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Unravelling the Complete Raman Response of Graphene
Nanoribbons Discerning the Signature of Edge Passivation

Valeria Milotti, Claudia Berkmann, Jorge Laranjeira, Weili Cui, Kecheng Cao, Yifan Zhang,
Ute Kaiser, Kazuhiro Yanagi, Manuel Melle-Franco, Lei Shi,* Thomas Pichler,*

and Paola Ayala*

Controlling the edge morphology and terminations of graphene nanoribbons
(GNR) allows tailoring their electronic properties and boosts their application
potential. One way of making such structures is encapsulating them inside
single-walled carbon nanotubes. Despite the versatility of Raman spectros-
copy to resolve strong spectral signals of these systems, discerning the
response of long nanoribbons from that of any residual precursor remaining
outside after synthesis has been so far elusive. Here, the terrylene dye is
used as precursor to make long and ultra-narrow armchair-edged GNR inside
nanotubes. The alignment and characteristic length of terrylene encapsu-
lated parallel to the tube’s axis facilitates the ribbon formation via polym-
erization, with high stability up to 750 °C when the hybrid system is kept in
high vacuum. A high temperature annealing is used to remove the terrylene
external molecules and a subtraction model based on the determination of a
scaling factor related to the G-band response of the system is developed. This
not only represents a critical step forward toward the analysis of the nanor-
ibbon-nanotube system, but it is a study that enables unraveling the Raman
signatures of the individual CH-modes (the signature of edge passivation) for
GNR for the first time with unprecedented detail.

1. Introduction

The past three decades have set the
ground for the incorporation of a variety
of semiconducting nano-structures as
fundamental building blocks in a wide
range of technologies.' This implies
finding mechanisms to model and con-
trol their structural performance tuning
their electronic and optical properties.
Semiconducting materials like graphene
nanoribbons (GNR) are among the prime
candidates for nanoelectronics.l*® These
flat aromatic macromolecules arranged as
narrow strips of graphene are defined by
the number N of dimer-lines across their
width. Their properties are determined by
their edge structure (armchair or zigzag)
and width?® 1% but making GNR with atom-
ically precise characteristics involves signif-
icant challenges."3] Top-down methods
struggle with edge quality and the control
of the ribbon’s width, while bottom-up
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approaches are in general more expensive and require complex
precursor molecules or substrates for growth.' On-surface pro-
cedures require metal substrates—such as gold—to act both as
catalyst and as edge control mechanisms.>-20)

An alternative method for GNR-fabrication involves taking
advantage of the chemically inert environment inside carbon
nanotubes (CNT). This spatial constraint has been shown to
be effective to confine and stabilize 1D structures such as inner
concentric tubes,?'-23 carbyne chains,**?) and GNR with doped
terminations.?®-3% Particularly, the availability and use of single-
walled CNT (SWCNT) has two major advantages: the unidimen-
sional spatial constraint and the protective role of the tube. For
instance, GNR synthesized on a surface are quickly destroyed
when inspected by Raman spectroscopy, while SWCNT sta-
bilize the GNR structure preventing such radiation damage.
Additionally, GNR can be tailored by choosing the diameter
of the SWCNTM? 31 and no transfer from a metallic substrate
is needed to exclude any influence of the GNR’s surrounding
environment when they are inside a tube.™ Small molecules
such as coronene, fullerene derivatives,?®! ferrocenel® and per-
ylene,?”) have been successfully encapsulated and transformed
into GNR inside SWCNT. Such hybrid systems offer the advan-
tage to probe simultaneously the properties of a SWCNT and a
semiconducting encapsulated GNR. The last mentioned encap-
sulated structure, perylene, is a short molecule that belongs to
a family of dyes. It has been observed to stack at an angle in
relation to the SWCNT’s axis, which hinders its effective polym-
erization into GNR inside the tubes.?? On the other hand, there
are other dye molecules, such as terrylene or quaterrylene that
offer a very similar aromatic configuration but differ in length.
Both are longer than perylene and have an armchair configu-
ration (See Figure S1, Supporting Information). In principle,
using these longer molecules potentially increases the possi-
bility to form long encapsulated ribbons. Although the control
over the length of the GNR is an imperative need, it is not the
only problem that needs to be solved for these systems. Dis-
criminating the ribbon’s properties from those of their precursor
molecules is an unsolved issue in the characterization of GNR.
Edge terminations are especially important in GNR, but the
superposition of Raman-active modes from precursor molecules
in the same range (never disentangled) has led to the absence
of a detailed investigation into their Raman fingerprint. In this
work, the terrylene dye molecule was used as precursor to make
long and ultra-narrow (N = 5 C atoms width) armchair-edged
GNR (5-AGNR) inside SWCNTs. These are semiconducting,
with a predicted band-gap compatible with that of current
semiconducting devices.'*3334 The alignhment and the charac-
teristic length of the terrylene molecules encapsulated parallel
to the axis of the SWCNT have facilitated the 5-AGNR forma-
tion, with a high ribbon’s stability when annealed up to 750 °C
and the hybrid system is kept in high vacuum. Long and very
narrow GNR inside nanotubes of 1.4 nm in diameter have been
revealed by transmission electron microscopy (TEM). Further-
more, to obtain a clean hybrid, a high temperature annealing in
vacuum has been successfully used to remove unfilled precur-
sors without damaging the encapsulated polymerized 5-AGNR.
Critical parameters have been established by examining the
decreasing contamination as a function of the heating tempera-
ture and with this preliminary procedure, an empirical model
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Figure 1. Formation process of 5-AGNR@SWCNTs: a) filling of the
SWCNTs with terrylene at 350 °C, b) partial polymerization without fur-
ther treatment, c) 5~ AGNR@SWCNTs after washing, d) washed hybrids
with further annealing up to 600 °C, and e) annealed hybrids above
600 °C where only traces of outer terrylene can be found.

supported by density functional theory (DFT) was developed to
discern the signal of the traces of terrylene outside the hybrids
from that arising from the spectra of the inner GNR terminated
by H atoms. This allowed us to unravel the Raman signatures
of the individual CH-modes for GNR with unprecedented detail.

2. Results and Discussion

SWCNTs (buckypapers) were filled with terrylene at 350 °C as
sketched in Figure 1a. A partial polymerization of the terrylene
into short ribbons occurs (Figure 1b) without further thermal
treatment. This material was examined as-synthesized by Raman
spectroscopy. Since molecules from non-polymerized terrylene
can be expected to remain outside of the nanotube after the
encapsulation process, as reported for other fillers,?”! it is infer-
able that large amounts of non-encapsulated terrylene can inter-
fere with the Raman signal of the newly formed hybrid structures.
The first approach to improve the sample cleanliness was to wash
the hybrids (sketched in Figure 1c) with dichloromethane (DCM).
Raman spectra were acquired before and after washing. Figure S2,
Supporting Information, shows that the background fluorescence
clearly disappeared after rinsing. This also enabled a better visu-
alization of the material by means of TEM. The high resolution
micrograph obtained in an aberration corrected system (Figure 2a)
shows long and broad structures inside a hollow tube. The filling
can be confirmed by the contrast profile in Figure 2b based on

© 2022 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 2. a) High resolution TEM micrograph of 5-AGNR@SWCNTs.
b) Contrast profile along the lines highlighted in the left side panel.

the cross sections selected randomly with the color lines on the
left-side panel. The theoretical width of a freestanding 5-AGNR is
0.49 nm, which is very close to the value estimated from the width
profile in the top two panels in Figure 2b. Additional TEM micro-
graphs can be found in Figure S3, Supporting Information.

www.small-methods.com

2.1. Identification of the CH-Vibration Signatures

The subsequent analysis primarily focuses on revealing the sig-
nature of the CH-modes based on understanding the Raman
spectral features observed for terrylene, pristine nanotubes,
and the encapsulated ribbons.?3 The three bottom spectra
in Figure 3a correspond to the Raman signals recorded using
a 785 nm excitation wavelength. Using this laser line it is pos-
sible to see a broader active response (more peaks) and it can
clearly be seen that the spectrum of the filled structure is not a
simple overlap of the first two, but it is composed by additional
features that could be associated to the formation of nanorib-
bons. Furthermore, when the 785 nm excitation wavelength
is used to measure terrylene, given that the excitation energy
is below its optical band gap, the fluorescence background is
low. In this way, the corresponding Raman spectrum of crys-
talline terrylene can be safely used as reference (see Figure S6,
Supporting Information). Given the molecular structure of
terrylene, the most probable configuration for the encapsu-
lated ribbons is 5-AGNR, as mentioned above. Therefore, the
5-AGNR inside the SWCNT (5-AGNR@SWCNT) is taken as
starting point for the next step, which was a multi-frequency
Raman analysis with the following laser wavelengths: 568 nm
(because this is close to the terrylene optical band gap), 633 nm
(in resonance with the encapsulating SWCNT), and 785 nm
(close to the predicted GNR band gap). With these considera-
tions, several features can be identified and ascribed to each
structure. To start, the signal around =1570 cm™ corresponds
to the G-band, which has a contribution from the SWCNT and

" — After filling 568nm " G-band -

! — After filling 633nm S
, — After filling 785nm 2
! — Terrylene 2
' — SWCNT CH-modes L
: 9
1 ()
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Figure 3. a) From bottom to top: Raman spectra of pristine SWCNT and van der Waals crystalline terrylene powder acquired with a 785 nm, excitation
wavelength. Terrylene filled SWCNT at 350 °C and subsequently washed with DCM were inspected by a multi-frequency Raman analysis. Plotted above are
the spectra acquired with the 785, 633, and 568 nm excitation wavelengths, which are normalized to the G-band. b) Spectral deconvolution of the CH-modes
obtained with an 633 nm excitation wavelength on a sample right after filling without further high temperature treatment. The identified components corre-
spond to terrylene or SWCNT. Additional components can correspond to GNR vibrations (explained further in the text). c) Centers of peaks identified in (b).
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Figure 4. a) The G-band of terrylene at 1555 cm™ was extrapolated from the experimental spectra by a Voigtian fit over a linear baseline. The peak’s
intensity is shown for all annealing temperatures completing an evolution as a function of temperature. The exponential fit is used later as scaling factor
in (b). b) Empirical model for the subtraction of terrylene spectral contribution based on the experimental crystalline terrylene spectrum recorded with
a 785 nm excitation wavelength. To obtain the “terrylene signal-free” spectrum recorded with 633 nm, the scaling factor defined in (a) is used. This
exemplifies the process shown for samples right after filling and when annealed at 600 °C .

the GNR. On the other hand, the D-band, usually observed for
SWCNT at =1300 cm™, is not clearly discernible in the spectra
of the filled hybrids. This is partly because of an overlap with the
CH-modes, which appear at lower frequencies on the spectra
corresponding to the hybrids compared to those measured in
clean terrylene, where they appear only above 1200 cm™. The
position of the CH-modes of the 5-AGNR@SWCNT at lower
frequencies could be associated to the H-terminations on the
encapsulated terrylene edges. These terminations are par-
ticularly important for defining the physical properties of the
GNR and implicitly on the overall Raman signal. However, this
Raman shift can also be related to the formation of the expected
nanoribbons,%¥! in which case, other strong in-plane bending
CHngyr -modes characteristic of the 5-AGNR@SWCNT will
need to be considered.

Looking closer into the region between 1200 and 1400 cm™,
various peaks that originate from the CH vibrations are vis-
ible. Their relative intensities vary according to the excitation
wavelength and the signal is enhanced in the vicinity of the
corresponding structure’s energy gap. In the spectra recorded
after the SWCNTs are filled, the terrylene monomer peaks
project dominantly when the 568 and 633 nm wavelengths
are used, while their intensity lowers significantly when using
785 nm. The new lines appearing in the RBLM and CH-mode
regions (in resonance with the 785 nm excitation wavelength),
are neither related to the SWCNT nor to terrylene. They con-
sequently correspond to the encapsulated 5-SAGNR@SWCNT
and the most dominant of these is found at 1230 cm™. Given
that the spectrum from the 633 nm excitation exhibits a better
resolved fine structure in the CH-mode region, a peak decon-
volution was done by a Voigtian fit as shown in Figure 3b.
The peak centers of the identified components labeled from
1 to 8 are listed in the table of Figure 3c. Most of the peaks
found can be related to known terrylene CH-vibrations or to
the SWCNT D-band. However, the highlighted peaks at 1230
and 1247 cm™ most likely originate from the 5-AGNR@
SWCNT hybrid system. Furthermore, the D-like mode (DLM)
at =1365 cm 338 and small out-of-plane CH-modes appear

Small Methods 2022, 2200110 2200110 (4 of 8)

around =800 cm™.B% Also SWCNT have a diameter-related
response below =150 cm™ known as the radial breathing mode
(RBM), whereas the GNR have an analogous vibration related
to their width, named the radial breathing-like mode (RBLM).
These features are found between =150 cm™ and =600 cm™,
and lose the purely transversal character for short ribbons split-
ting into a RBLM- and RBLM+.[18l

Clearly, in the past, the key problem to investigate in detail
the Raman fingerprints of the GNR in systems alike had been
the superposition of Raman-active modes from the outer pre-
cursor molecules with those from the GNR. In our experi-
ments, the DOC washing process allows removing the largest
proportion of the signal contribution coming from the terrylene
molecules that stay outside. However, the remaining traces of
terrylene molecules adsorbed on the SWCNT’s outer surface
still need to be to cleared away to discern the origin of the dif-
ferent Raman active CH-vibrations so far identified.

2.2. Disentangling the GNR-Related Modes

A major challenge is to distinguish between the Raman modes
of unpolymerized terrylene on the outside surface of the nano-
tubes and longer encapsulated 5-AGNR. A first rough approach
to understanding the polymerization was running a sequence
of measurements on the perylene, terrylene, and quater-
rylene dyes. It was corroborated that the highest CH-modes
of these molecules are at 1355, 1272, and 1251 cm™ respec-
tively, and they downshift as a function of molecular length
(see Figure S5, Supporting Information). Further examina-
tion of the GNR edge related modes requires the removal of
adsorbed terrylene. For this purpose, filled SWCNT samples
were annealed for two hours in vacuum better than 10~ mbar,
each at a different temperature between 400 and 800 °C with
50 °C steps (see Figure 4a). We expect adsorbed terrylene to
burn away at a lower temperature than the decomposition tem-
perature of encapsulated GNR because of the protective role of
the SWCNT’s wall. To test how the intensity evolution of the

© 2022 The Authors. Small Methods published by Wiley-VCH GmbH
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Table 1. The dominant CH-modes of terrylene and 5-AGNRs are listed. They were measured at the resonance laser line of terrylene at 633 nm and
5-AGNR at 785 nm. Because of symmetry breaking effects, the CH-modes of terrylene split into doublets.

Peak Center [cm™]

CHlonr CH26nr CH3cnr DLM

Terrylene 1272 1299 - 1359
1285 1367

5-AGNR 1230 1266 1294 1350

spectral features originating from 5-AGNR@SWCNT differs
from those of non-encapsulated terrylene, the spectral response
for 5-AGNR@SWCNT was recorded using the 568, 633, and
785 nm laser lines (see Figures S7-S9, Supporting Informa-
tion) as a function of the annealing temperature. Note that the
G-band region in the spectra corresponding to the 5-AGNR@
SWCNT clearly changes on the lower Raman frequency side,
where terrylene has its highest intensity in the same range.
Consequently, the Raman fingerprint of terrylene available
from 785 nm (where the background is lowest, as explained
before) together with the G-band’s intensity were used in
order to discern the Raman features of the 5-AGNR@SWCNT
hybrid over those of the last traces of terrylene adsorbed outside
the structures. Taking this into account, a Voigtian line shape
analysis of the G-band of terrylene (at 1555 cm™)) from
the samples treated at different temperatures was carried out
(see Section S6, Supporting Information). The evolution of
intensity of the terrylene G-band versus annealing tempera-
tures is plotted in Figure 4a. The exponential decrease of the
intensity observed for the G-band hints at the removal of the
adsorbed terrylene with increasing temperatures. Therefore,
the fitted pattern in blue can be used to further quantify the
influence of the outer residual terrylene on the Raman spectra
of the 5-AGNR@SWCNT. This curve can be used as scaling
factor afterward to analyze the spectral figures for other excita-
tion wavelengths taking into account the laser-line broadening,
sensitivity, and resolution of the detector. Briefly, while using
the Voigtian fits of the G band, the Gaussian width depends
on the laser’s emission line-width and on the spectrometer’s
resolution, while the Lorentzian width depends on the vibra-
tional lifetime and Raman resonance. Having this in mind, it
is possible to make an appropriate subtraction of the terrylene
spectrum from the integrated signal of the 5-AGNR@SWCNT
at a given annealing temperature. Section S8, Supporting Infor-
mation describes in more detail the empirical model applied
here for the terrylene subtraction.

Now, making use of this model, Figure 4b exemplifies
the procedure for a sample measured right after filling and
following a high temperature annealing at 600 °C. This analysis
has been done using the spectra obtained with a 633 nm
excitation wavelength because it is close to the optical gap of
both terrylene and 5-AGNR@SWCNT. The corresponding
empirical terrylene models, taking into account the laser-line
broadening and the sensitivity of the detector, were subtracted
from the experimental data, which provided spectra free from
the terrylene fingerprint. Only in this way we have been able
to disentangle—for the first time—peaks that can neither
be attributed to terrylene nor to SWCNT, but they exclusively
respond to vibrational modes from 5-AGNR.

Small Methods 2022, 2200110 2200110 (5 of 8)

The most prominent CH-vibration is the peak at 1230 cm™,
which was also found in the deconvolution in Figure 3b. Fur-
thermore, the peak at 1272 cm™ is downshifted about 10 wave-
numbers comparing the spectra of the sample right after filling
and the one after annealing. However, subtracting the terrylene
response it becomes apparent that this shift is due to the super-
position of the CH2gyg mode of the 5-AGNR@SWCNT at
1266 cm™! and a peak from terrylene at 1272 cm™!. Additional
5-AGNR@SWCNT modes include the CH4cyg at 1294 cm™,
the DLM¢yg at 1350 cm™, and the hybrid mode at 492 cm™ in
the RBLM region mentioned above. Table 1 summarizes the
CH-modes of terrylene and the 5>-AGNR@SWCNT.

Once these modes were identified, to gain a better under-
standing of the observed responses, the Raman spectra for
5-AGNR with edges passivated with H atoms were computed.
These GNR were modeled encapsulated in metallic and semi-
conducting SWCNTS. For example, top and side views of a
molecular model of a 5-AGNR inside a SWCNT with (17,0)
chirality (5-AGNR@(17,0)SWCNT) are shown in Figure 5a,b.
Figure 5c shows the DFT calculated spectra for a 5-AGNR@
(19,0)SWCNT and a 5-AGNR@ (18,0)SWCNT, that have a semi-
conducting and a metallic SWCNT host, correspondingly. Both
of these tubes are (£0.5 nm) close to the experimental mean
diameter in the nanotube samples. The spectrum recorded
with an excitation wavelength of 785 nm on the sample
annealed at 600 °C is compared in the figure to the calculated
spectra. The highest intensity signal of the 5-AGNR@(19,0)
SWCNT can be associated to the G-band, followed by the CH-
modes at 1298, 1280, and 1234 cm™. On the other hand, the
G-band signal of the 5-AGNR®@(18,0) is quenched, while the
highest contributions in the region are the modes at 1280 and
1298 cm™}, followed by the 1234 cm™ mode. Additional modes
arise in the lower frequency regions. For the 5-AGNR@(19,0)
it is also observed that the RBLM at 534 cm™ and the RBM
at 460 cm™ (corresponding to the nanotube) are weaker than
the G-line. The hybrid mode between 460 and 492 cm™ in the
RBLM region originates from an asymmetric vibration of the
encapsulating SWCNT. This second mode from the mixed
nanotube-nanoribbon vibration is found at lower frequency
in the computed spectrum of 5-AGNR@(19,0) compared to
its counterpart.

Changes on the CHngyg -modes upon annealing: Looking
again at figure 4b, it is clear that there are two peaks at 492
and 1230 cm™ that have high intensity after subtraction of
the terrylene signal normalized to the G-band scaling factor.
Their intensity evolution was analyzed as a function of the
annealing temperature and no changes were observed up to
temperatures between 550 and 600 °C . The plot in Figure 6
shows how their intensity starts decaying linearly at higher

© 2022 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 5. a) Top and b) side view of a 5-AGNR@ (17,0) molecular model with edges terminated with single H atoms. The unit cell of the hybrid system
is delimited by lines. c) Comparison between DFT computed spectra of 5-AGNR@ (19,0) semiconducting SWCNT and 5-AGNR@ (18,0) metallic SWCNT
with samples of 5-AGNR@SWCNT annealed at 600 °C using a 785 nm excitation wavelength. The calculated positions of major CH vibrations are
consistent with experimental data. The peaks at 1230 cm™ (highlighted in yellow) and 1266 cm™ (highlighted in blue) are a superposition of signals
from 5-AGNR encapsulated both in metallic and semiconducting SWCNT. The largest contribution to the peak at 1294 cm™ originates from 5-AGNR

encapsulated in metallic SWCNT (highlighted in orange).

temperatures, which corroborates that the previous assign-
ment of the 5-SAGNR@SWCNT modes is correct. This also
implies that the GNR@SWCNT hybrid structure is stable up
to 550-600 °C. After this temperature, the decrease in signal-
to-noise ratio points to the decomposition of GNRs inside the
tubes into amorphous carbon until the thermal energy supplied
is enough to form inner SWCNT.2* *l Taking into account the
dependence of the signals in Figures 4a and 6 on temperature
of the terrylene and 5-AGNR@SWCNT, it is reasonable to
use data recorded from samples heated above 600 °C for fur-
ther peak analysis. At this temperature threshold, the 5-AGNR
signal starts to decrease, while the terrylene signal has already
gone down below 20% of its original intensity. This means
that applying annealing up to the described threshold defines
the final conditions to keep long 5-AGNR@SWCNT before
they shorten and transform into new encapsulated structures
(as sketched in Figure le).

In summary, the CH-vibrational modes in the
5-AGNR@SWCNT hybrid system had been unraveled for the
first time. Beyond the feasibility to use terrylene as a precursor
molecule to make such structures, this synthesis approach
represents a viable pathway to produce truly width-controlled

Small Methods 2022, 2200110 2200110 (6 of 8)

armchair nanoribbons. A comparison with theory also allowed
us to demonstrate that the edges of synthesized 5-AGNR@
SWCNT are terminated with one H atom, which is consistent
with the expected outcome of terrylene polymerization.

3. Conclusions

It is shown here how, compared to other dyes, terrylene can
be encapsulated inside 1.4 nm diameter SWCNT and keep an
optimal alignment so that it can subsequently be transformed
into long 5-AGNR@SWCNT that are hydrogen passivated.
No preceding studies had been able to identify distinctly the
Raman active modes of such nanoribbons to the best of our
knowledge. To achieve this here, the nature and evolution of
isolated Raman modes corresponding to 5-AGNR@SWCNTs
have been identified by developing a subtraction procedure of
the terrylene Raman signal obtained with an excitation energy
below its optical band gap. This allows working with a minimal
fluorescence background and, in turn, enhancing the visibility
of the CH vibrations that correspond to the hybrid encapsulated
system. Moreover, this model introduces the use of scaling

© 2022 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 6. The CH1cyg mode of 5-AGNR at 1230 cm™ and the hybrid
mode at 492 cm™' in the RBLM region were extrapolated from spectra
by a Voigtian fit over a linear baseline. The spectral responses generated
with an excitation wavelength of 633 nm are used here. The intensities for
the CH1gng mode and the hybrid mode in the RBLM region are shown.
The intensities are stable up to annealing at about 550 °C . For higher
annealing temperatures the signal loses intensity which hints the conver-
sion into amorphous carbon inside SWCNT.

factors based on the G-band response, which plays a pivotal role
for the future Raman characterization of GNR@SWCNT sys-
tems. For these GNR formed from terrylene as precursor, theo-
retical models have confirmed that the Raman signal observed
for 5-AGNR@SWCNT corresponds to CH modes given by the
presence of H passivating atoms.

4. Experimental Section

Materials: Arc discharge SWCNT with a mean diameter of 1.4 nm were
used. Density-gradient ultracentrifugation (DGU) using sodium dodecyl
sulfate (SDS) as gradient materiall*l was employed to separate a fraction
of semiconducting tubes with a narrow diameter distribution. The
presence of =1% metallic SWCNT cannot be disregarded. A buckypaper
was prepared and the SWCNT were opened by local heating in air at
450 °C for 30 min.¥l A 0.3 mg bucky paper and =2 mg of a terrylene
dye were placed inside a borosilicate glass capillary closed in one end
and this was connected to a high vacuum pumping system to reach
an internal pressure of 107 mbar. The second end was sealed and the
capillary was then kept at 350 °C for 455 h (19 days) in a tube furnace.
Small terrylene van der Waals crystals as a byproduct. Therefore, to
make sure that the excess terrylene material on the outside of
the SWCNTs was removed, the filled bucky paper was washed multiple
times with dichloromethane (DCM). Additional annealing steps were
done in vacuum to analyze the sample stability and the changes in
the Raman spectral features upon changes in temperature.

Raman  Spectroscopy: Multifrequency Raman spectroscopy was
performed with a Horiba Yobin Yvon LABRAM notch filter Raman
system with a confocal microscope for the 568 and 633 nm, and at
785 nm excitation wavelengths. Additionally, a WITech alpha 300A high-
resolution AFM/Raman system was used for local non-destructive
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characterization. The resolution of all spectra is between =2.5 and
~4 cm™ according to the excitation wavelength. For ease of the data
analysis, all spectra were normalized to the G-band.

Calculations: Additionally, the Raman spectra for the terrylene molecule
were computed with DFT at the PBE-6-31G(d,p) level augmented by a D3
dispersion term*l with Becke— Johnson damping!*l with Gaussian 09*’]
and CRYSTAL17 for molecular and 1D-periodic systems respectively.
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Supporting Information is available from the Wiley Online Library or
from the author.
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