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ABSTRACT: Growing graphene nanoribbons from small organic molecules
encapsulated in carbon nanotubes can result in products with uniform width and
chirality. We propose a method based on encapsulation of 1,2,4-trichlorobenzene
from the liquid phase and subsequent annealing. This procedure results in graphene
nanoribbons several tens of nanometers long. The presence of nanoribbons was
proven by Raman spectra both on macroscopic samples and on the nanoscale by tip-
enhanced Raman scattering and high-resolution transmission electron microscopic
images.
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( : raphene nanoribbons (GNRs) are one-dimensional for producing encapsulated GNRs by stopping the process

objects cut from graphene sheets with important after the first step. Although intuition would dictate that fusion
applications in nanoelectronics. Their conformation can be reactions of polyaromatic hydrocarbons would all follow this
zigzag (ZGNR), armchair (AGNR), or chiral. The ZGNRs are mechanism, this is not a general rule; only some specific
all predicted to be metallic, whereas AGNRs can be metallic or reactions proceed through these intermediates, for example,
semiconducting, depending on their width. With this variety in those starting from coronene’'° or perylene. Several other
size and conformation determining the electronic properties, starting materials with different structures have been tried
there arises a need for multiple fabrication methods that are since, for example, ferrocene'"'* as well as precursors
both selective and reproducible. containing halogensm’14 and sulfur.’>'® These molecules
GNRs can be either produced from graphene by top-down show a surprising variety of structures, including non-six-

methods or from small molecules by bottom-up procedures.
Top-down methods are various forms of lithography or cutting
by electron or ion beams or scanning probe tips.” Bottom-up
procedures have been first performed in solution, for example,
branched polyphenylenes converted to highly conjugated
graphite structures with high aspect ratio,” or two-dimensional
(2D) crystals with long carbon chains stabilizing the edges.*
Oriented chemical reactions on surfaces followed, starting from
small planar molecules.”® Another possibility is growing
nanoribbons in a confined environment, where, besides the

membered rings and functionalized fullerenes. The full
understanding of the mechanism of this self-assembly into
GNRs inside nanotubes is an open topic for experimental and
theoretical efforts and underlines the need for further synthetic
work to extend the selection of materials.

In this work we offer a new, facile method that can be
applied to widen this database. We show that graphene
nanoribbons with length several tens of nanometers can be
grown from 1,2,4-trichlorobenzene (TCB) using a simple
procedure. The encapsulation process results in a high filling
ratio and does not require subsequent rinsing. We charac-
terized the prepared GNRs, specifically the 6-AGNR, using

precursor, the container’s internal diameter will determine the
nanoribbon width. Carbon nanotubes (CNTs) are suitable
templates for this purpose, because their diameter matches the
size of the most popular nanoribbons 6-AGNR or 7-AGNR.

Lim et al’ first suggested a two-step mechanism for the Received: June 30, 2022
formation of inner nanotubes from encapsulated small Accepted: September 28, 2022
molecules, where initial mild heat treatment produced GNRs Published: October 12, 2022

that, on vigorous annealing, formed inner nanotubes through a
twisted helical intermediate product. Besides leading to inner
tubes of specific chirality, this study also suggested a method
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Figure 1. Map representation of the Raman spectra taken during the annealing process. Each spectrum was collected at room temperature after the
sample was consecutively annealed at different temperatures (in 100 °C steps) in a tube furnace for 12 h. The sample was kept in vacuum in a
closed quartz tube throughout the measurement sequence. The results were combined into a color-coded map indicating GNR formation inside
P2-SWCNT in a certain annealing temperature range. (a) TCB@P2-SWCNT annealed from 100 to 1100 °C in 100 °C steps measured with a 633
nm laser through the quartz tube (the spectra were normalized to the SWCNT G mode). (b) Close-up to the nanoribbon’s C—H ipb mode

(marked by a rectangle) observed in map (a).

Raman spectroscopy, tip-enhanced Raman scattering (TERS),
and high-resolution transmission electron microscopy (TEM).

To obtain a nanoribbon with a controlled size and
dimension, using CNTs as templates, it is very important to
choose an appropriate encapsulation method. Such methods
have been reviewed in our previous work.'” High-temperature
procedures can lead to the formation of undesired byproducts.”
This can be particularly problematic in the case of GNR
precursors, as GNR formation is generally initiated inside the
nanotube by annealing. However, the molecules may start to
react with each other already close to the sublimation
temperature, leading to the outer walls of the nanotubes
being covered with larger polycyclic aromatic hydrocarbons.
Their removal can be problematic, as their solubility is rapidly
decreasing with their size. Encapsulation from a solution of the
precursor molecules'® overcomes this problem, as it can be
performed at low temperature and is suitable for a broad range
of guest molecules. Its major disadvantage stems from the
presence of the solvent that can also enter the nanotube
channels. This not only leads to lower filling ratios compared
to direct encapsulation methods but can also alter the reaction
pathway of the precursor inside the cavity."” Leaking of the
guest molecules can also be problematic during rinsing steps,
which are necessary to remove the nonencapsulated
precursors. These steps may decrease the filling ratio by
diluting the solution in the cavity. An important development
was direct immersion in neat organic liquids at room
temperature, yielding complete filling of single-walled carbon
nanotubes (SWCNTSs) that was preserved in aqueous
solutions.”” A comprehensive study of encapsulated systems
involving a wide range of nanotube diameters and guest
molecules demonstrated the applicability of this method for
optical property tuning.

An ideal GNR precursor candidate would thus be a
compound that is liquid at room temperature; therefore, it
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can directly fill the immersed CNTs and be volatile enough so
the nonencapsulated molecules can be removed from the outer
surface of the nanotubes by evaporation under mild enough
conditions before forming ribbons inside. We found that TCB
is suitable for this purpose.

Raman spectroscopy is the most widely employed method to
detect subtle changes in nanotubes upon physical or chemical
interaction with their environment.”” >* Encapsulation of
molecules can be easily detected by observing the shift of
the radial breathing mode (RBM), as the molecules inside the
nanotube cavity influence the radial expansion and contraction
of the nanotube.” Data are available for a wide variety of
encapsulated molecules.””*° In the case of individual nano-
tubes, a blueshift of the RBM occurs compared to the empty
ones. A shift of the RBM can be also detected in bundles of
tubes upon filling, though identifying the origin of the shift is
more complicated in this case, as the interaction between the
nanotubes also alters their RBM. In our work, after exposing
the SWCNTSs to TCB, a significant blueshift of the RBM mode
(around 7 cm™) was detected with 532, 633, and 785 nm laser
excitation (Figure S1, Supporting Information).

Raman spectra of GNRs can also be used for identification.
Their most prominent feature is the radial breathing-like mode
(RBLM),”” in the low-frequency part of the spectrum,
corresponding to carbon atoms in the two halves of the
ribbon moving in-phase in opposite directions. The frequency
of this band depends on the ribbon width. As the edges of the
ribbons are in most cases terminated by noncarbon atoms,
typically hydrogen, C—H vibrations also appear, the most
intense among them being the C—H in-plane bending (C—H
ipb) mode. The Raman spectra of GNRs are resonant with the
exciting laser, the excitation spectrum showing a maximum at
their band gap.

Encapsulation of TCB was performed by immersion of
single-walled carbon nanotubes (P2, Carbon Solutions, Inc.”")

https://doi.org/10.1021/acs.jpclett.2c02046
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Figure 2. Raman spectra of TCB@P2-SWCNT annealed to 500 and 600 °C compared with opened and filled P2-SWCNT as references. Spectra
from the RBLM and C—H ipb-D regions: (a—c) GNR@P2-SWCNT samples measured with 532 nm laser. (d—f) GNR@P2-SWCNT samples
measured with 633 nm laser. (g—i) GNR@P2-SWCNT samples measured with 785 nm laser. Low-energy region spectra (a, d, g) are normalized to

the RBM and (b, ¢, e, f, h, i) spectra to the G mode of the SWCNT

in TCB at room temperature, resulting in the hybrid structure
TCB@P2-SWCNT. To identify the ideal temperature at which
GNRs form, we used a stepwise annealing protocol and
followed the process by Raman spectroscopy. Starting from a
cold furnace, the material was first annealed to 100 °C for 12 h
and allowed to cool to room temperature, then the Raman
spectrum was recorded through the quartz tube; the procedure
was repeated in 100 °C steps up to 1100 °C (Figure 1). At this
point the quartz tube was opened, and the material was
measured under direct illumination, to identify double-walled
carbon nanotubes whose RBM bands may be otherwise
obscured by the quartz. Finally, the same sample was enclosed
again in a quartz tube and annealed to 1200 °C. The recorded
Raman spectra are shown in Figure S2, Supporting
Information. Based on the excitation profiles reported by
Kuzmany et al,'' a 633 nm laser can induce a resonant Raman
process in 6-AGNRs. We used the C—H ipb mode to track the
GNR formation during the annealing process (Figure 1, Figure
S2, Supporting Information). Formation of GNRs was first
detected after annealing to 500 °C (TCB@P2-SWCNT 500
°C), with the most intense ribbon peaks appearing at 600 °C
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formation temperature (TCB@P2-SWCNT 600 °C). For
formation temperatures above 700 °C the ribbon modes start
to diminish, and they completely disappear at the 1100 °C
annealing step, while new peaks appear in the RBM region
indicating the presence of inner nanotubes (Figure S2,
Supporting Information). The conversion into inner tubes
indirectly confirms that the detected ribbons were formed in
the nanotube interior.

It is useful to put our results in context with the literature. 6-
AGNRs were observed to form from ferrocene at similar
temperatures as from TCB. In the case of perylene, perylene-
3,4,9,10-tetracarboxylic dianhydride, and coronene, ribbon
fragments started forming between 500 and 550 °C, and
GNRs appeared upon further annealing between 600 and 900
°C.”~? 7-AGNRs from 10,10’-dibromo-9,9’-bianthryl were
detected already after being annealed at 300 °C."*

To perform a thorough characterization, the TCB@P2-
SWCNT samples were directly annealed to the temperatures
where the signal from the C—H ipb peak was the largest (500—
600 °C). To prevent the encapsulated material from leaving
the tubes during the low-temperature annealing, the furnace

https://doi.org/10.1021/acs.jpclett.2c02046
J. Phys. Chem. Lett. 2022, 13, 9752—-9758
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was preheated to 500 °C, then the sample was inserted and
kept at this temperature for 12 h. When the cooling step
started, one end of the quartz tube was pulled out of the
furnace to collect the molecules, if any, leaving the nanotube.
The TCB@P2-SWCNT 600 °C sample was prepared starting
from the 500 °C sample following the same procedure. Inner
tubes were formed by annealing the sample containing the
ribbons (TCB@P2-SWCNT 600 °C) to 1200 °C (Figure S3,
Supporting Information). Raman spectra were taken using 532,
633, and 785 nm excitation. Both the stepwise and the directly
annealed samples were prepared from the same TCB@P2-
SWCNT batch; judging the GNR yield by comparing the
relative ratio of the ribbon peaks versus the CNT peaks, the
directly annealed material shows higher conversion than the
stepwise annealed one. The significant blueshift of the RBM
observed on the TCB@P2-SWCNT is not present anymore
after annealing (Figure 2), indicating a relaxation of the tube
walls from the strain exerted by the encapsulated TCB
molecules. The latter may show a liquid-like association inside
the tubes, similar to water ﬁlling,26 and convert to a less
crowded occupancy of the interior by the ribbons.

It follows from the resonance character of the Raman spectra
that excitation by different laser lines detects the presence of
different types of both nanotubes and nanoribbons. First, we
determine the possible combinations starting from the
diameter distribution of the applied P2-SWCNTs:** 1.4 nm
average, containing 1.2—1.6 nm tubes,”” then we select the
ribbons that fit into the given cavities. We follow the
numbering scheme for nanoribbons presented by Fujita™
using the number of dimers (N) in the unit cell: the atomic
width indicates the number of dimer lines in AGNRs and the
number of zigzag lines in ZGNRs. Based on the observed RBM
bands (Figure S1, Supporting Information), the three exciting
lasers select the tubes in the 1.5—1.6 nm diameter range. We
have calculated the width of the nanoribbons (solely the
carbon network) by simply taking the distance between the
outermost carbon atoms at the same position along the ribbon.
The distances were calculated based on simple geometrical
considerations giving negligible difference compared to the
relaxed geometry published by Gillen et al.”>" (Note the slightly
different definition of width for ZGNR.) The width was further
increased by the projection of C—H bonds in the direction of
the width. For the determination of the inner diameter of the
smallest possible host carbon nanotubes, the carbon—hydrogen
van der Waals distance was added to the width. These
considerations lead to the possible nanoribbon types 4—7
AGNR and 3—4 ZGNR (see Figure S7 and Table SI,
Supporting Information).

The RBLM of the 6-AGNR is clearly detected both with 633
and 532 nm excitation (Figure 2a,d). Its position is at 457
cm™' with 633 nm excitation, which is slightly red-shifted
compared to that of 6-AGNR@SWCNT prepared from the
ferrocene precursor.'’ Theoretical estimates for this mode are
457, 465.7,”” and ~453** cm™!. Using 532 nm excitation,
the RBLM is centered at 446 cm™". Since some nanotubes used
in our experiment would also be of suitable size for the growth
of either 5-AGNRs or 7-AGNRs, we searched for their
signatures. We could observe neither the RBLM of the 7-
AGNR at 397 cm™" with the 532 nm laser'* nor that of the $-
AGNR at 534 cm™! with the 785 nm laser.>* Thus, we can
positively identify only the 6-AGNR, in accordance with TERS
spectra (see below). As there are no experimental data for
ZGNRs, we did not consider these conformations. As shown in

9755

Figure 2, the 6-AGNR modes are more intense in the 500 °C
annealed sample using 532 nm excitation, while using 633 nm
excitation the 600 °C annealed sample has stronger GNR
signals (Figure 3). We presume this is caused by the presence
of shorter ribbons at 500 °C, which results in a blueshift of
their band gap.”

/L

— TCB@P2-SWCNT 500°C

—— TCB@P2-SWCNT 600°C
=
g
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§ \
£
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Figure 3. GNR@P2-SWCNT formed at 500 and 600 °C measured
with 532 and 633 nm laser excitation. GNR intensity ratio of the 500
and 600 °C annealed sample changes with the excitation wavelength,
indicating the presence of mostly shorter ribbons in the sample
annealed at a lower temperature.

Since we do not know the reaction mechanism of the ribbon
formation, there is no a priori knowledge of the range of the
nanoribbons formed. Our case is more similar to the case of
ferrocene, where the products could adapt to the diameter of
the host tubes,'” than to that of larger polyaromatic molecules
where the type of nanoribbon is prepatterned by the
precursors.'*** Most probably, our samples show a hetero-
geneity in diameter, ribbon type, and edge termination. C—Cl
bending vibrations, found around 200 cm™" in a TCB isomer,*°
are not detected in the Raman spectra. Energy-dispersive X-ray
(EDX) spectra (Figure SS, Supporting Information), on the
other hand, confirm the presence of Cl in the ribbons,
indicating some chlorine termination, but quantitative
information cannot be extracted. When estimating the possible
fits of ribbon width and nanotube diameter, we have to allow
for these ambiguities and also have to take into account that
the hybrid structures are not exclusively the best tight fits."*
The nanotube RBM signals can therefore originate from a
subset of filled nanotubes within a certain diameter distribution
as well as from empty nanotubes that fulfill the resonance
condition. For this reason, we did not attempt to estimate a
filling ratio or conversion yield from Raman spectra or
compare it to other data in the literature.

The products formed inside the carbon nanotubes can be
visualized using transmission electron microscopy. The
encapsulated nanoribbons are sensitive to the electron beam;
they twist upon illumination, which can help identify these

https://doi.org/10.1021/acs.jpclett.2c02046
J. Phys. Chem. Lett. 2022, 13, 9752—-9758
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structures.”'® Such twisting ribbons can be observed both in

the 500 and 600 °C annealed samples (Figure 4). Confirming

SR

Figure 4. TEM images of the samples containing graphene
nanoribbons formed at (a, b) 500 °C and (c, d) 600 °C. The scale
bar on the images is 10 nm.

our spectroscopic observations, shorter (~20 nm) ribbons
were observed in the sample annealed at 500 °C than in the
600 °C annealed one (>100 nm). TEM time sequences are
shown in Figure S4, Supporting Information.

To further verify that the spectral signatures observed in the
far-field measurements presented in Figures 2 and 3 arise from
encapsulated ribbons as identified by TEM in Figure 4, we
perform nanoscale imaging and spectroscopy using TERS. In
Figure S, we plot several images of a small nanotube bundle

0

410 kHz

300

200

100
0

Figure S. TERS of GNR@P2-SWCNT formed at 600°C. (a)
Topographic image acquired simultaneously with the optical
information. (b—d) Optical image of the Stokes photons scattered
by (b) the nanotube RBM, (c) the nanoribbon RBLM, and (d) the G
mode of both nanotube and nanoribbon. The intensity profile in (d)
extracted along the white dotted line indicates a spatial resolution of
34 nm. TERS spectra recorded at the marked locations are shown in
Figure S6, Supporting Information. The length of the scale bars
corresponds to 200 nm.

depicting topographical [Figure Sa] and optical [Figure Sb—d]
information. The optical images in Figure Sb—d display the
counts of Raman-scattered Stokes photons associated with the
nanotube RBM, the ribbon RBLM, and the G mode from both
nanotube and ribbon, respectively. Comparing these optical
images clearly shows that the Raman signals arising from
ribbon and nanotube are largely overlapping, indicating that
ribbon formation occurs throughout the nanotubes and thus
confirms the expected high filling ratio. TERS spectra recorded
at the locations marked in Figure 5d are shown in Figure S6,
Supporting Information, along with the corresponding far-field
measurements.
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In conclusion, we report a method for growing graphene
nanoribbons inside carbon nanotubes from 1,2,4-trichloroben-
zene, a liquid at room temperature. 6-AGNRs were identified
and characterized by Raman spectroscopy, TERS, and TEM.
The characteristic RBLM and C—H ipb modes of 6-AGNR
were detected by far-field Raman spectroscopy and TERS.
Following the Raman intensity of the C—H ipb peak it was
possible to determine the ideal temperature for ribbon
formation and, within that window, to follow the increase in
length with increasing formation temperature. As the
encapsulation step involves lower temperature than sublima-
tion-based methods and no additional solvent, it results in
fewer potential byproducts and higher purity.

B EXPERIMENTAL METHODS

The precleaned nanotubes were opened, degassed, and
immersed in 1,2,4-trichlorobenzene. The excess precursor
was removed by filtration followed by evaporation of the
solvent at room temperature.

Encapsulating 1,2,4-Trichlorobenzene into Carbon Nanotubes.
P2-SWCNTs with 1.2—1.6 nm diameter range were purchased
from Carbon Solutions, Inc.”® TCB was purchased from
Sigma-Aldrich. Before they were filled, P2-SWCNTs were
placed in a quartz tube and heated at 420 °C for 20 min in air
to open the ends of the tubes. After the nanotube caps were
removed, functional groups that may block the open tube ends
were removed by vacuum annealing. The tubes were placed
under dynamic vacuum and inserted into a preheated furnace
at 800 °C for 1 h, then cooled down to ambient temperate in
steps of 5 °C/min. When the cleaned nanotubes reached room
temperature, TCB was introduced into the quartz tube through
a valve, without the nanotubes being exposed to air. The
mixture (TCB@P2-SWCNT) was sonicated for 10 min and
filtered after 24 h. To remove the molecules adsorbed on the
walls, the TCB@P2-SWCNT was left open to air for 4 d.

Preparation of GNR@P2-SWCNT. To determine the ideal
temperature for ribbon formation, TCB@P2-SWCNT samples
were annealed from 100 to 1100 °C at 100 °C increments in a
closed quartz tube. The annealing time at each temperature
was kept for 12 h; the heating and cooling rate was 5 °C/min.
After each annealing step the sample was analyzed using
Raman spectroscopy through the quartz tube wall. Once the
ideal ribbon formation temperature was determined (Figure
1), another portion of the filled sample was annealed directly
to 500 °C and from there to 600 °C. During the direct
annealing, when the cooling down started, one end of the
quartz tube was kept at a lower temperature, to allow
condensation of desorbed guest species and reaction products,
if any.

Raman Characterization. This was carried out with a
Renishaw InVia micro Raman spectrometer equipped with
532, 633, and 785 nm lasers. The measurements shown in
Figure 1 were done using a sealed quartz ampule. The samples
were kept in the ampule throughout the annealing sequence to
prevent contamination. The micro-Raman specra were
obtained through the quartz using 20X magnification
objectives. Regular measurements were performed in air with
a 100X magnification objective. Laser power was kept low to
prevent heating-induced shift of the Raman peaks and sample
damage.

Tip-Enhanced Raman Scattering. Samples for TERS were
prepared by bath sonication in toluene (1 h at 45 kHz and 100
W followed by 30 min at 45 kHz and 30 W). While still
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sonicating, a drop of the solution was pipetted onto the surface
of distilled water and transferred to a glass coverslip with gold
markers for TERS measurements.

TERS measurements are performed using the setup
described in ref 37. It consists of a home-built scanning
probe microscope designed for noncontact shear-force
operation with quartz tuning forks, on top of an inverted
confocal microscope equipped with an «x, y scan stage. A
radially polarized HeNe laser beam (A = 633 nm) is strongly
focused by a high-numerical-aperture (NA 1.4) oil-immersion
objective through the thin glass coverslip carrying the sample.
The TERS probe, a gold micropyramid attached to the end of
a quartz tuning fork, is positioned into the center of the laser
focus, thus generating a nanoscale excitation source for Raman
scattering. The distance between the sample surface and the
TERS probe is controlled by means of a shear-force feedback
system. The backscattered light is collected by the same
objective used for excitation and filtered by a long-pass filter
(LP633) to remove the Rayleigh component. For imaging, the
sample is raster-scanned while the tip—sample distance is held
constant and the Raman-scattered light is collected by an
avalanche photodiode (APD). The spectral region of interest is
selected by appropriate optical filters placed in front of the
APD. For the RBM [Figure 5b], a band-pass filter centered at
632nm and with a full width at half-maximum of 22 nm
(BP632/22) is used; the RBLM [Figure Sc] is selected by a
combination of LP647 and BP645/30; and for imaging of the
G mode [Figure 5d], we employ a BP632/22 filter. Full spectra
(see Figure S6) are recorded using a CCD-equipped
spectrometer. More details about the experimental implemen-
tation and the principles of TERS can be found in ref 37.

High-Resolution Transmission Electron Microscopy. High-
resolution TEM imaging was performed using a JEOL 2100F
TEM (field emission gun source, information limit less than
0.19 nm) at 100 kV at room temperature. EDX spectra were
recorded using an Oxford Instruments 30 mm? Si(Li) detector
or an Oxford Instruments x-Max 80 SDD running on an INCA
microanalysis system. Samples for TEM and EDX were
prepared by casting several drops of a suspension of nanotubes
onto copper-grid mounted “lacey” carbon films.
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