Comparison of different CC yields for samples using arc-discharge

nanotubes with different diameter distribution (dark red: 1.36 nm, light red and orange: 1.45 nm). The change in the G-line gets more pronounced for higher CC
peaks. The insets show the line-shape analysis of the upper spectrum for the G-line together with the shoulders as well as for the 2D-line which also shows extra peaks.
b) Schematic synthesis of CC from Cg filled CNT hosts. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 3. a) Line-shape analysis of the G-line of the same sample for different laser energies. The center peak (brown) corresponds to the G-line of an unfilled DWCNT
sample. The G~ (blue) and G" (red) peaks each consist of two Voigt peaks whose distance is determined by the distance of the two main peak components of the CC
peak. b) Analysis of the area that the shoulder peaks occupy in relation to the combined G-band as well as the area of the CC peak (pink) in comparison to the

combined G-band. While the area occupied by the left (blue) and right (red) shoulde

rs changes for different energies, the combined area is reasonably constant (gray).

If instead of using the fit model the area of the DWCNT host tube is subtracted from the G-line of the filled CNT hosts we observe similar values that are also

reasonably constant across the studied energy spectrum (dark yellow). (For interpre
Web version of this article.)

to describe the change in the 2D-band. This number of components is
based on the analysis of the main components of the anharmonically
coupled CC and CNT modes close to the K-point in the Brillouin zone
shown in Ref. [32]. A direct comparison of the 2D-line of filled and
unfilled samples can be found in the supplementary information high-
lighting the appearance of several high and low frequency shoulders
similar to the spectral fingerprint observed for the G-line. Also depicted
in Fig. 2a is how the G and 2D-lines are influenced by the CC yield,
which in turn depends on the diameter distribution as well as the
available carbon feedstock inside the hosting arc-discharge tube. In

tation of the references to colour in this figure legend, the reader is referred to the

Fig. 2b we schematically show how to optimize the CC yield by filling
with Cgg as an example for a carbonaceous precursor. After filling the
CNT host with Cgp, high vacuum annealing at 1300 °C yields inner tubes
with narrow diameter distribution. An oxidation step at 500 °C provides
additional carbonaceous precursors by opening the endcaps of the inner
tubes and introducing defects [19]. In the final high vacuum annealing
step at 1500 °C, the precursors are converted to CC. This stepwise
growth has sofar achieved the highest yield of CC@QCNT.

The detailed line-shape analysis of the G-line and the CC mode
described above is shown in Fig. 3a for 5 different laser energies. As
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Fig. 4. a) Relative G-line area of the CC filled 1.36 nm arc-discharge samples, diameter distribution shown in the inset. The green area is the range where CC is
expected to grow (56 %). We used the highest relative G-line area (indicated by the star) to calibrate the relative G-line area to a specific bulk yield. b) Excitonic Eq;
absorption peak for the different SWCNT host tubes: 1.45 nm arc-discharge (blue), 1.33 nm eDIPS (gray) and 1.41 nm eDIPS (red). The upper x-axis shows the
correlated diameters that can be calculated by using the optical absorbance data. The gray labels indicate the expected inner tube diameters [34]. The green area
shows the diameter range of inner tubes which are suitable for the CC growth [30]. ¢) Bulk yield and related realized growth potential for the same CNT hosts shown
before for different optimization steps and synthesis conditions: 1.36 nm arc-discharge (lilac), 1.45 nm arc-discharge (blue), 1.41 nm eDIPS (gray), 1.33 nm eDIPS
(red) and CVD [14] (green). The empty circles indicate highest possible bulk yield values determined from area integration of the optical spectra (b). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

shown in Fig. 3b, the area of the CC mode is strongly resonance
dependent. However, when we compare the area that each of the
shoulders take up of the total G-band we can see that the left and right
shoulders (marked as Gy and G{) individually have varying percentages
of the entire G-band area, but the sum of the G-line area percentage of
the two is relatively constant across the visible energy spectrum. In other
words, the two shoulders appear on different sides of the resonance
window, but the sum of both is independent of the laser energy, making
it more robust than the CC peak for the bulk yield determination. This is
in good agreement with our previous results showing that the G and 2D-
bands of the nanotube host are electronically decoupled but vibronically
coupled with the carbon chain [32]. This means the resonance behavior,
which is due to the electronic band structure of the individual sub-
systems (CNT and CC), appears independent. The phononic structure, on
the other hand, shows interaction features, which can be explained by
correlation effects from phonon-phonon interaction. Therefore the
resonance of the coupled modes follows the resonance behavior of the
CNT host, which is not strongly dependent on the laser energy in the
visible region. In order to check if we can further simplify the analysis
without significantly reducing the accuracy of the bulk yield determi-
nation, we compared the combined G¢ + G} area gained via line-shape
analysis with a simple area comparison of filled and unfilled tubes. We
therefore assessed a simplified model, where the area of the background
corrected and then normalized G-band of the empty DWCNT host tube
(Ap) is simply subtracted from the area of the total G-band of the
CC@CNT sample (Af) and then divided by the total G-band to obtain the
relative G-line area (Gjq) values (eq. (1)). The Raman spectrum of the
CC@CNT sample also needs to be background corrected and then
normalized to the G * peak, but not the shoulders.
Gia :AFTFAU (€)]

The result of this analysis is shown as dark yellow dots in Fig. 3b.
While the mean G-line area percentage using the line-shape analysis
model is 82 + 8 %, indicated by the light gray box, the simplified model
using the areas has mean percentage of 76 % which falls into the un-
certainty window of the line-shape analysis model, which highlights that
it is accurate enough to assess the bulk yield of CC. Our results also
clearly show that the anharmonically coupled modes are only weakly
dependent on the laser energy in the visible light region.

Therefore, any single laser in the visible range is enough to assess the

bulk yield. In contrast to analyzing the yield from the CC mode, no
tunable laser or at least multiple lasers at different laser energies across
the CC resonance window, are needed to analyze the bulk yield. The
same analysis can also be done for the 2D-bands, however, because the
shoulders there are less pronounced and have more components to be
analyzed, evaluating the G mode is more reliable.

In order to determine the maximum possible bulk yield for CNT
encapsulated CC, we have to consider that CC grows only inside nano-
tubes with suitable diameter. If the diameter is too big, carbon clusters
[14] or even another inner tube will grow, whereas if it is too small,
there is no space to grow carbyne. It is not definitively known what the
minimum inner tube diameter for carbyne growth is, but the inner tube
must be bigger than four times the covalent radius of carbon, because
there is no hybridization between the CC and the host tubes.

We rely on previous experimental studies that show carbon growth
predominantly for inner tube diameters between dyr = 0.63 — 0.83 nm
[30]. Since the diameter distribution is dependent on the used CNT host,
it is crucial in determining the achievable bulk yield. This diameter
distribution can be analyzed using optical absorption data [35-38]. In
the inset in Fig. 4a we show the diameter distribution for the 1.36 nm
arc-discharge CNT sample, which was modeled assuming 1.36 nm +
0.08 using a Gaussian peak [32]. Considering that inner and outer tube
nanotubes have shown a mean spacing of 0.36 nm, we expect the inner
tubes to have a mean diameter of 0.64 + 0.08 nm [34]. Therefore, for
the combined growth of inner tubes and CC inside a SWCNT host, the
SWCNT host tubes should have a diameter between 1.35 and 1.55 nm,
which is indicated by the green box in the inset (4a and 4 b). Accord-
ingly, the maximum fillability of this host was determined to be 56 %.
The main panel of Fig. 4a shows the relation between the bulk yield and
the relative G-line area. With the assumption that the.

1.36 nm arc-discharge sample is filled to its maximum and has a bulk
yield of 56 % with a corresponding relative G-line area of 0.75, we
calibrated all our values so we can estimate the bulk yield of the other
samples. The calibration point is indicated by the star. In Fig. 4b we
depict optical spectra of the excitonic Ej; absorption peak for our
nanotube hosts (1.45 nm arc-discharge, 1.33 nm eDIPS, 1.41 nm eDIPS).
The related tube diameters are shown on the upper axis using the cali-
bration in Wang et al. [37]. Again, the green box indicates the CC growth
region. We conclude that the nanotube hosts studied have a maximum
fillability of 48, 31 and 35 %, respectively.

In Fig. 4c we show the CC yield for different CNT host tubes. The bulk



C. Schuster et al.

yield was calculated from the G-line area values using the simplified
model described above. In all different CNT hosts two effects contribute
to the carbyne growth as limiting factors: first, the suitable nanotube
diameter and second, the available carbonaceous feedstock inside the
suitable nanotubes. This can be clearly seen in the growth potential. In
some CNT hosts, enoughmcarbonaceous feedstock is available to ach-
ieve almost the maximum growth potential under the optimal synthesis
conditions. For others, this is not the case and additional filling of
carbonaceous precursors, e.g. organic solvents or Cgy [18,19], can lead
to improved yield. For the CVD CNT samples from Shi et al., the values
obtained with our model indicate a fully realized growth potential
which is also in agreement with the previous rough estimation of the
bulk yield [14]. Even though the growth potential was fully realized for
the CVD nanotubes, the bulk yield is relatively low due to the small
fraction of nanotubes with suitable diameters.

4. Conclusions

Different synthesis methods for carbyne confined inside carbon
nanotubes were reviewed. The Raman spectra of the CC@QCNT systems
were analyzed and coupled modes resulting from interactions of the
carbyne chain with the surrounding nanotubes were described. Evalu-
ating the area of the coupled G-modes has shown to be a reliable method
for determining the bulk yield of confined carbyne, which is not
dependent on the laser energy and therefore preferable to the current
state of the art which focuses on the LO peak of the CC. A simple model
that does not rely on line-shape analysis but rather on the difference in
G-line area of a filled and unfilled sample was introduced. The highest
bulk yields for carbon nanotubes can be achieved by using CNT hosts
with well-suited diameters for the growth of double-walled carbon
nanotubes and carbyne as well as filling the host tubes with a carbo-
naceous precursor. The new fast and robust method for yield determi-
nation presented here will simplify and improve systematic approaches
to confined carbyne synthesis.
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Appendix A. Supplementary data

Appendix A.1. Lineshape analysis 2D line

Lineshape analysis for the 2D line of the DWCNT host tube and carbyne
filled tube of the 1.36 nm arc-discharge CNT host tubes for different laser
energies, two Voigt peaks were used for the unfilled DWCNT sample and five

Voigt peaks were used for the CCQDWCNT sample, see figures. A.5, A.6,
A7, A8, A9.
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Figure A.5: 2D line of the 1.36 nm arc-discharge sample for an unfilled DWCNT sample

(left) and a CC@DWCNT sample (right). Laser energy of 2.71 eV. Fitted with Voigt
peaks (blue).

23



Intensity [arb.u]
Intensity [arb.u.]

T T T T T T \— T T T T T
2500 2550 2600 2650 2700 2750 2800 2300 2400 2500 2600 2700 2800
Ramanshift [cm™]

:
2900 3000
Ramanshift [cm™]

Figure A.6: 2D line of the 1.36 nm arc-discharge sample for an unfilled DWCNT sample

(left) and a CC@DWCNT sample (right). Laser energy of 2.42 eV. Fitted with Voigt
peaks (green).
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Figure A.7: 2D line of the 1.36 nm arc-discharge sample for unfilled an DWCNT sample

(left) and a CC@DWCNT sample (right). Laser energy of 2.33 eV. Fitted with Voigt
peaks (green).
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Figure A.8: 2D line of the 1.36 nm arc-discharge sample for an unfilled DWCNT sample

(left) and an CCQDWCNT sample (right). Laser energy of 2.18 eV. Fitted with Voigt
peaks (yellow).
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Figure A.9: 2D line of the 1.36 nm arc-discharge sample for unfilled an DWCNT sample

(left) and a CC@DWCNT sample (right). Laser energy of 1.96 eV. Fitted with Voigt
peaks (red).
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Appendixz A.2. Optical absorption data

Optical absorption spectrum of the 1.33nm eDIPS SWCNT host tube

(fig.A.10). The spectrum was done using a thin film (airbrushed on wedges).
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Figure A.10: Optical absorption spectrum of the 1.33nm eDIPs SWCNT host tube. The
nanotubes were sonicated in aceton and then airbrushed on BaF, wedges. No backround

correction.

26



Appendixz A.3. Relative G-line area values

All values depicted in figure 4 in the main article are shown here divided
according to host tube. The value for the integrated area is determined by
subtracting the background and then normalizing to the G-peak (not the
shoulders) and finally integrating the area. The values are rounded and then
used to calculate the relative G-line area according to equation 1 of the main

article. Values shown in tables A.1, A.2, A.3, A4, A.5.

Table A.1: Relative G-line area data for the 1.36 nm arc-discharge samples. All but the
last value are results of sonication experiments performed on the CC filled sample. The

area of the unfilled DWCNT (host tube) is 29.48.

integrated area Gy,
55.97 0.47329
45.34 0.3498
42.66 0.30895
38.06 0.22543
42.56 0.30733
37.75 0.21907
36.62 0.19498
34.28 0.14002
33.82 0.12833
31.57 0.0662
32.34 0.08844
118.53 0.75129
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Table A.2: Relative G-line area data for the 1.45 nm arc-discharge samples.The area of

the unfilled DWCNT (host tube) is 29.48.

integrated area G, integrated area G,
43.25 0.31838 | 49.66 0.40636
34.08 0.13498 | 45.32 0.34951
52.32 0.43654 | 52.97 0.44346
52.54 0.4389 | 47.03 0.37317
56.89 0.48181 | 45.78 0.35605
68.92 0.57226 | 51.51 0.42768
80.12 0.63205 | 55.61 0.46988
73.31 0.59787 | 32.73 0.0993
76.54 0.61484 | 32.11 0.08191
57.32 0.48569 | 36.38 0.18966
70.39 0.58119 | 56.84 0.48135
60.51 0.51281 | 41.6 0.29135
50.86 0.42037 | 47.38 0.3778
39.1 0.24604
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Table A.3: Relative G-line area data for the 1.33 nm eDIPs samples. The area of the
unfilled DWCNT (host tube) is 43.33.

integrated area Gy,

integrated area Gy,

integrated area Gy,

48.66
54.47
51.16
55.12
69.24
64.22
59.44
52.38
51.18
53.18
53.08
48.91
51.83
51.61
51.28
47.58
50.31
46.94
68.50
65.14
54.96
54.88

0.10955
0.20453
0.15307
0.21391
0.37422
0.3253

0.27104
0.17279
0.1534

0.18524
0.1837

0.11411
0.16402
0.16045
0.15505
0.08934
0.13876
0.07691
0.36745
0.33482
0.21161
0.21046

44.34
49.92
46.97
47.65
44 .4

48.64
52.17
51.58
46.68
47.1

47.48
49.79
47.19
45.18
46.57
46.94
43.99
59.65
66.87
44.91
51.06
58.62

0.0228

0.13203
0.07752
0.09068
0.02412
0.10919
0.16946
0.15996
0.07178
0.08006
0.08742
0.12976
0.08182
0.04097
0.06959
0.07693
0.01501
0.2736

0.35203
0.03518
0.15139
0.26083

63.62 0.31892
61.45 0.29487
61.77 0.29853
62.66 0.30849
64.99 0.33328
60.08 0.27879
61.89 0.29989
65.93 0.34279
59.02 0.26584
62.83 0.31036
61.27 0.2928

58.18 0.25524
54.82 0.2096

95.50 0.21928
58.23 0.25588
59.51 0.27189
48.69 0.11008
58.18 0.25524
60.79 0.28722
58.51 0.25944
56.18 0.22873
61.28 0.29292
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Table A.4: Relative G-line area data for the 1.41 nm eDIPS samples. The area of the
unfilled DWCNT (host tube) is 41.22.

integrated area Gy,
56.93 0.27595
50.49 0.18359
50.85 0.18937
55.36 0.25541
50.71 0.18714
52.69 0.21768
54.44 0.24283
51.01 0.19192
01.8 0.20424
64.72 0.3631
57.75 0.28623
63.05 0.34623
65.44 0.37011
60.07 0.3138
52.25 0.21109
61.78 0.33279
67.28 0.38733
55.01 0.25068
64.96 0.36545
60.86 0.3227
70.53 0.41556

30



Table A.5: G-line area data for the CVD CNT samples from [14]. The area of the unfilled
DWCNT (host tube) is 37.48.

integrated area Gy,
60.898 0.38454
55.57 0.32554
58.4 0.35822
48.32 0.22434
54.17 0.3081
41.36 0.09381
38.15 0.01756
41.024 0.08639
39.46 0.05018
40.35 0.07113
41.95 0.10656
41.8 0.10335
40.78 0.08092
54.04 0.30644
42.1 0.10974
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Results: Optimizing the synthesis of
confined carbyne

In this section, the yield determination model was applied to quantify the influence of key pa-
rameters in the confined carbyne synthesis. This work has been published in Small Methods (C.
Freytag et al. [238]). The main experimental work of synthesizing the confined carbyne and
the data evaluation was performed by me, with support from Christin Schuster. I am the main
author of the manuscript. The nanotube host tubes were provided by Dr. Takeshi Saito (eDIPS)
and Prof. Kazuhiro Yanagi (arc-discharge). Below, the findings from this paper are summarized.

4.1 Summary: A systematic study on confined carbyne
synthesis parameters

The synthesis of confined carbyne from different nanotubes and under different conditions has
been studied extensively since the first reports by Shi er al. [239] (section 1.5.3. High temper-
ature high vacuum annealing is a common and robust method to make confined carbyne from
various precursors and host tubes. However, until recently, there was no reliable method for
bulk yield evaluation to quantify the influence of individual parameters in the synthesis. Us-
ing the new model described in section 3.1 and published in reference [233], here, important
synthesis parameters for confined carbyne synthesis are studied and, for the first time, their influ-
ence is quantified. These parameters are filling ratio of carbonaceous precursor, annealing step
sequences and annealing temperature. Additionally, for the study of optimal annealing tempera-
ture, the results from the bulk yield determination model are compared to the previous state of
the art method of evaluating the peak intensities of the confined carbyne peak. Three different
types of host tubes were studied: 1.45 nm arc-discharge, 1.41 nm eDIPS and 1.33 nm eDIPS.
The realized growth potentials are also discussed. For the host tubes used in my work, the opti-
cal absorption spectra are shown in figure 4.1. For the 1.45 nm arc-discharge hosts, 48% of the
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4 REesurts: OPTIMIZING THE SYNTHESIS OF CONFINED CARBYNE

host tubes are suitable for confined carbyne growth, for the 1.41 nm eDIPS and 1.33 eDIPS host,
35% and 31% are suitable, respectively. These values were determined by integrating the area in
within the boundaries of 1.35 to 1.55 nm. The error of this evaluation can be estimated from the

signal-to-noise ratio and is below 1%.
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Figure 4.1: Optical absorption spectra of the excitonic Ej; peak of the studied carbon nanotube
hosts: 1.45 nm arc-discharge (left), 1.41 nm eDIPS (middle) and 1.33 nm eDIPS

(right).

First, two samples made from 1.45 nm arc-discharge nanotube hosts are compared. One of the
samples was filled with Cgg fullerenes ("F1"), while the other was not filled with any additional
carbonaceous material ("U1"). Some amount of carbon is always present inside the nanotubes
from their synthesis process, but the samples used are considered very clean. This is why these
host tubes for chosen for the comparison here. The bulk yield achieved for these two samples,
which were synthesized under the same furnace conditions, was 20% for Ul and 31% for F1.
The realized growth potentials, considering the maximum fillability of the 1.45 arc-discharge
hosts, are 42% and 65%, respectively. In order to achieve higher bulk yields, one must consider
the formation of the inner tubes, which are necessary in order to grow confined carbyne. We
assume that all available volume of the suitable nanotubes (1.35 to 1.55 nm) is filled with Cgg
with a center-to-center distance of 0.96 nm between the fullerenes [122]. The interlayer distance
between outer and inner tubes is estimated to be 0.36 nm, making the inner tubes in the suitable
outer tubes between 0.63 - 0.83 nm. In this case, the number of carbon atoms from the fullerenes
can form inner tubes with about 60-70% of the length of the outer wall, depending on diameter
and chirality of the inner tubes. Considering that only 48% of the sample fall within this diameter
range, a maximum bulk yield of 28%-34% can be expected. This means that in order to increase
the yield, one must increase the fraction of outer tubes filled with inner tubes.

Performing two annealing steps with an oxidation step in-between can increase the fraction
of inner tubes. During the oxidation step, the single-walled parts are preferentially destroyed,
as single-walled carbon nanotubes are less stable than double-walled carbon nanotubes at this
temperature [231]. The free carbon from the oxidation can be used to form inner walls and
confined carbyne in the remaining parts of the tubes, which further increases the fraction of
double-walled carbon nanotubes in the samples. The oxidation step also ensures opening of end-
caps of the inner tubes and partial destruction of the double-walled nanotubes and introduces
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defects which help the growth of carbyne [222]. While the oxidation step leads to a fracturing
of long nanotubes, the resulting segments are still of sufficient length for hosting carbyne. If this
were not the case and the chains were significantly shortened, their Raman mode would shift to
significantly higher wavenumbers.

Two different pathways were studied in order to quantify the influence of a second annealing
step (sample "F2"). In one case, the sample was annealed at 1500°C, then oxidized and then
annealed again at 1500°C, so confined carbyne was expected to grow in both steps. In the second
case, the first annealing step was performed at only 1300°C, where only inner walls are formed,
and in the second step, the annealing temperature was 1500°C. The results from the two-step
annealing synthesis showed that in the second annealing step, the yield increased by ~ 33% from
the first to the second step for the 1500°C+1500°C pathway. For the 1300°C+1500°C pathway, a
bulk yield of 31% was achieved. It is also interesting to compare the 1300°C+1500°C pathway to
the sample that was directly annealed from peapods (F1) in one step discussed above. It shows that
forming inner walls as an intermediate does not influence the yield, as very similar values were
achieved. The realized growth potentials were 73% and 65% for the 1500°C+1500°C pathway
and 1300°C+1500°C pathway, respectively.

1.45 nm arc-discharge 1.41 nm eDIPS 1.33 nm eDIPS

annealing step
A 6
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Figure 4.2: Raman spectra of confined carbyne synthesized using multi-step annealing using 1.45
nm arc-discharge (pink), 1.41 nm eDIPS (blue) and 1.33 nm eDIPS (green) host tubes.

Next, more annealing steps were added in order to achieve the full growth potential. In this
experiment, all three types of host tubes were used. Sequences of annealing, oxidation and an-
nealing were performed for a total of six annealing steps for each sample (fig. 4.2). For the
1.45 nm arc-discharge hosts and the 1.33 nm eDIPS hosts, the highest bulk yield was achieved
after four annealing steps, with 46% and 28%, respectively. For the 1.41 nm eDIPS sample,
bulk yields of around 26% and 27% were achieved after two and six steps. For the arc-discharge
sample especially, it can be seen that the increase in bulk yield slows after the second anneal-
ing step. This is to be expected, since the available carbonaceous feedstock and the amount of
single-walled parts of the sample that can be destroyed in the oxidation step decreases. However,
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the third and fourth annealing step still increased the bulk yield. After the fourth annealing step,
further annealing did not lead to a higher bulk yield.

During the annealing, two processes compete with each other. On one hand, carbyne is formed
from carbonaceous precursors inside the double walled carbon nanotubes, increasing the bulk
yield. On the other hand, the decrease in bulk yield can be attributed to the destruction of the
inner nanotubes at high temperatures due to residual gas in the furnace. Whether the yield will
decrease or increase by further annealing depends on the rate at which the two processes occur.
As long as enough precursors are inside, the bulk yield can increase, if all precursor material
has already been converted to carbyne, the bulk yield can only decrease from destruction. It is
however possible that after the destruction of some inner walls, the carbon inside can be used for
the formation of more carbyne, which then leads to an increase in yield again. This might be the
case for the 1.41 nm eDIPS nanotubes, where the highest bulk yields were measured after two
and six steps. The oxidation steps in-between the annealing steps can also play a role, as it can
be expected that a certain amount of carbyne will be destroyed in this process. The oxidation
stability of confined carbyne inside double-walled carbon nanotubes has been studied and it was
shown that the Raman peak of the confined carbyne decreases under oxidation in air, but is very
stable in vacuum [240]. This is the reason why the lower pressures were chosen for this step, to
avoid destroying too much of the confined carbyne.

When generally comparing the yields of the two different eDIPS host tubes, one can see that
the yield was not improved by additional filling with Ceo fullerenes. A possible explanation is the
general availability of amorphous carbon inside the eDIPS carbon nanotubes from the synthesis
process, which means that the limiting factor for confined carbyne growth inside eDIPS host
tubes is not the carbon source. In comparison, the yield for the more clean arc-discharge host
tubes could be significantly improved by filling with Cgg fullerenes (sample F1/U1). Due to the
impurities inside, it is also possible that the filling ratio for the fullerenes is not as high for the
eDIPS sample compared to the arc-discharge hosts.

The highest realized growth potentials were 96% for the 1.45 nm arc-discharge sample, 90%
for the 1.33 nm eDIPS sample and 77% for the 1.41 nm eDIPS sample. This showed that the
synthesis pathway is spot on for the arc-discharge host tubes, but maybe improvements could still
me made for the eDIPS sample. Therefore, the optimal synthesis temperature was re-evaluated.
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In order to study the optimal synthesis temperature, eDIPS host tubes were annealed at tem-
peratures between 1500°C and 1600°C in steps of 20°C, and multiple spots on the samples were
measured in Raman in order to obtain robust averages (fig. 4.3).
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Figure 4.3: Raman spectra of confined carbyne synthesized inside 1.33 nm eDIPS nanotubes at
different temperatures from 1500°C to 1600°C in steps of 20°C, measured with a 568
nm laser. The confined carbyne mode at around 1850 cm™ was magnified by a factor
of five.

One can immediately see that there is a high variation in the spectra taken from the same
sample and the samples are quite inhomogeneous. However, there might still be trends that can
be observed when analyzing the bulk yield in detail. Analyzing only the area of the confined
carbyne mode, it looked like 1500°C leads to the highest average yield (fig. 4.4a). Using the
new area integration model (sec. 3.1) based on the coupled modes, a different trend could be
observed where the bulk yields for higher temperatures were higher and the maximum yield
could be achieved at 1560°C and the most consistent high yield at 1580°C (fig. 4.4b). This
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underlines that the Raman peak of the carbyne chain alone is not a good indicator for the yield,
since the Raman mode of the confined carbyne is strongly resonance enhanced. Re-evaluating the
optimal synthesis temperature using the new model revealed that higher annealing temperatures
lead to a higher bulk yield.
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Figure 4.4: Bulk yield of confined carbyne synthesized at different temperatures from 1.33 nm
eDIPS host nanotubes: a) relative CC-area at different temperatures between 1500°C
and 1600°C from multiple spots on each sample; b) relative G-line area and bulk yield
calculation from the same experiment, evaluated using the area integration model.
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Systematic Optimization of the Synthesis of Confined

Carbyne

Clara Freytag,* Christin Schuster, Emil Parth, Dido Denier van der Gon, Takeshi Saito,
Kazuhiro Yanagi, Paola Ayala, and Thomas Pichler*

Abstract: Confined carbyne, an sp'-hybridized linear carbon chain inside a
carbon nanotube, is a novel material with remarkable properties and potential
applications. Among its currently successful synthesis methods, high
temperature high vacuum annealing is prevalent. Further optimization could
be achieved by tuning the synthesis pathway. Here, a systematic analysis of
key synthesis parameters including precursor filling, annealing step
sequences, and temperature conditions during high temperature vacuum
processing is performed. A novel yield determination model that overcomes
previous limitations related to the irregular resonance Raman behavior of
carbyne is applied to evaluate bulk yield and realized growth potential. With
this refined model, it is possible to make a quantitative assessment of bulk
yield optimization potential in multi-step annealing processes. These results
provide crucial insights into the fundamental formation mechanisms of
confined carbyne, advancing our understanding of this promising hybrid
nanomaterial system. It is therefore possible to establish improved protocols
for maximizing confined carbyne yields through precise control of

synthesis conditions.

1. Introduction

Carbyne is a nanomaterial consisting of an infinite chain of linear
sp~!-hybridized carbon atoms. As a true 1D material, it has been
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predicted to have remarkable optical,
electronic and mechanical properties.[*®!
The linear carbon chains can either
have continuous double bonds or alter-
nating single-triple bonds with different
lengths, which is more stable due to
Peierl’s distortion.’! The bond length al-
ternation (BLA), i.e., the difference be-
tween the length of the single and triple
bond, influences the properties of the
carbon chains, such as the bandgap.'!
While the cumulenic structure (double
bonds, BLA = 0) is metallic, the polyynic
structure (single and triple bonds, BLA
# 0) is a semiconductor with a tun-
able band gap.''l Many properties of
linear carbon chains are length depen-
dent. The term carbyne refers to a mate-
rial with an “infinitely” long chain, i.e.,
where the properties become indepen-
dent of length.['?l The main issue with
this material is the lack of stability due
to the exothermic collapse of the chain or
cross-linking with other chains."}! End-capping groups can pre-
vent dangling bonds and sterically hinder the collapse of a
chain onto itself while spacers impede reaction of chains with
each other.

There are many different approaches to synthesize and sta-
bilize linear carbon chains. Polyynes with around 20 carbon
atoms end-capped by hydrogen or nitrogen were synthesized
by laser vaporization of graphite,'*) in solution using laser ab-
lation of graphitel’>!®] and by arc-discharge between graphite
electrodes.['”] Organic “bottom-up” synthesis methods have
yielded cumulenes with up to 10 carbon atoms!'?l and polyynes
with up to 44 carbon atoms('# using large organic end-capping
groups for stabilization. Recently, with additional stabilization of
the chain during synthesis using masking groups and thread-
ing the chains through organic macrocycles, even longer chains
with up to 68 carbon atoms have been synthesized using this
pathway.[20]

Atomic manipulation methods can also lead to interesting
structures containing linear carbon. In a transmission elec-
tron microscope (TEM), carbon atoms can be removed from a
graphene sheet until only a chain remains between two patches
of graphene.??2] Carbon chains can also be created in situ from
graphene flakes by mechanically pulling them apart after elec-
trical contacting to a gold tip inside a TEM.[?*] Inside a field ion
microscope (FIM), high voltage can be applied to a needle-shaped

© 2025 The Author(s). Small Methods published by Wiley-VCH GmbH
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sample of carbon-based fibers, unraveling chains of carbon from
the tip.[>*) Recently, a chain with 120 carbon atoms was man-
ufactured in situ using an atomic force microscope (AFM) by
demetallization of an organometallic polyyne precursor on a gold
surface.[’]

A first pathway to carbyne was found by stabilizing the
carbon chain inside small-diameter double-walled carbon nan-
otubes (DWCNTSs).[%] The interaction of the carbyne chain with
the host tube stabilizes the chain and sterically prevents the
cross-reactions of the chain with itself. In recent years, differ-
ent synthesis routes for confined carbyne inside carbon nan-
otubes (CC@CNT) have been developed.[?-**] The most com-
mon methods are based on high temperature annealing in high
vacuum (HV). Confined carbyne (CC) can grow directly inside
as-grown chemical vapor deposition (CVD) DWCNTs[?®) or en-
hanced direct injection pyrolitic synthesis (eDIPS) single-walled
carbon nanotubes (SWCNTs).[3!] In the case of direct annealing
of SWCNT hosts, the inner walls are formed during the anneal-
ing, together with the carbyne. The growth of carbyne inside the
host CNTs is limited by the availability of carbonaceous precur-
sor. Some amount of carbon feedstock is generally present in-
side the CNTs from their synthesis, but more can be supplied
by filling the host tubes with small organic molecules such as
methanol,% fullerenes!®! or short chain linear polyynes*2-* or
by oxidizing the DWCNT host to create defects.[! Photother-
mal synthesis is an alternative to high temperature annealing in
HV.[28] Recently, low temperature annealing has been used to syn-
thesize weakly confined carbyne from surfactant molecules®
or aromatic hydrocarbons!*’] as carbonaceous precursors inside
SWCNTs.

In this work, we focus on the quantification of the influence
of different parameters in the synthesis of CC. The growth of
CC is governed by three main factors: a) availability of carbona-
ceous precursors inside the host nanotube, b) annealing tempera-
ture, and c) residual gas pressure in the furnace. Additionally, the
achievable bulk yield is limited by the fraction of carbon nanotube
hosts with the appropriate diameter among the diameter distri-
bution of the specific sample.?®! Therefore, it is possible to eval-
uate the realized growth potential achieved by relating the bulk
yield to the fraction of fillable tubes, providing a useful metric to
evaluate the success of the synthesis process.

2. Results and Discussion

2.1. Influence of Providing Additional Carbonaceous Precursor
via Filling

The growth of confined carbyne is partially governed by the avail-
ability of carbonaceous feedstock in the host nanotubes. This led
us to evaluate the effect of filling carbonaceous precursors in-
side small diameter SWCNTs. As an exemplary case study, the
CC bulk yield after annealing of unfilled and C, filled 1.45 nm
arc-discharge SWCNTs was compared. For filling, the CNTs were
first oxidized in air at 450°C for 30 min to open the end-caps.
Next, the sample and the fullerenes were placed in a glass am-
poule which was then evacuated to HV and placed inside a fur-
nace for 12 h at 550°C to create peapods. Both the peapods and
the unfilled sample were placed into a ceramic furnace together
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Figure 1. Effects of filling carbon nanotube hosts (1.45 nm arc-discharge)

with Cgq on CCyield: Raman spectra of CC from an unfilled nanotube host

(red) and from peapods (orange), measured with a 568 nm laser. The bulk

yield increases from 20% to 31%. A schematic of the synthesis process for
the filled versus unfilled host tubes is also shown.

for annealing to ensure the same experimental conditions during
the annealing step.

In Figure 1, Raman spectra of CC@ DWCNTs grown from the
unfilled and the C,, filled hosts are shown. In the Raman spectra,
changes in the peak attributed to the CC at around 1850 cm™" and
to the G-line of the host DWCNT can be observed. The CC-peak
is made up of multiple components according to the geometry
of the surrounding inner host tube.[*”! Depending on the growth
rate inside the different inner tubes, combined with the narrow
resonance window and strong resonance enhancement of the
CC-mode, the components may appear with different intensities.
This demonstrates the unreliability of using the CC-mode for
yield determination. The growing left and right shoulders in the
G-lines were recently explained by anharmonic phonon-phonon
interaction as coupled modes between the host nanotube and the
carbyne chain.l*”) While the CC-peak is strongly resonance de-
pendent, the G-line shoulders follow the more stable resonance
behavior of the chain and can therefore be reliably used to de-
termine the bulk yield. The coupled mode evaluation model is
described in detail in Section 4 and the work of Schuster et al.*8]
Using this method, an improvement in the bulk yield from 20%
to 31% was determined when filling the SWCNT hosts with C,
as a carbonaceous feedstock.

2.2. Improving the Yield via a Multi-Step Annealing Process

Two-step annealing processes have previously shown to improve
the CC yield.[?*] To quantify the influence of a second anneal-
ing step and the introduction of a double-walled intermediate,
peapods made from 1.45 nm arc-discharge CNTs were used as
hosts for two different synthesis pathways. One half of the origi-
nal sample was annealed in HV for 1 h at 1500°C to immediately
grow CC. The other half was annealed in HV for 2 h at 1300°C
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Figure 2. Two-step synthesis process for CC grown from 1.45 nm arc-discharge peapods: Raman spectra of 3 spots on the sample after a) annealing
once at 1500°C; b) annealing once at 1300°C; c) annealing twice at 1500° C with an oxidation step in-between; d) annealing first at 1300° C and then at
1500° C with an oxidation step in-between. All Raman spectra were measured with a 568 nm laser. Below, the process of carbyne growth from peapods

is shown schematically.

in order to first only grow DWCNTs as an intermediate. In both
cases, the maximum length of CNTs where inner walls (and CC)
can be grown is around two thirds, governed by the amount of
fullerenes inside. In the following step, both halves were placed
in a furnace and oxidized at 500°C for 1 h at 600 mbar of air, where
the single-walled parts are preferentially destroyed, as SWCNTs
are less stable than DWCNT at this temperature.[*!] The free car-
bon from etching can be used to form inner walls and CC in the
remaining parts of the tubes, which further increases the frac-
tion of DWCNTs in the samples. The oxidation step also ensures
opening of the end-caps of the inner tubes and partial destruction
of the DWCNTS5 and introduces defects which help the growth of
carbyne.[®®] While the oxidation step leads to a fracturing of long
nanotubes, the resulting segments are still of sufficient length
for hosting carbyne. In the second annealing step, both halves of
the sample were annealed at 1500°C for 1 hour in HV to grow
carbyne.

Raman spectra were taken after the first and second anneal-
ing step for both pathways (Figure 2). After the first annealing
step, there is only a very small peak visible for CC (Figure 2a)
and the G-line very closely resembles the G-line area of the DWC-
NTs made by annealing once at 1300°C (Figure 2b). After the sec-
ond annealing step, both samples showed strong CC peaks and
the characteristic G-line shoulders resulting from coupled modes
appear for both samples. The evaluation of the G-line area and
subsequent calculation of bulk yield showed that both samples
have a similar average bulk yield of 35% for the 1500°C+1500°C
pathway and 31% for the 1300°C+1500°C pathway. The frac-
tion of theoretically fillable host nanotubes of the 1.45 nm arc-
discharge CNTs was calculated to be 48% from optical absorb-
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tion data (see Supporting Information S3). The realized growth
potential, relating the bulk yield to this maximum fillabilty of the
host nanotubes, was determined to be 73% and 65% for the two
pathways, respectively, with the two-step method of annealing
from peapods.

2.3. Analysis of Multiple Annealing Steps: How Close Can We
Get to The Maximum Fillability

Since it was shown that two annealing steps with oxidation in-
between can improve the bulk yield of CC, it was tested if more
repetitions will further improve the yield. This experiment was
conducted with three types of CNT hosts: 1.45 nm arc-discharge
nanotubes, 1.33 nm eDIPS nanotubes and 1.41 nm eDIPS nan-
otubes. The 1.45 nm arc-discharge and 1.41 nm eDIPs nanotubes
were filled with C fullerenes prior to the first annealing step. All
samples were then annealed a total of six times in HV for 1 hour
at 1500° C, with an oxidation step at 500° C for 1 h at 600 mbar
of air between annealing. Raman spectra were taken after each
annealing step for each of the CNT hosts (Figure 3).

For the 1.45 nm arc-discharge and the 1.33 nm eDIPS CNT
hosts, the highest bulk yield was achieved after four annealing
steps, with 46% and 28%, respectively (Figure 3a). Further an-
nealing did not lead to a higher bulk yield as during anneal-
ing, two processes compete with each other. On one hand, car-
byne is formed from carbonaceous precursors inside the DWC-
NTs, increasing the bulk yield. On the other hand, the residual
gas inside the furnace destroys the inner nanotubes and the car-
byne chains, leading to a decrease in the bulk yield (Figure 3d).
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Figure 3. Multi-step synthesis of CC inside different CNT hosts: a) bulk yield of CC inside 1.45 nm arc-discharge (pink square), 1.33 nm eDIPS (green
triangle) and 1.41 nm eDIPS (blue circle); b) realized growth potential for the different CNT hosts; c) schematic of the multi-step annealing process from
peapods; d) growth model for CC: two processes compete with each other - formation of the carbyne chain, which is governed by the temperature and
availability of carbonaceous feedstock, and etching/destruction of the carbyne chain due to residual gas in the furnace (i.e., pressure).

Whether the yield will increase or decrease by further annealing
depends on the rate at which the two processes occur. As long
as enough precursors are inside, more carbyne is formed, while
carbyne is etched, i.e., broken down after most precursor has al-
ready been converted to inner nanotubes or carbyne. After the
etching of some inner walls and chains, the resulting carbon in-
side can be used as new precursor for the formation of more
carbyne, leading to an increase in yield once more. This might
be the case for the 1.41 nm eDIPS nanotubes, where the high-
est bulk yields of around 26% and 27% were measured after two
and six steps. In Figure 3D, the realized growth potential for each
nanotube host type is plotted, based on the CNT hosts contain-
ing only a certain fraction of tubes with the appropriate diameter
for carbyne growth. Maximum fillabilties of 48%, 31% and 35%
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were determined from optical absorption (see Supporting Infor-
mation S1-S3) for the 1.45 nm arc-discharge, the 1.33 nm eDIPS
and for the 1.41 eDIPS hosts, respectively. For the 1.45 nm arc-
discharge peapods, with 96%, almost the full growth potential
could be achieved while 90% of the growth potential was realized
for the 1.33 nm sample. For the 1.41 nm eDIPS sample, 77% re-
alized growth was accomplished.

The yield results from a complex interplay between etching
and growth of inner walls and carbyne chains. Therefore, the
knowledge of the realized growth potential is essential to de-
termine the optimal number of annealing and oxidation steps.
When comparing the two different eDIPS host tubes, the bulk
yield is not improved by additional filling with Cg, fullerenes.
A possible explanation is the general availability of amorphous
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Figure 4. Temperature optimization for CC synthesis: a) Raman spectra of CC synthesized from 1.33 nm eDIPS nanotube hosts at different temperatures
from 1500°C (bottom) to 1600°C (top) in steps of 20°C, measured using a 568 nm laser. The mode of the CC at around 1850 cm~' was magnified by a
factor of five; b) relative area of the LO-peak of CC at different temperatures between 1500 and 1600°C from multiple spots on each sample; c) bulk yield
calculated using the coupled mode evaluation model from the same experiment; d) bulk yield and realized growth potential calculated for all spectra.

carbon inside eDIPS CNTs from their synthesis process, indi-
cating that the limiting factor for CC growth inside eDIPS host
tubes is not the carbon source. In comparison, the yield for the
“cleaner” arc-discharge host tubes was significantly improved by
filling with Cy, fullerenes, as discussed in Section 2.1.

2.4. Re-Evaluating the Optimal Synthesis Temperature

In previous studies, temperatures of 1500°C or slightly below
were used for high temperature annealing.2¢2°-313] Since it was
shown in Section 2.3 that the full growth potential was not yet re-
alized for the eDIPS host tubes, it was investigated if higher an-
nealing temperatures could improve the yield. Additionally, the
novel method for yield determination (coupled mode evaluation
model) was compared to the established practice of comparing
the areas of the CC-peaks at around 1850 cm~1.[%%] For this ex-
periment, eDIPS CNTs with a mean diameter of 1.33 nm were
used as host tubes. The nanotube samples were annealed in HV
for 1 h with annealing temperatures between 1500 and 1600°C in
steps of 20°C. The eDIPS nanotubes were shown to have enough
carbon inside from the synthesis process so carbyne can grow
without filling with a carbonaceous precursor. The associated Ra-
man spectra are shown in Figure 4. For each sample, at least 10
spots were measured to determine the average bulk yield (see
Supporting Information S4).

From the analysis of the CC-mode alone (Figure 4b) one might
conclude that higher temperatures do not significantly improve
the CC yield. However, the relative CC-peak area is not directly
related to the bulk yield. The CC-mode intensity strongly varies
among different spots, as the signal is dependent on the amount
of carbyne chains in resonance with the specific laser. Therefore,
using our newly developed model which is independent of the
resonance behavior of CC, we could determine the actual trend
of the bulk yield (Figure 4c). Our results show that the optimal
temperature for the synthesis of CC inside 1.33 nm eDIPS hosts
is around 1580°C, with an average bulk yield of 23% and an aver-
age realized growth potential of 73% (Figure 4d).

3. Conclusion

Several parameters for the synthesis of carbyne confined in-
side different CNT hosts and their influence on the bulk yield
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were quantitatively evaluated utilizing a novel method of yield
determination.®® Filling the CNT hosts with a carbonaceous pre-
cursor strongly improves the yield for arc-discharge CNT hosts.
Repeating the annealing step with an oxidation step in-between
also increases the bulk yield. Whether only DWCNTs are grown
in the first step (1300°C) or there is inner wall and carbyne growth
(1500°C) at the same time was not found relevant. When test-
ing a multi-step procedure with more repetitions of high tem-
perature annealing, the highest yields were observed after four
steps for some samples, with additional steps leading to lower-
ing of the yield. For another sample, the highest yields were ob-
served after two and six steps, with lower yields observed for the
steps in-between. Therefore, we propose a mechanism of con-
comitant carbyne growth from carbon feedstock and destruction
of the carbyne due to residual gas inside the furnace. The avail-
ability of carbon feedstock limits the growth and the interplay
of the two mechanisms determines whether the yield increases
or decreases. Using the new model for yield quantification, it
was determined that the optimal temperature for high temper-
ature HV annealing for the eDIPS host tubes is around 1580°C.
These findings show that the optimal synthesis temperature and
number of annealing steps may vary when using different host
nanotubes. For comparability, here, the same oxidation and an-
nealing experimental conditions were applied to all three of the
samples. However, each sample has different optimal conditions
depending on the carbonaceous material inside and the diam-
eter distribution. During the oxidation process, the stability of
the CC@DWCNTs strongly depends on the diameter/chirality of
the inner and outer tubes, which is dependent on the synthesis
and separation methods used to prepare the SWCNT hosts. This
underlines the importance of reliable methods for yield determi-
nation and the usefulness of the realized growth potential as a
metric for the success of the synthesis and allows optimization of
the synthesis pathway for individual samples. Here, optimizing
the relative fraction of the carbonaceous precursors by stepwise
re-oxidation and annealing is a suitable pathway to achieve the
growth of CC@DWCNT with close to 100% growth efficiency.

4. Experimental Section

The CC@DWCNT samples were prepared using a ceramic furnace
set-up with ultra-high vacuum at room temperature and high vacuum
(<1073 mbar) at the annealing temperatures. The details of the synthe-
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sis are discussed in the relevant sections in the results chapter. The yield
was determined using the coupled mode evaluation model, based on
the changes in the G-mode of CC@DWCNT samples compared to un-
filled DWCNTs.I33] The area of the G-mode of the DWCNTs is subtracted
from the G-line area of the CC@DWCNT sample and then divided by
the G-line area of the CC@DWCNT sample in order to obtain the rel-
ative area percentage of the G-mode contributed by the carbyne chain.
This was then calibrated to obtain absolute bulk yield values. The real-
ized growth potential referenced in the results section refers to the yield
related to the amount of CNT hosts with a suitable diameter for carbyne
growth. The diameter distribution of all samples were determined using
optical absorption spectroscopy (see Supporting Information S1-S3). The
optical absorption measurements were made with a Bruker vertex 80v
spectrometer. The measurements were performed on thin films on BaF,
wedges.

The challenges of systematic investigations into carbyne synthesis pa-
rameters are the inhomogeneity of the samples and the lack of exact con-
trol over some of the parameters, such as the pressure inside the furnace
during the high temperature HV annealing. The issue of inhomogeneity
was mitigated by measuring multiple spots depending on the size of the
sample in order to obtain robust averages. For example, for the temper-
ature evaluation, at least 10 spots were measured on each sample (see
Supporting Information). For the evaluation of the optimal number of an-
nealing steps, the same spot on the sample was measured after each step
to ensure comparability. Additionally, samples can be put into the furnace
together to ensure the same external parameters, such as temperature and
pressure, for optimal comparability.

The Raman measurements of all samples were made with a Horiba
LabRAM HR spectrometer combined with an Art /Kr laser (Coherent In-
nova 70C). All spectra were measured with a wavelength of 568 nm. As
detector, a liquid nitrogen cooled CCD chip was used.

All structure models were made using VESTA.[42]

Statistical Analysis: The Raman spectra were normalized to the in-
tensity of the G-line. Average values from different spots on the sam-
ples (Figure 2) correspond to the mean + the standard deviation. In
Figure 4b,c, the sample sizes were 10 to 12 (see Supporting Informa-
tion S4). Mean values are plotted, the standard deviation is shown as
error bars. For the area estimations in the optical absorption spectra
(Supporting Information S1-S3), a linear background subtraction was
performed.[43]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Results: Introducing heteroatoms
info the confined carbyne system

5.1 Summary: Hybrid systems with nitrogen

Nitrogen was introduced into the confined carbyne system by using doped fullerenes as carbona-
ceous precursors. The preliminary work on this was done by Dr. Weili Cui and Prof. Lei Shi,
which is shown in figure 2 in the attached paper. They demonstrated the feasibility of grow-
ing confined carbyne from the doped precursor. I then repeated the experiment with support
from Christin Schuster and performed line-shape analyses on the meticulously calibrated spec-
tra, shown in figures 3 and 4 in the paper. I was the main author of the manuscript. The nanotube
host tubes were provided by Prof. Kazuhiro Yanagi and the doped fullerenes were provided by
Dr. Nikos Tagmatarchis and Dr. Rubén Canton-Vitoria. The manuscript was submitted to The
Journal of Physical Chemistry Letters (submission date: 08.04.2025).

The second part of my work was the introduction of heteroatoms into the confined carbyne
system. One possible method to dope the nanotubes and the carbyne chain is to fill a specifically
doped precursor into the host tubes. In this case, azafullerenes (Cs9)N) were used, which should
behave similarly to the well studied Cgg fullerenes as precursors. For comparison, the experiment
was performed under the same conditions for the doped and undoped peapods using the same host
tubes. First, inner walls were grown from the peapods and the Raman spectra were evaluated.
This showed a downshift of the components of the G-mode and 2D-mode of the double-walled
carbon nanotubes, which confirms the incorporation of nitrogen into the system. Due to the
higher mass of nitrogen compared to carbon, the Raman frequency is expected to be lower for
nitrogen doped nanotubes. Additionally, downshifts can be attributed to strain.

Next, confined carbyne was grown from the undoped and doped double-walled carbon nan-
otubes. Shifts could also be observed for the components of the confined carbyne mode, but
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interestingly, these components shift towards higher wavenumbers. This also confirms the pres-
ence of nitrogen, but the shifts must be coming from a different effect on the Raman frequency.
Increases or decreases in the surface electron concentration lead to increases in the Raman fre-
quency. While this effect is not dominant for the nanotubes, as the level of additional charge is
very low, the confinement to a linear chain increases the effect to the point were net upshifts in
the Raman frequencies are observed for the nitrogen doped carbyne.

Regarding the position of the nitrogen in the chains, it is likely that nitrogen atoms would
preferentially terminate fragments of carbyne chains, as nitrogen generally forms three covalent
bonds. The carbon atoms in the middle of the chain all have four covalent bonds (alternating
single and triple bonds), which means the chain end would be ideal for a three-valent atom, pre-
venting dangling bonds at the end of the carbyne chain (fig. 5.1a). Another theoretical possibility
for nitrogen to be incorporated into the chain is in a pyridinic way, which would mean a single
bond to one carbon atom and a double bond to another carbon atom (fig. 5.1b). Due to the lone
electron pair of the nitrogen, this would however not lead to a completely linear geometry, but
introduce a kink into the chain. Due to the strong confinement in the small-diameter inner nan-
otubes, this is considered impossible and would likely lead to a splitting of the chain into two
parts. Additionally, due to the double bond, this type of substitution would impose a cumulenic
structure on one side, which is generally considered less stable than a polyynic structure.

To my knowledge, there are no computational studies on the positions of heteroatoms in car-
byne chains yet. However, a study on the incorporation of nitrogen in graphene nanoribbons
showed the preferential formation of the nanoribbons for specific sites of the nitrogen [241].
The nitrogen preferred to distribute along the edges, where less bonds to other carbons exist. It
was also shown that the distribution of the non-bonding electrons of nitrogen differs for different

bonding sites.

host carbon nanotube host carbon nanotube

nitrogen polyynic polyynic pyridinic cumulenic

termination carbyne carbyne nitrogen carbyne

Figure 5.1: Models for hybrid chains with nitrogen: a) likely nitrogen termination; b) ruled out
pyridinic-type doping.
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Abstract

Low-dimensional carbon allotropes belong to the most revolutionary materials of the last decades.
Confined carbyne, a linear chain of sp!-hybridized carbon encapsulated inside a small-diameter
carbon nanotube host, is one extraordinary nano-engineering example. Inspired by these hybrid
structures, we demonstrate the feasibility to synthesize nitrogen-doped confined carbyne by using
azafullerenes (Cs9N) encapsulated in nanotubes ("peapods”) as precursors for the growth of confined
carbyne. Resonance Raman spectroscopy as a site selective local probe has served to identify the
changes in the spectra of nitrogen-doped wersus pristine carbon peapods and confined carbyne.
We are able to disentangle frequency changes due to charge transfer from changes due to the
difference in mass for both the nanotube and the carbyne, where different effects dominate. This
study demonstrates a suitable pathway to achieve controlled doping of carbyne chains via using
specifically doped precursors.

Carbyne is a material consisting of an in- when the properties of the chain become inde-
finitely long linear chain of sp'-hybridized car- pendent of the chain length, otherwise, they are
bon atoms with extraordinary predicted elec- referred to as polyynes or cumulenes, depend-
tronic, optical and mechanical properties.’ In ing on the bonding situation.® Free-standing
general, linear chains of carbon can have two carbyne is unstable due to exothermic col-
different bonding geometries, either exhibiting lapse of the chain or cross-linking with other
continuous double bonds (cumulenic structure) chains. ' This explains the breakthrough in sta-

or alternating single and triple bonds (polyynic bilizing carbyne chains by synthesizing them
structure), with the latter being more energet- directly inside double-walled carbon nanotubes

ically favorable due to Peierl’s distortion.® A (DWCNT)."" The interaction of the chain with
the surrounding CN'T stabilizes it and prevents

linear carbon chain is only considered infinite
cross-linking or collapse of the chain onto it-



self. Hereafter, we will refer to the hybrid ma-
terial of carbyne inside carbon nanotube hosts
as confined carbyne (CC). The main synthe-
sis method of CC involves high temperature
high vacuum annealing of CNTs.'2' How-
ever, low temperature annealing'®!7 and pho-
tothermal synthesis!'® have also been success-
fully applied. Investigations into the growth
mechanisms have shown that CC grows from
carbonaceous precursors inside the nanotube
hosts that exist from the CNT synthesis pro-
cess and can be increased by filling the nan-
otubes with e.g. small organic molecules,!”
short chain polyynes?° or fullerenes.'* Through
isotopic labeling of Cgo filled into ultra-clean
single-walled carbon nanotubes (SWCNT), it
was shown that the inner tube and the chain
grow from the fullerenes, and there is also an
exchange of carbon atoms between the inner
and outer tube and the chain.?' Furthermore,
the possibility to encapsulate azafulleneres into
SWCNTSs has been demonstrated previously 22
and opens more possibilities exploiting the in-
corporation of nitrogen as a dopant into nan-
otubes and confined carbyne.

The primary method to study CC is Raman
spectroscopy, since carbyne is an exceptional
Raman scatterer.?® Additionally, shifts in the
Raman frequency can be observed for doped
CNTs,?* making it the ideal technique to study
doped CC. There are two concomitant effects
which contribute to a shift in the Raman fre-
quency of CNTs. First, the change in mass
of the dopant influences the frequency accord-
ing to equation 1, where v is the frequency of
the doped nanotube, v the frequency of the
undoped nanotube, m, and m, are the atomic
masses of carbon and the dopant, and c¢ is the
relative concentration of the dopant.?®

Vg —V Mo
—1- 1
Vo \/mo + (myx — my)c (1)

Additionally, changes in the electronic struc-
ture due to charge transfer lead to shifts in the
Raman frequency of the G-band in graphene to
higher wavenumbers, regardless of p-type or n-
type doping. Both the increase and decrease
of the surface electron concentration leads to
an upshift of the G-band frequency, which has

Synthesis of undoped (left) and
nitrogen-doped (right) confined carbyne: a)
Ceo inside a SWCNT; b) CsN inside a
SWCNT; ¢) undoped DWCNT; d) nitrogen-
doped DWCNT; e) undoped CC@DWCNT; f)
nitrogen-doped CCQDWCNT.

Figure 1:

been demonstrated theoretically and experi-
mentally. 262" This has been attributed to nona-
diabitic effects and the breakdown of the Born-
Oppenheimer approximation. Upshifts in the
G-mode of graphite have also been observed
for graphite intercalation compounds for mod-
erate levels of intercalant.?® Further, for inter-
calated graphite, downshifts of the frequency
of G-mode and 2D-mode were attributed to
strain in the lattice. For the 2D-mode, only
the downshift effect from the strain is observed,
as this mode originates, as opposed to the G-
band, from the K-point rather than the I'-point,
where the charge transfer effects the band struc-
ture. Downshifts in the 2D-mode were also ob-
served for nitrogen-doped graphene in moderate
concentrations.?” It is hard to disentangle these
effects quantitatively, especially as they lead to
a shift of the Raman frequency in different di-
rections. Despite the difficulties to quantify the
doping-related effects on the Raman response
of these hybrid materials, it is clearly feasible
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Figure 2: a) Raman spectra of Cgy (dark blue) and CsoN (teal) peapods, measured with a
488 nm laser, the shift of the A,(2)-mode is highlighted; b) Raman spectra of doped/undoped

CC@QDWCNTs, measured with a 568 nm laser.

to pinpoint the predominant effects related to
the net change of the Raman shift.

For the experiments, semi-conducting arc-
discharge CNTs (diameter 1.364+0.08 nm) were
used as SWCNT hosts. These host tubes were
filled with Cgp and CsgN fullerenes, respectively,
in vacuum to create the doped and undoped
peapods. The peapods were then annealed
at high temperature in high vacuum to create
DWCNTs and, in a second high temperature
high vacuum annealing step, CCQDWCNTs.
Raman spectra were taken after making the
DWCNTs and after the final annealing step.
The synthesis pathway is schematically shown
in Fig.1, the exact experimental conditions for
each step are described in the Supporting In-
formation.

The presence of the respective fullerenes in-
side the SWCNTs after filling was confirmed
using Raman spectroscopy, where the A4(2)-
modes of the Cgy and CsoN at ~ 1468 cm™
and ~ 1459 cm™, respectively, were observed
(Fig.2a). The spectrum of the doped fullerene
peapods shows a significant downshift in the
Raman frequency, confirming the presence of
the doped species inside the SWCNTs.

As an intermediate step, DWCNTs were
grown from the Cgy and C59N peapods and Ra-
man spectra were recorded (Fig.3). The Ra-
man spectra of the G-mode at ~ 1595 cm™
of the doped and undoped samples were com-
pared. A small downshift can be observed for

the sample grown from the doped fullerenes.
In order to make an estimation of the shifts
for the double-walled carbon nanotubes grown
from Cgo and CsgN fullerenes, a line-shape anal-
ysis was performed. It was observed that for the
nitrogen-doped system, for the G-mode (Fig.3a
and c), almost all peaks are shifted towards
lower wavenumbers by 1 to 3 cm™, as it would
be expected for doping with an atom with a
higher mass. The increase in surface electron
concentration from the nitrogen concentration
in the fullerenes would not lead to strong shifts
in the Raman frequency according to the cal-
culation in Pisana et al.,?® which means that
in this case, the effect of the mass is domi-
nant. For the 2D-peak of the DWCNTSs, even
larger downshifts of 6 to 10 cm™ were observed
for the doped DWCNTs (Fig.3b and d). The
shift in the 2D-line is expected to result only
from the mass effect and strain.?® Similar shifts
in the 2D-mode have been previously observed
for double-walled carbon nanotubes grown from
CsoN peapeds .30

After the synthesis of CC, the LO-mode as-
signed to the CC at ~ 1850 cm™ is observed
in the Raman spectra for both the doped and
the undoped sample (Fig.2b) with similar inten-
sity. Additionally, the changes in the G-mode,
which have recently been described by anhar-
monic phonon-phonon interactions of the CC
with the hosting DWCNT,3! confirm the pres-
ence of CC.
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Figure 3: Raman spectra of DWCNT grown
from Cg (dark blue) and CsgN (teal) peapods:
a) line-shape analysis of the G-mode of doped
DWCNTs; b) line-shape analysis of the 2D-
mode of doped DWCNTS; ¢) line-shape anal-
ysis of the G-mode of undoped DWCNTs; d)
line-shape analysis of the 2D-mode of undoped
DWCNTs.

The CC-mode can be fitted with multiple
components due to the different Raman fre-
quency of CC present in the sample, depend-
ing on the host nanotube geometry.3? Accord-
ing to the estimations made in the work of Heeg
et al., the predominant inner tube chiralities
and diameters in this samples were assigned to
(6,5/0.75 nm), (7,4/0.76 nm), (8,3/0.78 nm)
and (9,2/0.80 nm). Since the same single-
walled hosts were used for both samples, the
same inner tube chiralities can be expected to
grow and the peak positions of the components
can be compared in order to analyze shifts due
to doping. The line-shape analysis for the CC-
modes of the undoped and doped sample are
shown in Fig.4a. The Raman shifts of the
four components relative to the undoped sam-
ple are plotted in Fig.4b. Multiple spots were
measured on each sample. The components of
the undoped sample are all at very similar Ra-
man shifts, with only a small deviation (4 spots
measured). The shifts in the frequency of the
CC-peaks of the doped sample are shifted to
higher wavenumbers by an average of around 3

cm™, and show a higher variance (10 spots mea-
sured). The higher variance is to be expected as
the nitrogen is not necessarily homogeneously
distributed in the sample.

To interpret the shifts observed for the Ra-
man frequency of the CC, we must consider the
above-mentioned two effects of mass change and
charge transfer that contribute to shifts in the
Raman frequency. On one hand, the frequency
of a vibration is inversely proportional to the
masses involved, leading to an increase in the
frequency for lower masses and a decrease for
higher masses. On the other hand, electronic
doping leads to upwards shifts in the Raman
frequency, regardless of whether the structure
is depleted of electrons (p-type doping) or elec-
trons are added (n-type doping). In the case of
graphene according to the estimations made in
Pisana et al.?® and Lazzeri et al.,?” the small
amount of doping achieved in our case would
not lead to significant shifts in the Raman fre-
quency of the G-mode. We can, however, as-
sume that due to the confinement to one dimen-
sion compared to graphene, the effect of addi-
tional charges in the system is stronger. Dis-
entangling the two effects and evaluating the
dopant concentration is not trivial. In our case,
the effect from charge transfer dominates the ef-
fect of the mass on the Raman frequency, since
only shifts to higher frequencies were observed.

The nitrogen bonding configuration within
the chain has multiple possibilities. Assuming
that nitrogen would form three covalent bonds,
it could be expected that it would terminate
fragments of CC. The carbon atoms in the mid-
dle of the chain all have four covalent bonds (al-
ternating single and triple bonds), which means
the chain end would be ideal for a three-valent
atom, preventing dangling bonds at the end of
the carbyne chain. Short chain nitrogen-capped
polyynes have been successfully isolated before
by introducing nitrogen in the carrier gas dur-
ing laser vaporization of graphite, showing that
such a structure would be stable.?® Another
theoretical possibility would be for the nitro-
gen to be coordinated in a pyridinic way, with
two carbons bonded on either side, one with a
double bond and one with a single bond. This
would however disrupt the more stable polyynic
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Figure 4: Analysis of CC grown from nitrogen-
doped fullerenes (teal) and undoped fullerenes
(dark blue): a) line-shape analysis of the CC-
mode of the undoped sample compared to the
doped sample; b) average frequency shifts of
components of the doped sample (10 different
spots measured) compared to the undoped sam-
ple (4 different spots measured).

character (alternating single and triple bonds)
of the chain and impose a cumulenic structure
(continuous double bonds) on one side. Ad-
ditionally, due to the lone electron pair of the
nitrogen, the bonding geometry would not be
linear, but introduce a kink into the chain. Due
to the strong spatial confinement in the small-
diameter host tubes, this is unlikely.

In conclusion, nitrogen atoms were success-
fully introduced into the carbyne /nanotube sys-
tem by means of filling the carbon nanotube
host tubes with a nitrogen doped precursor.
The presence of nitrogen atoms in the chain
was indirectly confirmed by shifts in the Ra-
man frequency of the peaks related to the car-
byne chain. Different effects dominate the shift
in the Raman frequencies of the chain and the
surrounding host tubes. To the best of our
knowledge, this is the first report of introducing
heteroatoms into confined carbyne structures.
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Supporting Information

Experimental details

The doped and undoped CCQDWCNT samples shown in Figure 2 (main text) were synthesized
using the following procedure. The synthesis began with the oxidation of semiconducting arc-
discharge nanotubes in air at 450 °C for 30 minutes to open their caps. Subsequently, the Cgq or
the C5oN powder was combined with the cap-opened nanotubes and sealed under vacuum (1077
mbar) within a glass tube. The sealed glass tube was then heated to 500 °C for 72 hours to obtain
the Cgo and the Cs9N peapods. Following the vapor filling, the Cgg and the Cs9N peapods were
subjected to high vacuum annealing at 1300 °C to grow inner tubes. This was followed by an
additional heating step at 1600 °C to facilitate the formation of confined carbyne inside the inner
tubes.

For the analysis performed in Figures 3 and 4 (main text), the samples were synthesized using
the following procedure. Before filling with fullerenes, the nanotubes were oxidized in air at 450°C
for 30 minutes to open the end caps. The Cgy and the Cs9N fullerenes were each sublimated for 30
minutes at 550°C inside a glass ampoule. For the doped fullerenes, the dimer (C59N)s was used in
the process and this material is sublimed in monomeric form, as a CsgN" radical, while the Cg is
already a monomer in the starting material. The CNT samples were then sealed into glass ampoules
under high vacuum with the doped fullerenes or undoped fullerenes. In order to fill the fullerenes
into the nanotubes, the ampoules were placed in a two-zone furnace for 72 hours. The temperature
at the fullerene side was 560°C for the CsgN and 600°C for the Cgg fullerenes and 370°C on the side
of the carbon nanotubes for both ampoules. The next step was annealing the nanotube samples at
1300°C in high vacuum in order to grow double-walled carbon nanotubes (DWCNT'). Both samples
were annealed at 1500°C in high vacuum for 1 hour, oxidized at 470°C for 1 hour at 600 mbar of
air and then annealed again at 1500°C in high vacuum for 1 hour.

The Raman measurements of all samples were made with a Horiba LabRAM HR spectrometer
combined with an Ar"/Kr* laser (Coherent Innova 70C). As detector, a liquid nitrogen cooled
CCD chip was used. The spectra were calibrated using a Neon lamp.



Analysis of doped and undoped DWCNTsSs

Table 1: Raman frequencies of components of the G-mode fitted for double-walled carbon nanotubes
made from undoped and doped precursors. The peaks marked with * are attributed to the G~ peak
of the outer nanotube, the peaks marked with T are attributed to the G peak of the outer nanotube.

Ceo [cm™] CsoN [cm™] Difference [cm™|
1529.80 1530.76 +0.96
1552.19 1551.48 -0.71
1564.59 1563.88 -0.71
1573.46* 1571.88* -1.58
1594.047 1592.957 -1.09
1604.85 1602.66 -2.19
1617.33 1614.19 -3.17

Table 2: Raman frequencies of components of the 2D-mode fitted for double-walled carbon nan-

otubes made from undoped and doped precursors.

Ceo [cm™] CsoN [cm] Difference [cm™|
2647.28 2639.62 -7.66
2663.22 2653.59 -9.63
2700.28 2694.39 -5.89




5 RESuLTS: INTRODUCING HETEROATOMS INTO THE CONFINED CARBYNE SYSTEM

5.3 Hybrid systems with boron nitride

For this experiment, the first idea was to form a coaxial boron nitride nanotube around the single-
walled carbon nanotubes using chemical vapor deposition (CVD), following a synthesis process
from the work of Xiang et al. [164]. A piece of carbon nanotube bucky paper (semiconducting
1.45 arc-discharge) was placed into a CVD furnace with ammonia borane (HsNBH3) as a boron
nitride precursor. The ammonia borane is heated to 90°C and transported in the furnace with
a flow of Ar/H; to the carbon nanotubes, which are heated to 1000-1100°C (fig. 5.2). The
annealing time was 6 hours.

furnace 90°C furnace 1000°C
Ar/H, == — >
2] — —
BN precursor SWCNT

to vacuum

Figure 5.2: Schematic of the CVD furnace set-up used for the synthesis of boron nitride hybrid
systems.

Raman spectra were taken after the experiment (fig. 5.3). In the work by Xiang et al., a
downshift of 10 cm™! in the G-line of the carbon-boron nitride nanotube (SWNCT-BNNT) coaxial
system was observed which was tentatively attributed to thermal strain [164]. Generally, the
SWCNT-BNNT coaxial structure has Raman modes from vibrations attributed to boron-nitride
bonds at 1370 cm™ from in-plane B-N stretching and at 795 cm™! from out-of-plane B-N-B
bending [242].
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Figure 5.3: Raman spectra of the carbon/boron nitride hybrid system (pink) compared to a pure
carbon nanotube sample (blue) measured with a 515 nm laser: a) spectral range where
out-of-plane B-N-B stretching would be observed; b) spectral range of the D-mode of
the carbon nanotube and the in-plane B-N stretching; c) spectral range of the G-line.

In the Raman spectra in figure 5.3, none of the characteristic boron-nitride vibrations appear.
In contrast to the observations from literature, a shift to higher wavenumbers of the G-line and
the D-mode were observed. Such a shift in the frequency can arise from the lower mass of boron
compared to carbon. From the shift, using equation 1.13, it can be calculated that a 6% doping
could account for the upshift, assuming that no electronic effects play a part in the shift.
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5 REsuLTs: INTRODUCING HETEROATOMS INTO THE CONFINED CARBYNE SYSTEM

As a next step, the sample was annealed at 1500°C for 1 hour in high vacuum in order to
grow carbyne chains and the sample was then measured using Raman spectroscopy. The Raman
spectrum of the annealed boron doped sample in comparison to a pure carbon confined carbyne
sample is shown in figure 5.4a, which shows the same shift in the G-mode of the confined carbyne
sample observed in the same sample before the annealing process (fig. 5.3c).
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Figure 5.4: Confined carbyne inside the carbon/boron nitride hybrid system, measured with a
568 nm laser: a) Raman spectrum of pure carbyne inside double-walled carbon nan-
otubes (CC@DWCNT) (blue) compared to the spectrum of the carbyne grown from
the doped host tubes (pink); b) line-shape analysis of the Raman mode attributed to
the carbyne; c) peak positions of the main components of the doped confined carbyne
(pink) compared to undoped confined carbyne (blue).

A small peak attributed to the confined carbyne was observed as well. For this peak, a line-
shape analysis was performed in order to evaluate shifts in the confined carbyne peaks compared
to an undoped sample (fig. 5.4b). Three different spots on the sample were analyzed. For all
spots, an upshift of between 2 and 4 cm™! was observed for the main components of the peak (fig.
5.4c). The small uncertainties of the components of the peaks of the carbyne chains indicate a
rather homogeneous sample. This would correspond to a concentration of 2.5-5% of boron inside
the chain, again under the assumption that the shift is only due to changes in the mass. Since the
depletion of electrons would also lead to a upshift in the Raman spectrum, this effect cannot be
separated from the mass effect in the case of boron doping.

It is not trivial to predict in which way boron atoms would incorporate into a chain of linear
carbon. While it is a three-valent atom similar to nitrogen, the most common bonding geometry
for boron atoms is trigonal planar, which means it has three single bonds in the same plane with
an angle of 120°, which is not compatible with the geometry of carbyne. However, boron has
been shown to form double bonds to other boron atoms, leading to a linear bonding geometry
for the third bond [243]. This could be incorporated into a carbyne chain, with a single bond
on one side of the boron and a double bond on the other side. This would lead to a cumulenic
structure on the side of the double bond. The possibility for boron to form a triple bond has
also been demonstrated [244], [245]. It would therefore be possible for the boron to terminate
a carbyne chain with a triple bond. A model for a boron including and a boron terminated chain
is shown in figure 5.5. The interpretation of the shifts in the Raman frequency is, however, quite

complex as it cannot be ruled out that nitrogen from the boron nitride precursor plays a role.
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5 RESULTS: INTRODUCING HETEROATOMS INTO THE CONFINED CARBYNE SYSTEM

We assume the surrounding nanotubes are doped with boron, as for nitrogen, the double-walled
spectra showed a downshift for the double walled carbon nanotubes. For this system, the G-band
of the double-walled carbon nanotubes is clearly shifted to higher frequencies. For the confined
carbyne, upshifts could also be observed from doping with nitrogen (sec. 5.1). Therefore, it
cannot be definitively ruled out that nitrogen was incorporated into the carbyne chain.

host carbon nanotube host carbon nanotube

boron polyynic polyynic boron cumulenic
termination carbyne carbyne inclusion carbyne

Figure 5.5: Models for the incorporation of boron into carbyne chains: a) boron termination of
the chain with a triple bond; b) inclusion of the boron into the chain with a single and
a double bond.
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5 REsuLTs: INTRODUCING HETEROATOMS INTO THE CONFINED CARBYNE SYSTEM

5.4 Outlook for hybrid chains

Hybrid chains were successfully synthesized. The shifted Raman peaks of the chains are a reli-
able indicator for the synthesis of carbyne derivatives. The comparison can only be made if the
starting material, the single-walled carbon nanotube hosts, are the same. The interaction of the
chain with the inner tube is dependent on the structure of the tube and leads to shifts in the chain
frequency [176]. Therefore, only samples with the same diameter single-walled nanotubes and
a narrow diameter distribution are suitable to compare the small shifts caused by doping due to
mass effect and charge transfer, as the same type of inner tubes can be assumed to grow. A good
indicator for the fact that this is the case for the samples studied here is that the carbyne peak has
very similar shapes and always four main components at very similar Raman frequencies.

The biggest challenge is to quantify the level of doping, since there are multiple entangled
effects influencing the Raman frequency of the studied peaks. The effect arising from different
masses participating in the vibration can be described with a simple formula, but the effect from
electronic doping is more complex. Detailed calculations of the confined carbyne hybrid system
are necessary to quantify the dependence of the Raman frequency on the electron concentrations,
similarly to the work on graphene by Lazzeri et al. [128].

The binding energy of the nitrogen is observable in x-ray photoelectron spectroscopy (XPS),
but this would not allow the differentiation between nitrogen in the nanotube and the chain. High-
resolution transmission electron microscopy (HR-TEM) is needed for the direct observation of the
nitrogen atoms in the chain as well as the surrounding nanotubes. As outlook, HR-TEM using
core level electron energy loss spectroscopy (EELS) of the N edge will be needed to finally
prove the nitrogen bonding environment and confirm the position of the incorporated nitrogen
atoms.

Due to the strong resonance enhancement and different signals of the sp?-hybridized and sp'-
hybridized carbon, Raman spectroscopy is the fastest and most suited way to fingerprint het-

eroatom incorporation into the system.
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Conclusion

The main focus of this thesis was to find a reliable and efficient synthesis pathway for confined
carbyne. Confined carbyne was synthesized from single-walled carbon nanotubes (e.g. arc-
discharge or eDIPS) using high temperature annealing in high vacuum. Additional steps include
filling the host tubes with fullerenes as a carbonaceous precursor and multiple steps of annealing
and oxidizing. In order to optimize the synthesis, first, a robust way to determine the bulk yield
and realized growth potential needed to be developed. The state-of-the-art method to determine
the yield was from the intensity or area of the LO peak attributed to the carbyne chain. However,
this is not a good metric for bulk yield, since the signal of carbyne is highly enhanced and its
resonance profile is irregular.

Therefore, a new model was developed for yield determination, based on recent ab-initio cal-
culations describing the effects of anharmonic coupling between the carbyne chain and the host
nanotube on the Raman response of the confined carbyne system. Coupled modes that arise from
the interactions between the chain and the surrounding host tube appear in the Raman spectrum
of confined carbyne. These modes appear together with the G-mode and the 2D-mode as shoul-
ders. These peaks follow the stable resonance behavior of the nanotube host and can therefore be
used to determine the bulk yield. The new model compares the areas of the G-modes of double-
walled carbon nanotubes and confined carbyne inside double-walled carbon nanotubes in order
to assess the bulk yield. Furthermore, the realized growth potential was established as a quan-
titative metric to determine the success of the synthesis. The bulk yield is set in relation to the
fraction of the nanotube host starting material with the appropriate diameter to grow carbyne.

With these analysis tools, the bulk yield and realized growth potential, the influence of various
parameters on the synthesis was quantified. The optimal synthesis temperature for eDIPS host
nanotubes was re-evaluated and determined to be 1580°C, which is higher than the previously
used temperatures of 1400°C to 1500°C. Filling the single-walled host tubes with fullerenes as a
carbon source for carbyne growth can increase the yield. This step is mainly important for carbon
nanotube hosts which do not have a lot of carbonaceous precursor inside from their synthesis,
such as arc-discharge carbon nanotubes. For eDIPS carbon nanotubes, additional filling does
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6 CONCLUSION

not increase the yield, which indicates that there is enough carbonaceous precursor inside the
hosts already. Repeating the high temperature high vacuum annealing step with an oxidation
step in-between increases the yield. For the arc-discharge nanotube hosts, annealing a second
time increased the yield by 33%. Adding more annealing steps with oxidation steps in between
increased the bulk yield for the arc-discharge hosts to 46%, which corresponds to a realized
growth potential of 96% after four annealing steps. Additional annealing steps lead to a decrease
in the bulk yield. This can be attributed to the destruction of carbyne and inner nanotubes by
the residual gas in the furnace during annealing. For one of the eDIPS hosts, an interesting
phenomenon was observed. The highest bulk yield was achieved after the second annealing step,
the bulk yield then decreased in the next three steps and then increased again. This is explained by
the interplay of carbyne growth from carbonaceous precursor and destruction due to the residual
gas etching. When the maximum yield has been achieved and there is no more precursor, the
bulk yield can only decrease. However, the destroyed carbyne and inner tubes can be used as
new precursor for more growth. The optimal number of annealing steps is different for different
hosts and the bulk yield is limited by the availability of carbonaceous precursor. The realized
growth potential is useful to estimate whether an additional annealing step should be performed.
The vacuum should be as good as possible during the high temperature annealing in order to
prevent destruction of the sample.

The second part of this work concerned the introduction of heteroatoms into the confined
carbyne system. The first approach used nitrogen doped fullerenes as precursors. The doped
fullerenes were filled into the single-walled carbon nanotube precursors to create doped peapods.
From the doped peapods, double-walled nanotubes were grown and then, using two annealing
steps, carbyne. The Raman spectra of a doped and undoped sample were compared. The carbyne
peak showed shifts in the Raman frequency for the doped sample compared to the undoped refer-
ence sample, which can be attributed to the incorporation of nitrogen into the carbyne chain. Due
to the bonding geometry of nitrogen, I propose the incorporation of nitrogen as a termination for
carbyne chains.

The second approach of incorporating heteroatoms into the chain was chemical vapor depo-
sition of a boron nitride precursor onto the carbon nanotube hosts. From the doped nanotubes,
carbyne was grown using high temperature high vacuum annealing. The peaks of the carbyne
grown from the doped samples are shifted towards higher wavenumbers, indicating a possible
substitutional doping by boron or electronic doping from either boron or nitrogen. In the case
of substitutional doping by boron, either a termination by boron of the chain or the incorpora-
tion into the chain with a single and a double bond to the neighboring carbon atoms would be
expected. Since both the mass and charge transfer have an effect on the Raman frequency in
different directions, unraveling the meaning of shifts in the Raman frequencies is complex and
invites further investigation.
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Outlook

Carbyne confined inside carbon nanotubes is the ultimate one dimensional material. The carbon
nanotube host provides a unique environment for novel one dimensional polymerization reac-
tions, including the formation of carbyne, graphene nanoribbons, and equivalent structures made
from sulfur [246], arsenic [247] and phosphorous [248]. These are not only interesting model
systems to study, but also have potential applications in e.g. cathode materials for batteries (Li-S
rechargeable batteries) and energy generation.

Filling carbon nanotubes with molecules or nanocrystals can be used to tune their electronic
and magnetic properties, highlighting the possibility to manufacture electrodes and apply the
modified structures in quantum computing elements, nano-mechatronics and spintronics [137].
Other applications of filled nanotubes are proposed in the fields of biology, medicine (e.g. drug
delivery), industrial catalysis, single-molecule sensing, environmental remediation (e.g. waste-
water treatment), batteries, nano-optoelectronics, and gas sensors. The possibility to combine
different types of structures at the nanoscale and encapsulate them in nanotubes offers a wide
range of potential novel functionalities and miniaturization of devices. Many such interesting
structures can be made from abundant and non-toxic elements such as carbon, sulfur and cheap
metals and may provide alternatives to existing technologies using rare earths or toxic elements,
paving the way to more sustainable alternative solutions.

For linear carbon chains and confined carbyne, some possible applications have been demon-
strated. For example, chemically modified polyynes have been used for multiplexed bio-imaging
[249]. Confined carbyne can, due to its high scattering cross-section, be used for nanoscale ther-
mometry [250]. Due to its tunable band gap, it is also a suitable candidate for nano-electronic
devices. Such applications require excellent uniformity of the materials and reliable, high yield
synthesis. My work is a small piece of this puzzle - partly focusing on the synthesis of the material
and demonstrating the possibility to modify carbyne to create new, tailored structures.

This work also showcases the use of carbon nanotubes as nanoreactors for chemical reactions,
which is useful for stabilizing structures and exotic phases that would otherwise not exist in a
free-standing form.
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Appendix

Table 1: Bulk yield achieved during the multi-step annealing synthesis of confined carbyne in
different nanotube hosts.

Bulk yield 1.45 nm Bulk yield 1.33 nm Bulk yield 1.41 nm
arc-discharge [%] eDIPS [%] eDIPS [%]
Annealing 1 2.6 12.1 16.2
Annealing 2 352 11.4 25.6
Annealing 3 38.7 15.9 23.7
Annealing 4 46.2 27.9 20.6
Annealing 5 40.8 243 18.7
Annealing 6 329 20.2 27.3

Table 2: Relative area of the CC-mode (compared to the normalized G-mode) of confined carbyne
inside 1.33 nm eDIPS carbon nanotube hosts synthesized at different temperatures. Ten
to twelve spots were measured on each sample. One value is missing from the 1540°C
column, since the gratings move during the measurement and for one spectrum, the
cutoff led to an irregular background.

ECC area ECC area ECC area ECC area ECC area ECC area
1500°C 1520°C 1540°C 1560°C 1580°C 1600°C
0.016 0.026 0.026 0.069 0.025 0.060
0.049 0.025 0.018 0.029 0.026 0.054
0.031 0.027 0.022 0.039 0.025 0.044
0.030 0.025 0.031 0.034 0.026 0.038
0.055 0.024 0.017 0.052 0.032 0.051
0.15 0.030 0.007 0.056 0.044 0.014
0.051 0.023 0.082 0.028 0.047 0.045
0.085 0.039 0.016 0.035 0.050 0.045
0.051 0.067 0.008 0.041 0.051 0.039
0.052 0.018 0.084 0.038 0.044
0.041 0.063

0.021
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APPENDIX

Table 3: Bulk yield of confined carbyne inside 1.33 nm eDIPS carbon nanotube hosts synthesized
at different temperatures. Ten to twelve spots were measured on each sample. Negative
values arise from very small yields and small errors from the area integration model.
One value is missing from the 1540°C column, since the gratings move during the mea-

surement and for one spectrum, the cutoff led to an irregular background.

Yield [%] Yield [%] Yield [%0] Yield [%0] Yield [0] Yield [0]
1500°C 1520°C 1540°C 1560°C 1580°C 1600°C
12.9 1.7 6.5 20.4 22.0 19.1
11.5 -3.4 9.7 27.4 22.3 15.7
13.8 9.9 6.1 26.3 23.0 16.4
13.7 -0.8 3.1 25.0 249 19.1
8.5 4.9 5.2 2.6 20.8 20.3
12.2 6.8 -0.4 15.8 224 8.2
11.9 1.8 1.1 11.3 25.6 19.1
11.6 8.2 5.7 15.7 19.9 214
6.7 12.7 -2.1 19.5 23.2 19.4
10.3 11.9 23.8 21.9 17.1
54 21.9

59

Table 4: Raman frequencies of components of the CC-mode of undoped confined carbyne, four
different spots on the sample were measured. The average values and standard deviation

are plotted in figure 5.4 and in section 5.2.

Component 1 Component 2 Component 3 Component 4
[cm™'] [cm™'] [cm™] [cm™']
Spot 1 1830.64 1842.47 1851.43 1859.61
Spot 2 1830.10 1841.67 1850.93 1857.78
Spot 3 1830.42 1843.42 1852.06 1852.90
Spot 4 1830.36 1840.77 1852.07 1860.35

Table 5: Raman frequencies of components of the CC-mode of boron doped confined carbyne,
three different spots on the sample were measured. The average values and standard

deviation are plotted in section 5.3, figure 5.4.

Component 1 Component 2 Component 3 Component 4
[em™] [em™] [em™] [em™]
Spot 1 1833.90 1844.81 1853.68 1865.74
Spot 2 1834.13 1844.99 1853.69 1870.08
Spot 3 1833.42 1843.72 1853.41 1865.34
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Table 6: Raman frequencies of components of the CC-mode of nitrogen doped confined carbyne,
ten different spots on the sample were measured. The average values and standard devi-
ation are shown in section 5.2.

Component 1 Component 2 Component 3 Component 4
[cm™'] [cm™'] [cm™!] [em™']
Spot 1 1833.88 1846.36 1855.17 1865.44
Spot 2 1834.12 1846.08 1854.89 1863.45
Spot 3 1830.72 1843.23 1851.87 1861.36
Spot 4 1834.19 1845.07 1854.22 1864.33
Spot 5 1834.62 1846.33 1855.06 1864.88
Spot 6 1834.08 1846.05 1854.95 1864.94
Spot 7 1833.00 1844.63 1853.33 1862.23
Spot 8 1832.60 1844.09 1853.13 1862.77
Spot 9 1831.04 1840.77 1851.24 1859.22
Spot 10 1833.56 1845.08 1853.55 1862.62
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