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G
raphene nanoribbons (GNRs) with a
width less than 20 nm are interest-
ing as a 1D material with an optical

band gap. The gap can be estimated by
photoluminescence (PL) spectroscopy. To
the best of our knowledge all previous
attempts to measure the PL of GNRs have
failed. In this work we have registered the
PL of narrow GNRs formed from coronene
molecules inside single-walled carbonnano-
tubes (SWCNTs).
SWCNTs have unique physical properties

due to their one-dimensional structure.1

Optical transitions in SWCNTs are deter-
mined by the electron confinement due to
the circumference of the carbon nanotube,
leading to a density of states comprising a
set of van Hove singularities, by the binding
energy of an attractive Coulomb inter-
action between an electron and a hole
and by the electron�electron interaction.
SWCNT debundling in suspension revealed
new ways for characterization of chirality of
semiconducting carbon nanotubes: optical

absorption and photoluminescence spectro-
scopies.2,3 PL has become a very informa-
tive and convenient method for studying
SWCNTs.4 This triggered extensive experi-
mental research on the electronic structure
and optical properties of SWCNTs. Carbon
nanotubes can be successfully employed in
biomarker applications,5 photonics,6 photo-
voltaics,7 and optoelectronics.8 Many stud-
ies were aimed to increase the PL quantum
yield of carbon nanotube-based materials
in different spectral regions. The reported
values of PLquantumyields9�11 significantly
vary depending on the environment, func-
tionalization, and bundling of the nano-
tubes. The filling of SWCNTs with organo-
metallic molecules enhances a near-infrared
PL, as demonstrated recently by Liu et al.12

Filling SWCNTs with molecules opens up
a possibility to enhance the PL quantum
yield and at the same time to obtain PL
emission in different spectral regions, which
is very attractive for different types of
applications.
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ABSTRACT We report the photoluminescence (PL) from gra-

phene nanoribbons (GNRs) encapsulated in single-walled carbon

nanotubes (SWCNTs). New PL spectral features originating from

GNRs have been detected in the visible spectral range. PL peaks from

GNRs have resonant character, and their positions depend on the

ribbon geometrical structure in accordance with the theoretical

predictions. GNRs were synthesized using confined polymerization

and fusion of coronene molecules. GNR@SWCNTs material demon-

strates a bright photoluminescence both in infrared (IR) and visible

regions. The photoluminescence excitation mapping in the near-IR spectral range has revealed the geometry-dependent shifts of the SWCNT peaks (up to

11 meV in excitation and emission) after the process of polymerization of coronene molecules inside the nanotubes. This behavior has been attributed to

the strain of SWCNTs induced by insertion of the coronene molecules.
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GNRs are another sp2-hybridized carbon nano-
material. Electronic properties of GNRs strongly depend
on their width and edge shape.13 For instance, narrow-
ing the width of a GNR increases its band gap.14,15

Various techniques have been reported for formation
of GNRs including chemical synthesis,16 unzipping
of multiwalled carbon nanotubes,17 and bottom-up
fabrication.18 The size (width and length) of the ribbons
and precision of their formation remain important
issues in synthesis. The width of the GNRs should be
less than 2 nm in order to follow the change of physical
properties driven by quantum-sized effects (due to the
transition from 2D to 1D material) and to investigate
the band gap opening with PL spectroscopy. Different
molecules have been recently used as building blocks
for “bottom to top” synthesis of hydrogen-terminated
nanoribbons18 using a surface-assisted dehydrogena-
tion and polymerization. Recent experiments have
demonstrated the possibility to form narrow GNRs
inside the nanotubes using polycyclic aromatic hydro-
carbon (PAH) molecules as precursors.19 Carbon nano-
tubes also have been used as nanoscale chemical
reactors to synthesize sulfur-terminated nanoribbons
using various organic molecules.20 Theoretical studies
show that the termination of the edges with different
types of molecules significantly influences the elec-
tronic structure of the GNR.21,22 The space inside
SWCNTs provides geometrical conditions for formation
of one-dimensional structures using chain polymeriza-
tion of “nanographene” molecules (e.g., coronene
and perylene) into nanoribbons.23 Molecules placed
inside SWCNTs are well protected from the external
environment and can form inner structures that
are thermodynamically unstable in the absence of
an encapsulating template. Different configurations
of GNRs have been predicted to form inside the

nanotubes.24,25 Confinement determines the behavior
of molecules encapsulated in SWCNTs.26 Therefore,
variously shaped nanoribbons can possibly be ob-
tained by selection of specific types of host tubes,
PAH precursors, and parameters of polymerization
reactions.
In this article we report a photoluminescence excita-

tion (PLE) study of GNRs encapsulated inside SWCNTs.
The results provide decisive evidence for successful
formation of GNRs and allow a detailed characteriza-
tion of their width and relation to diameters of en-
capsulating SWCNTs. It is found that GNR@SWCNTs
have bright PL in the visible spectral range. The
response is resonant and originates from the encapsu-
lated GNRs. PL peak positions depend on the ribbon
structure, in accordance with the theoretically pre-
dicted values. Simultaneously, GNR@SWCNTs emit in
the IR region. This contribution comes from the host
SWCNTs. The change in the host SWCNT optical band
gap relative to that of initial nonfilled SWCNTs has been
revealed.

RESULTS AND DISCUSSION

High-resolution electronmicroscopy (HRTEM) image
of the sample (Figure 1) demonstrates the produced
GNRs inside SWCNTs. Generally, almost all nanotubes
are filled with GNRs.
The structure of nanoribbons is not uniform in width

and contains helical twists. Such twists unambiguously
prove the formation of GNRs rather than other types of
structures inside SWCNTs.19,27 Twisting has also been
shown to contribute to the band gap values of the
nanoribbon.28

We used two types of SWCNTs29 with different
average diameters as a template for the GNR formation
in order to form nanoribbons with various widths and,

Figure 1. HRTEM image of SWCNTs with GNRs formed inside and a schematic representation of GNR formation from a
coronene molecule.
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therefore, with different electronic structure. The ab-
sorption spectra of these nanotubes before and after
the synthesis are shown in Figure 2. The average
diameter for narrow tubes is 1.3 nm and for wider ones
�1.9 nm.30 After the synthesis E11s peaks of SWCNTs for
both samples became wider and demonstrate a red
shift. For the narrow tubes this shift is about 18 meV,
and for the wide tubes it is 8 meV.
The peak width increase can be explained by the

partial filling of the nanotubes with nanoribbons and
by the strain-induced changes of electronic structure
in the filled SWCNTs.31,32 Nanotubes with an average
diameter of 1.3 nm are close to the predicted size limit
for insertion of coronene molecules;33 therefore the
induced strain in such nanotubes could be higher,
resulting in the higher values of the peak shifts com-
pared to those for the larger diameter tubes.
Raman spectroscopy has revealed some typical fea-

tures appearing after the formation of GNR@SWCNTs.
Besides Raman lines assigned to initial carbon nano-
tubes, new peaks are found in the D and G band
regions. The highest intensities of new peaks (1323,
1350, and 1404 cm�1) are observed when a 2.41 eV
excitation wavelength is used. Positions of these peaks
are close to the reportedvalues for solid-state coronene,34

but correspond to coronene oligomers.35 Recently pub-
lished calculations showed that chain oligomers formed
by coronene polymerization cannot be distinguished
using Raman spectroscopy since their spectra exhibit
only rather minor length-dependent differences.23 The
coronene oligomers are insoluble in common solvents35

and can still be detected in GNR@SWNT samples after a
long washing treatment with toluene, while the pristine
coronenes are soluble in toluene and can be removed.
The position of the nanotube G band shows no change
after GNR formation inside, confirming the absence of
charge transfer between outer shells of nanotubes and
GNRs (Figure 3). This observation is also consistent with
the absence of intensity decrease of the E11s band in
absorption spectra after filling.
No additional spectral signatures of GNRs in the G

mode region have been detected. The response might

be hindered by the strong resonance components
corresponding to the outer SWCNTs. This hypothesis
is indirectly confirmed by the investigation of the 2D
line. After formation of encapsulated GNRs the width
and the shape of the 2D line changes. Newcomponents
with positions close to the values known for graphene
appear in the spectra within the broad 2D peak from
the outer SWCNTs (Supporting Information).
The Raman spectra in the RBM (radial breathing

mode) spectral range are presented in Figure 4. Filling
of SWCNTs with molecules and compounds results in
changes of their vibration frequencies.36,37 We have
detected the significant up-shifts in the peak positions
for the filled samples (up to 9 cm�1), which are higher
compared to the Raman shifts of the stacked coronene
columns inside SWCNTs.33 The nanotubes with similar
diameters, demonstrating RBM peak positions around
190 cm�1, can havedifferent up-shifts (from3 to 9 cm�1)
as measured for the two filled samples with different
nanotube geometry distributions (Figure 4). The shifts
of the RBM mode frequencies together with the
broadening of the line widths depend not only on the
diameters of host tubes but also on their geometry
together with the geometry variations of encapsulated
GNRs and their helical twists. Noteworthy to mention is
that spectra from GNR@SWCNTs demonstrate no signs

Figure 2. UV�vis�NIR absorption spectra of pristine SWCNTs (in black) and GNR@SWCNTs (in red). (a) SWCNTs with an
average diameter of 1.3 nm. (b) SWCNTs with an average diameter of 1.9 nm.

Figure 3. Raman spectra of G and D bands of pristine
SWCNTs (in black) and GNR@SWCNTs (in red).
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of double-walled carbon nanotubes (DWCNTs). DWCNT
formation in nanotubes with diameters similar to those
used in our experiments (1.3 nm) requires ultrahigh
curvature of inner tubes, and the possible geometries
have been studied in detail in the paper by Plank
et al.38,39 Considering the relatively large diameter of
the coronene molecule (∼0.8 nm) and its planar shape,
it is rather unlikely that inner nanotubes could form
at the very low temperatures used in our experiments
(420 �C). Formation of DWCNTs from smaller organic
molecules is typically observed at much higher tem-
peratures (∼900�1000 �C). However, for perylene
(PAHmolecule with smaller size compared to coronene)
encapsulated in SWCNTs formation of inner nanotubes
was not observed even at 1050 �C.40 On the other
hand, theoretical studies showed that graphene nano-
ribbons can be twisted into nanotubes,41 which could
happen also with dehydrogenated GNRs at very high
temperatures. The formation of inner tubes from the
GNRs prepared using a coronene precursor was ob-
served recently, but only at much higher temperatures
(1250 �C), which is not surprising, as the C�H bonds
in hydrogen-terminated nanoribbons are expected to
break above ∼700 �C.42

The IR PLE contour maps of the pristine nanotubes
and GNR@SWCNTs are presented in Figure 5. For these

measurements carbon nanotubes with an average
diameter of 1.3 nm have been suspended in D2O with
DOC salt. After formation of GNRs we still detect the
intense response from SWCNTs. However, there are
differences in contour maps recorded before and after
the synthesis; for example, many PL peaks of SWCNTs
in GNR@SWCNT samples demonstrate red shifts. The
E11 PL peak shifts for SWCNTs with indices (10,9) and
(12,7) are up to 11 meV. Taking into account that both
initial tubes and GNR@SWCNTs are in the same envi-
ronment and went through equal sonication treat-
ment, the major reason for the red shift of the PL
should be the induced radial strain of the host tubes. In
the work of Okazaki et al.,43 where the authors study
the changes of PL response after fullerene encapsula-
tion, the red shifts are assigned to strains of SWCNTs
together with hybridization of the energy levels be-
tween encapsulated molecules and outer tubes. In our
case, the measurements have been performed on the
nanotubes with diameters near the limit of encapsula-
tion; therefore the radial strain becomes the main
mechanism for the band gap modification. Surpris-
ingly, the shifts are detected for nanotubes with diam-
eters smaller than the DFT-estimated limit values for
the exothermic encapsulation of stacked coronene
columns inside carbon nanotubes.33 For instance, large

Figure 4. Raman spectra of the RBM band of pristine SWCNTs (in black) and GNR@SWCNTs (in red). (a) SWCNTs with an
average diameter of 1.3 nm. (b) SWCNTs with an average diameter of 1.9 nm.

Figure 5. IR PLE contour plot of the GNRs@SWCNTs. Central positions of the peaks from pristine SWCNTs are marked with
crosses.
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red shifts in emission have been detected for (12,4)
tubes with a diameter of 1.15 nm.
The reason for such peak shifts of narrow diameter

tubes might be formation of imperfect and even
deformed GNRs inside. PLE measurements indicate
that the limit of the nanotube diameter for encapsula-
tion of coronene molecules is around 1.1 nm. It should
be noted that structures that are formed inside
are determined by the geometry of the host tubes.
Besides, such structures appear to be not ideally flat
GNRs. Therefore, it is complicated to model the de-
pendence between the outer tube diameters and the
induced shifts.
PLE contour maps recorded in the visible spectral

range from the same GNR@SWCNT sample and from
the reference sample of coronene are presented in
Figure 6. Coronene has emission peaks in the visible
spectral range up to 550 nm,44 which correspond to S1
fluorescence from the singlet and triplet states. Similar
peaks are presented on the contour map of the
GNR@SWCNT sample. Despite the slight red shifts in
excitation of the peaks and their intensity redistribu-
tion, the main coronene PL bands are detected in
the emission range from 380 to 460 nm in the
GNR@SWCNT sample. We could follow the intensity
decrease of these peaks performing the washing pro-
cedure of the sample with toluene. However, we were
not able to remove completely the synthesis side
products. Importantly, some PL bands demonstrate
no intensity change after the toluene treatment, and,
moreover, they are not presented in PLE contour maps
of coronene. The additional peak appeared after
the synthesis procedure. It is positioned at around
533 nm emission and 377 nm excitation wavelengths
(Figure 6b). The peak is resonant and the line width in
emission is around 70 meV. We assign this peak to the
GNRs formed inside SWCNTs. Taking into account the
van der Waals interaction between the inner structure
and outer nanotube, the most favorable width of the
nanoribbon for a 1.3 nm diameter tube is 0.64 nm. DFT
calculations of the dependence between the energy
band gap and thewidth of hydrogen-terminated GNRs

performed by Barone et al.21 predicted the oscillation
type variation of the band gap as a function of the
GNR's width. The value of the PL peak position ob-
tained in our experiment is well within the theoretically
predicted ranges of energy band gap for the nanorib-
bons with a width of around 0.64 nm. As mentioned
before, the host tube governs the structure of the inner
GNR and therefore its width. To follow the width
change of GNRs in PL, we have looked at the GNRs
formed in the bigger diameter tubes (Figure 7). For
SWCNTs with an average diameter of 1.9 nm we have
detected a new peak centered at 639 nm emission and
369 nm excitation wavelengths. This peak is signifi-
cantly shifted toward the longer wavelengths in emis-
sion compared to the peaks detected from the 1.3 nm
diameter tube sample. This observation is in agree-
ment with the assumption that GNRs formed in the
bigger diameter tubes are wider and have a narrower
band gap. According to the previously mentioned DFT
calculations, this peak might correspond to the GNR
with a width of around 0.93 nm, which is in good
agreement with the obtained HRTEM data.19 There-
fore, new PL features that appeared after the synthesis
procedure can be reasonably considered as a contribu-
tion from GNRs formed inside SWCNTs. Hydrogen-
terminated GNRs with a two hexagon width can be

Figure 6. PLE contour plots in the visible spectral range. (a) Coronene molecules in a hexane solution. (b) GNRs@SWCNTs
suspended in D2O. New peak assigned to a GNR is marked with a white arrow. Average diameter of SWCNTs is 1.3 nm.

Figure 7. PLE contour plot in the visible spectral range of
GNRs@SWCNTs.Maximumof theGNRpeak ismarkedwith a
white arrow. Average diameter of SWCNTs is 1.9 nm.
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suggested to form inside the smaller diameter nano-
tubes, while the three hexagon wide GNRs are likely to
form inside the 1.9 nm SWCNTs.
In comparison to the coronene stacked columns

the PL response from GNRs is markedly different. For
coronene columns the main reported PL lines are
positioned below 550 nm and demonstrated no de-
pendence on the excitation wavelength in the range
between 320 and 366 nm.33 In our case we have
resonance peaks in PLE contour plots with positions
located further in the red part of the spectrum and
dependent on the width of the GNRs. Therefore, the
PLE mapping allows distinguishing various nanostruc-
tures formed inside SWCNTs.
The excited-state energies of the encapsulating

SWCNTs are below the energies of encapsulated GNRs;
however, we are able to obtain a bright PL from the
ribbons. Similar phenomena have been reported by Loi
et al.,45,46 where authors encapsulatedR-sexithiophene
(6T) inside SWCNTs, and Okazaki et al.33 for encapsu-
lated coronene molecules. In comparison to the coro-
nene stacked columns the PL response from the GNRs
is markedly different. For coronene columns the main
reported PL lines are positioned below 550 nm and had
no dependence on the excitation in the range between
320 and 366 nm. In our case we have resonance peaks
in PLE contour plots with positions located further in
the red part of the spectrum and dependent on the
width of the GNRs. Therefore, the PLE mapping allows
distinguishing various nanostructures formed inside
SWCNTs.
Due to a weak energy transfer between GNRs and

outer SWCNTs, the PL response of GNR@SWCNTs can
be observed simultaneously in IR and visible spectral
ranges. This opens up new possibilities to use this
material in photonics. A bright PL from encapsulated

GNRs can be successfully applied in biology for imag-
ing and sensors. It is important to emphasize that the
electronic structure of the encapsulated structures can
be controlled by tuning the size of the host tubes.
Using SWCNTs of various diameters allows tailoring the
properties of the encapsulated material. It is also likely
that selection of different “nanographene” precursor
molecules and variations of synthesis parameters (e.g.,
temperature and pressure) will result in formation of
GNRs with different geometry and edge types. Confine-
ment of GNRs inside the SWCNTs provides conditions for
unusual stability of very narrow GNRs even when they
are exposed to the ambient air conditions. Some degra-
dation of GNRs was observed only after several months
of air storage. Therefore, GNR@SWCNTs can beproposed
as a feasible material for creation of robust nanosized
light emitters working at visible wavelengths.

CONCLUSIONS

In conclusion, we studied the optical properties of
composite materials prepared using coronene encap-
sulation and polymerization inside SWCNTs. We de-
monstrate that GNRs@SWCNTs can be characterized
by PLE mapping and distinguished from single mol-
ecules encapsulated in SWCNTs. In addition to the
strain-induced red shifts of the bands from SWCNTs
in the IR spectral range we detected new features
corresponding to GNRs in the visible spectral range.
PLE mapping allows identifying GNRs with different
geometries. For the narrowest detected GNRs the
emission wavelength is 533 nm. The PL peak positions
of GNRs are in agreement with theoretical studies and
HRTEM observations. The simultaneous bright PL re-
sponse of GNR@SWCNTs in both the IR and visible
regions can be used in various photonics applications,
e.g., for robust nanosized light emitters.

EXPERIMENTAL SECTION

Sample Preparation. SWCNTs used in the work have been
synthesized by the aerosol method29 and initially were in the
form of films. GNRs were synthesized using a confined polymer-
ization and fusion of polycyclic aromatic hydrocarbon (coronene)
molecules by annealingof SWCNTs in coronene vapor in an argon
or hydrogen atmosphere. The annealing temperature was set at
420 �C in order to reduce the amount of side products, which
easily form on the outer walls of the nanotubes. More details on
the synthesis process can be found elsewhere.19 The sample was
washed in toluene to remove coronenes from the outside of
the SWCNTs. The pristine nanotubes and a novel nanomaterial
were examined in the form of both films and suspensions. The
suspensions were prepared using a natural bile salt detergent;
sodium salt of deoxycholic acid (DOC) in D2O;in order to
individualize SWCNTs. DOC has been shown to be very efficient
in solubilizing the individual carbon nanotubes compared with
the other commonly used detergents.47 GNR@SWCNTs (or just
SWCNTs) were ultrasonicated in D2O-dissolved DOC (1 w/v
percent) during 15 min. During the sonication process the
tube containing the suspension was immersed into cold
water. The obtained suspension was centrifuged in a Beckman
Coulter Ultra-Max-E centrifuge (MLA-80 rotor) for 0.5 h with an

acceleration of 140000g. The supernatant was used for the
measurements. The coronene powder was dissolved in n-hexane
for the reference measurements.

Optical Measurements. ThePLmeasurements of GNR@SWCNTs
have been performed either directly from the films on the quartz
substrates or from the aqueous suspensions. The photolumines-
cence spectra were recordedwith a Horiba Jobin-Yvon NanoLog
system supplied with an InGaAs CCD detector (850�1550 nm)
and with a photomultiplier (R928P) working in a spectral range
of 180�850 nm. Photoluminescence excitation in the UV�vis
spectral range was performed with a Xe lamp (250�900 nm).

The optical absorption spectra were recorded using a
UV�vis�NIR double-lined spectrophotometer (Perkin-Elmer
Lambda 900). The spectral resolution was 0.5 nm in the 200�
3000 nm (6.2�0.41 eV) spectral range.

The Raman spectra were recorded using a Jobin Yvon S3000
triple monochromator spectrometer in a microconfiguration.
The spectral resolution was 1 cm�1. An Ar�Kr ion laser (Stabilite
2018, Newport) at various wavelengths (from 488 nm (2.54 eV)
up to 647 nm (1.92 eV)) was used for excitation in Raman
measurements.
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