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U
ltrathin graphene nanoribbons
(GNRs), the carbon strips with width
of less than 2 nm, have been draw-

ing much attention due to their unique
electronic and optical properties.1�6 The
fact that their band gaps vary with width
and side edge configuration7�10 provides a
great degree of freedom tomanipulate their
electronic structures and thus the optical
responses, making them as one of the
desirable materials for future nanoelec-
tronics. Among the various synthetic ap-
proaches,11�15 fabricating GNRs by using
the bottom-up methods16�18 is usually pre-
ferred so as to achieve extreme narrow
width with edge uniformity.
The nanotemplated growth18�20 in parti-

cular, where the GNRs are generated
through the fusion of precursor molecules
inserted into the template carbon nano-
tubes,21�23 is one of the useful methods in
fabricating ultrathin GNRs. There are vast

varieties of the precursors and nanotubes
available. Ribbons comprising of different
sizes, edge structures and dopant atoms
can be possibly designed with an appropri-
ate choice of combination. Besides, the inert
interior space allows the construction of
novel ribbon structures, which may other-
wise be unstable under ambient conditions.
In spite of these, the presence of the outer

nanotubes oftentimes complicates the
characterization of the inherent properties
of GNRs encapsulated. The overall optical
absorption characteristics of GNR@nano-
tubes, for instance, is predominated in fea-
tures by those of the template nanotubes.6

Signals generated by the inner ribbons are
masked by a series of excitonic transition
peaks, which extend over a broad range
from UV to NIR region.24 In this sense, it is
necessary either to extract and isolate the
inner GNRs out of the nanotubes or to
eliminate the signals due to the template
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ABSTRACT Nanotemplated growth of graphene nanoribbons

(GNRs) inside carbon nanotubes is a promising mean to fabricate

ultrathin ribbons with desired side edge configuration. We report

the optical properties of the GNRs formed in single-wall carbon

nanotubes. When coronene is used as the precursor, extended GNRs

are grown via a high-temperature annealing at 700 �C. Their optical
responses are probed through the diazonium-based side-wall

functionalization, which effectively suppresses the excitonic absorp-

tion peaks of the nanotubes without damaging the inner GNRs.

Differential absorption spectra clearly show two distinct peaks

around 1.5 and 3.4 eV. These peaks are assigned to the optical transitions between the van Hove singularities in the density of state of the GNRs in

qualitative agreement with the first-principles calculations. Resonance Raman spectra and transmission electron microscope observations also support the

formation of long GNRs.
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nanotubes. The former has not been done so far, as it
entails vigorous sonication20,25 that would at the same
time cause damages to the GNRs synthesized once
they are exposed to solutions. Under such circum-
stances, the latter is more feasible. One of the most
promising ways to achieve this involves covalent
functionalizations,26�29 which disrupt the π-conju-
gated network of the outer side wall while keeping
the inner materials intact. It is an effective technique
that has been widely applied in the studies of the
electrical and optical properties of the inner tubes of
double-wall carbon nanotubes.30,31

Here, we report the intrinsic optical properties of the
GNRs prepared in the interior space of single-wall
carbon nanotubes (SWCNTs) of 1.4�1.6 nm in dia-
meter. The ribbons were generated through the poly-
meric reaction of coronene molecules that took place
under high-temperature annealing. With the use of the
diazonium chemistry, the electronic states of the outer
nanotubes were modified through surface functiona-
lization, which enabled us to obtain distinct optical
responses of the inner GNRs. We observed the intense
optical absorption peaks around 1.5 and 3.4 eV, which
coincide qualitatively with those predicted by the first-
principles calculations. The present study sheds im-
portant light on the physical properties of the ultrathin
GNRs residing in the confined state of SWCNTs, and
thereby, contributing to their future applications in
electronics and optoelectronics.

RESULTS AND DISCUSSION

The overall reaction scheme and the high resolution
transmission electron microscope (HRTEM) images of
the respective products formed are shown in Figure 1a
and b, respectively. Coronene is selected as the pre-
cursor because of its high filling yield in the SWCNTs
and its high reactivity. It can be easily turned into its
dimeric form during the encapsulation process, to give

a mixture of dimers and other linearly condensed
coronene oligomers, which can also be regarded as
short GNRs (S-GNRs), inside the template nanotubes.22

In this work, instead of mere filling, the resulting
samples are heated at 700 �C, to induce further
polymerization/fusion reactions into the long GNRs
(L-GNRs). The products obtained before and after
annealing are thereafter termed, S-GNR@SWCNTs
and L-GNR@SWCNTs, respectively, to aid the descrip-
tion in the following text.
The transformation of S-GNR@SWCNTs into the

L-GNR@SWCNTs can be visualized in Figure 1b(i),(ii),c,
and Supporting Information Figure S1. Densely
packed, segmented structures of coronene dimers
and oligomers, which align themselves at the center
cavity of the SWCNT (Figure 1b(i)), are converted
into linear, chain-like structures of long length
(Figure 1b(ii)). The structural details for the L-GNRs
formed can be clearly seen from the images taken
under aberration corrected (Cs)-HRTEM in Figure 1c.
Good correlations are found between the images
in Figure 1c(i) with those of Supporting Informa-
tion Figure S2(ii),(iii) and Supporting Information
Figure S3(ii),(iii); while Figure 1c(ii) could be any of
those in Supporting Information Figure S2(iv),(v) and
Supporting Information Figure S3(iv),(v). Matching
these observations to the simulated images strongly
suggests that the GNRs indeed adopt a bilayer stacking
in the CNTs. The subsequent reaction with 4-bromo-
benzene diazonium tetrafluoroborate (Scheme 1)
grafted aryl groups onto the outer nanotubes. Inten-
sive surface modification leads to Figure 1b(iii), where
the resulting nanotubes are covered with amorphous-
like impurities27 that probably formed as a conse-
quence of the diazonium radical side reaction.28

The extension of the GNRs can be traced by obser-
ving the change in their respective Raman spectra
obtained before (S-GNR@SWCNTs) and after high

Figure 1. (a) The overall reaction scheme, startingwith (i) the introduction of coronene precursors into the template SWCNTs,
followed by (ii) the coalescence of the molecules encapsulated and finally, (iii) the surface modification of the outer side wall
by diazonium chemistry. (b) The correspondingHRTEM images of the products formed at each stages in (a). Scale bars = 2 nm.
(c) Typical Cs-HRTEM images of the L-GNR@SWCNTs showing the (i) horizontal and (ii) perpendicular orientations of the inner
GNRs. Scale bars = 1 nm.
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temperature annealing (L-GNR@SWCNTs) as shown in
Figure 2. Both samples display similar spectral features
in general at 2.54 and 1.96 eV excitations. The triple-
peak profile at 1323, 1350, and 1405 cm�1 (2.54 eV)
and the double-peak profile at 1322 and 1357 cm�1

(1.96 eV) can be assigned respectively to those of the
encapsulated coronene dimers and its oligomers, which
form simultaneously under thepresentfilling conditions
as discussed in detail in our previous study.22

An entirely different spectrum is observed, however,
at 1.58 eV excitation. The annealed sample shows
intense peaks at 1150�1370 cm�1, which are totally
absent prior to annealing. The new features resemble
those in 1.96 eV with an obvious down shift (∼5 cm�1)
of peaks at 1160�1240 cm�1 (Supporting Information
Figure S4), which are consistent with the theoretical
predictions on the formation of the more extended
GNRs with well-defined structures of armchair
conformation.22 We note that these Raman spectra
are much different from the simulated Raman spectra
of similar GNR systems with zigzag edges (Supporting
Information Figures S5 and S6). This is reasonable
because the present GNR formation is caused by
thermally induced polymerization of dicoronylene
molecules, which are formed during the vapor-phase
encapsulation process of coronene molecules, as re-
ported in our previous work.22 Before the heat treat-
ment, no characteristic peaks of the inner compounds
are detected in the S-GNR@SWCNTs as it consists
mainlymolecules of short fragments. Upon the anneal-
ing at 700 �C, the structural confinement exerted by
the template nanotubes causes the precursors inside
to undergo an extensive polymerization with the
neighboring molecules. The π-extension results in
the observation of nanoribbons, which eventually
come into strong resonance at a lower energy while
maintaining the general Raman peaks profile in con-
sistent with the HRTEM observations.

The respective optical absorption spectra of the
pristine samples of SWCNTs, S-GNR@SWCNTs, and
L-GNR@SWCNTs are shown in Figure 3a. In comparison
with the empty nanotubes, there is a notable increase
in the absorption of L-GNR@SWCNTs at the M11 region.
As in previous studies on fullerenes/stacked-coronene/
GNR-filled CNTs samples,6,32,33 their spectral features
are dominated basically by those of the template
nanotubes. Only limited information can be obtained
regarding the compounds situated inside. The reaction
with 4-bromobenzene diazonium tetrafluoroborate
provides a clear window to examine the inner products
formed as in Figure 3b. Functionalization of the aryl
groups yielded a featureless spectrum in the reference
SWCNTs sample. The characteristic excitonic peaks of
the outer nanotubes are almost completely removed,
and signals due to the inner compounds start to
appear as seen in Figure 3b. Subtracting the reference
spectrum from each corresponding spectra of
S-GNR@SWCNTs and L-GNR@SWCNTs provides the
differential absorption spectra in Figure 3c,d. In
Figure 3c, the spectra have low signal-to-noise
ratio with additional spikes because the presence of
inner compounds modulates the excitonic peaks
of outer CNTs. It is therefore difficult to subtract
only the SWCNTs contributions from the spectra
of GNR@SWCNTs. This difficulty can be overcome
through the suppression of the excitonic peaks by
functionalization as shown in Figure 3d. The difference
in the absorption spectra between S-GNR@SWCNTs
and L-GNR@SWCNTs is rather prominent: the former
shows absorption bands around 2.4 and 3.5 eV,
whereas the latter shows bands around 1.5 and 3.4 eV.
The absorption bands in S-GNR@SWCNTs are attribu-

table to those of coronene dimer, the dicoronylene (2.48,
2.63, 3.47 eV).34 They are easily transformed into much
polymerized forms by the high-temperature annealing
in the L-GNR@SWCNTs. This is evidenced by the fact that

Scheme 1. Functionalization of GNR@SWCNTs with 4-bromobenzenediazonium tetrafluoroborate.

Figure 2. Raman spectra of the (i) pristine SWCNTs (black), (ii) S-GNR@SWCNTs (blue) and (iii) L-GNR@SWCNTs (red), recorded
at 2.54, 1.96, and 1.58 eV, respectively.
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the absorption band appears in the lower energy
region35 together with the on state resonance Raman
spectrum at 1.58 eV excitation as shown in Figure 2.
To obtain information on the absorption bands seen

in Figure 3d, the electronic structure of the GNR was
computed. Because both the experimental and theo-
retical Raman spectra comply well with each other, the
calculations were thereby, performed on an infinitely
long, coronene-derived GNR (Figure 4a), using the
density functional theory (DFT) with the local density
approximation (LDA). The energy gap between the
highest occupied and the lowest unoccupied states
(E11) and the gap between the second highest occu-
pied and the second lowest unoccupied states (E22)
at the Γ point in Figure 4b are estimated to be 0.8 and
3.1 eV, respectively. Since DFT-LDA usually underesti-
mates the fundamental energy gap of semiconducting
materials because of the lack of the self-interaction
energies, the computed E11 value has to be corrected
by a multiplication of some factors.36,37 Thus, the
computed values of 0.8 and 3.1 eV are in qualitatively
good agreement with the experimentally observed
bands in Figure 3c, suggesting the formation of
coronene-ribbons with long length. Nevertheless, as
reported by Denk and Prezzi et al.,5,38 a quasi one-
dimensional system like this involves a more compli-
cated optical transitions due to the strong electron�
hole interactions. Further in depth studies are required
to ascribe the transitions quantitatively, taking the
excitonic effects into consideration.
The formation of long GNRs within SWCNTs can

be justified when we follow the evolution in the
absorption and Raman spectra of the L-GNR@SWCNTs
during the reaction with diazonium salt. As the reac-
tionproceeds, the excitonic peaks of the template nano-
tubes gradually decrease until they are fully depleted

(Figure 5a and Supporting Information Figure S7). This
is accompanied by a simultaneous increase in the
D-band and a sudden decrease in the radial breath-
ing modes (RBM) of the Raman spectra (at 1.96 and
2.54 eV) as shown in Supporting Information Figures S8
and S9, which strongly suggest the presence of the
so-called sp3-defects inflicted onto the nanotubes. The
outer nanotubes are considered to be highly functio-
nalized when the D-band reaches its maximum on the
fourth day together with the complete disappearance
of their corresponding peaks in RBM region.
The absorption of the encapsulated GNRs, in con-

trast, which appears initially as a shoulder around
1.5 eV, remains relatively unchanged throughout
the reaction. In reference to the Raman spectra taken
for the pristine and functionalized sample at 1.58 eV
(Figure 5b), where the GNRs are in strong resonance,
the GNRs peaks are kept intact, while the RBM and G
bandsof the template nanotubes areno longer observed.

Figure 3. Optical absorption spectra of the (a) pristine and (b) functionalized samples of SWCNTs (black), S-GNR@SWCNTs
(blue) and L-GNR@SWCNTs (red). Spectral features due to the radical side reaction (Supporting Information Figure S7) are
subtracted from the spectra in (b) for clarity. Differential absorption spectra of the (c) pristine and (d) functionalized
samples, obtained by subtracting the spectrum of SWCNTs from those of S-GNR@SWCNTs (blue) and L-GNR@SWCNTs (red)
in panels (a) and (b).

Figure 4. (a) Structuremodel of the infinitely longGNRused
for the DFT calculation. Blue, carbon atoms; white, hydro-
gen atoms. (b) Computed band structure of (a).
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Similar trend can be observed when the concentra-
tion is increased to 100 mM except for a faster rate of
reaction (Supporting Information Figure S10). The
results provide strong evidence that the GNRs are well
protected within the one-dimensional confined nano-
space, without inducing diazonium reaction.

CONCLUSIONS

In conclusion, the extended, ultrathin GNRs with
defined structures are synthesized inside the carbon

nanotubes. The GNRs exhibit intense optical ab-
sorption peaks (E11 and E22) at 1.5 and 3.4 eV, qualita-
tively consistent with the first-principles calculations.
Since these flimsy nanoribbon structures may well be
fragile, the presence of the outer sheaths allows sur-
face modification to add new functionalities without
compromising the properties of the inner GNRs.
Structures of the GNRs can be possibly tuned with a
suitable choice of precursors and the template
nanotubes.

MATERIALS AND METHODS
Fabrication of S-GNR@SWCNTs. S-GNR@SWCNTs, containing

mixture of coronene-dimers and oligomers, were prepared via
vapor phase encapsulation of coronene, as reported in our
previous study.22 In brief, 6 mg of the open-capped SWCNTs
(diameter ca. 1.4�1.6 nm, Type SO, Meijo Nano Carbon) and
10 mg of the coronene powder (95%, TCI) were loaded,
respectively, into the separate compartments of an H-type
pyrex tube, degassed and sealed in an ampule (10�6 Torr). After
heating at 450 �C for 48 h, the resulting carbon nanotubes were
then washed with 50 mL of toluene, dried and stored.

Fabrication of L-GNR@SWCNTs. The sample was prepared by
heating S-GNR@SWCNTs in vacuum (10�6 Torr) at 700 �C for
48 h to induce further polymerization among the molecules
encapsulated.

Preparation of Sample Dispersion. Two milligrams of the sample
(pristine SWCNTs, S-GNR@SWCNTs and L-GNR@SWCNTs) was
dispersed in 10 mL of 1 wt % sodium cholate (SC, 98%, Kishida)/
D2O for 20 h by using a bath type sonicator (Nanoruptor NR-350,
Cosmo Bio). The dispersant was centrifuged at 52 000 rpmusing
a swing bucket rotor (S52ST, Hitachi) for 1 h to exclude
aggregated bundles and metal particles. Then, 80% of the
supernatant was collected and the concentration was adjusted
to 0.5 abs at 1000 nm with 1 wt % SC/D2O solution.

Diazonium Functionalization. The reaction was conducted in
reference to the procedure described by Piao et al.;31 20 μL of
the freshly prepared 10 or 100 mM 4-bromobenzenediazonium
tetrafluoroborate (96%, Sigma-Aldrich) in D2O solution was
added to a glass vial containing 5 mL of the desired sample
solution. The addition was repeated after every 24 h and the
reactionwasmonitored over a period of 4 days. Exposure to light
was minimized by wrapping the glass vial with an aluminum foil.
The mixture was constantly stirred at room temperature.

Absorption Measurements. Optical absorption spectra were
recorded on JASCO V-570 UV/vis/NIR spectrophotometer.

Raman Characterizations. The measurements were conducted
directly on the bucky papers (for the pristine samples) or thin
films prepared from the functionalized samples. Basically,
0.8 mL of the reacted solution was sampled and added to
3.2 mL of ethanol to allow the precipitation of CNTs. The
precipitate was collected by vacuum-filtration and washed with
10mL of EtOH. To ensure a thorough cleaning of the sample, the
precipitate was sonicated for 5 min in 2 mL of EtOH, filtered
and washed with 10 mL of EtOH and deionized water, respec-
tively. The resulting CNT-thin film was dried in air prior to the
measurements.

The samples were excited using a Sapphire solid-state laser
at 2.54 eV (488 nm), a helium�neon laser at 1.96 eV (633 nm),
and a diode laser at 1.58 eV (785 nm). Raman spectra taken at
2.54 and 1.96 eV were recorded on a single monochromator
(HR-800, Horiba Jobin Yvon) equipped with a charge-coupled
device (CCD) detector, while the measurements at 1.58 eV were
performed on a Renishaw inVia Raman microscope.

HRTEM Observations. A small amount of the sample was dis-
persed in ∼1 mL of 1, 2-dichloroethane solution, dripped cast
onto the carbon-coated copper grid and dried in vacuum.

Cs-HRTEM Observations. A cold field emission JEM-2100F
equipped with a spherical aberration (Cs) corrector (the DEL-
TA-corrector) was operated at 60 kV for theHRTEM imagingwith
high resolution and high contrast so that the electron-beam
damage of the specimen is reduced as much as possible (the
beam density during the observations is less than 50 000
electrons/(nm2

3 s) or 0.8 C/(cm
2
3 s). The specimen was observed

at 200 �C to remove amorphous carbons around CNTs. The Cs
was set to less than 1 μm. A Gatan 894 CCD camera was used for
digital recording of the HRTEM images. A sequence of HRTEM

Figure 5. (a) Evolution of the optical absorption spectra of the L-GNR@SWCNTs in the course of reaction with 10 mM
diazonium solution over a period of 4 days. Spectral features due to the radical side reaction (Supporting Information Figure
S7) are subtracted for clarity. (b) Raman spectra of the pristine (black) and functionalized (red) samples of the L-GNR@SWCNTs,
recorded under the excitation energy of 1.58 eV.
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images (20 frames) was recorded, with a 2 s exposure time for
each. After drift compensation, some frames can be super-
imposed to increase the signal-to-noise (SN) ratio for display.
HRTEM images are filtered by a lowpass filter after being filtered
by a commercial software named HREM-Filters Pro. The simula-
tion of HRTEM images is performed by using Mactempas
software.

Computational Methods. First-principles total energy calcula-
tions were performed on the optimized geometries using DFT.
LDA was adopted to account for the exchange-correlation
interactions of electrons. Norm-conserving pseudo potentials
were adopted to describe electron�ion interactions. The va-
lence wave functions were expanded by the plane-wave basis
set with the cutoff energy of 50 Ry.
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