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Band gap modification and photoluminescence
enhancement of graphene nanoribbon filled
single-walled carbon nanotubes†
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K. Suenaga,d H. Shinoharab and E. D. Obraztsovaa

Molecule encapsulation inside the single-walled carbon nanotube (SWCNT) core has been demonstrated

to be a successful route for the modification of nanotube properties. SWCNT diameter-dependent filling

results in band gap modification together with the enhancement of photoluminescence quantum yield.

However, the interaction between the inner structure and the outer shell is complex. It depends on the

orientation of the molecules inside, the geometry of the host nanotube and on several other mechanisms

determining the resulting properties of the hybrid nanosystem. In this work we study the influence of

encapsulated graphene nanoribbons on the optical properties of the host single-walled carbon nano-

tubes. The interplay of strain and dielectric screening caused by the internal environment of the nanotube

affects its band gap. The photoluminescence of the filled nanotubes becomes enhanced when the gra-

phene nanoribbons are polymerized inside the SWCNTs at low temperatures. We show a gradual photo-

luminescence quenching together with a selective signal enhancement for exact nanotube geometries,

specifically (14,6) and (13,8) species. A precise adjustment of the optical properties and an enhancement

of the photoluminescence quantum yield upon filling for nanotubes with specific diameters were

assigned to optimal organization of the inner structures.

Introduction

Carbon nanotubes provide a unique template for nanoscale
engineering.1 The inner space of nanotubes with diameters of
1–2 nm is enough to accommodate large dye molecules,2–4

polycyclic aromatic hydrocarbon molecules4–7 or various
fullerenes8–10 inside. Nanotube confinement allows perform-
ing chemical reactions inside11 and also leads to structural
transformation of encapsulated molecules.12–15 Recently, the
nanotube core was used as a nanoreactor for the formation of
sp1-hybridized carbon chains.16 The stability and length of the
linear carbon chain strongly depend on the nanotube dia-

meter. Single-walled carbon nanotubes (SWCNTs) can be also
used for the formation of sp2-hybridized carbon materials –

graphene nanoribbons (GNRs).7,10 The nanotube diameter
determines the arrangement of the filler molecules and the
result of polymerization. In the case of coronene molecule
encapsulation several types of inner structures can be created
including coronene stacks,17–19 molecule dimers20 and, finally,
GNRs. All types of hybrid nanomaterials demonstrate different
optical properties.19,21 One of the strategies to obtain the
material with desired parameters is by the use of preliminarily
separated SWCNTs with equal properties (in terms of geometry
or conductivity type). Recent progress in separation tech-
niques22,23 has opened up a wide range of methods to control
the nanotube diameter. The nanotubes with a chosen geome-
try can be used further for the filling and formation of hybrid
nanomaterials with desired properties. However, it should be
noted that the preparation procedures required for the separ-
ation techniques may significantly change the physical pro-
perties of SWCNTs,24 consequently resulting in complicated
phenomena in the filled hybrid materials.

Along with that, the encapsulated structures themselves can
successfully modulate the nanotube properties. Charge-carrier
doping can be used for fine-tuning the 1D electronic transport
characteristics,25,26 which is desirable for nanoelectronics.
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Moreover, filling the nanotubes may influence the optical pro-
perties of SWCNTs.27–29 A selective photoluminescence (PL)
enhancement for some particular nanotube geometries has
recently been reported.27,30 The increase of the PL emission
quantum yield of the hybrid material can be implemented in
sensing applications, when SWCNTs serve as robust nanoemit-
ters. Encapsulation of molecules and other nanostructures
inside the nanotube channel can result in improved PL pro-
perties, reduced line widths and shifted peak positions of the
excitonic optical transitions. However, the origin of the
observed effects is complicated and may be an interplay
between several factors. In the case of fullerene encapsulation
that leads to the nanotube optical band gap variation,31,32 the
major contribution was assigned to the strain induced effects.
While for the encapsulation of ferrocene molecules (FeCp2)
the PL properties modification was explained by the peculiar
charge transfer27 together with the molecular orientation
depending on the host nanotube diameter.33 The afore-
mentioned processes can result in the increase of the PL
quantum yield of SWCNTs. The enhancement effects occur
not for all of the filled nanotubes, but for certain geometries.
Understanding the processes taking place in the filled
SWCNTs will make it possible to realize the controllable selec-
tive enhancement of PL quantum yield and to perform an
accurate adjustment of hybrid material properties.

In this contribution, we use PL excitation to study in detail
the behavior of several nanotube geometries after filling with
coronene molecules, which were further converted into GNRs.
We find that, depending on the GNR formation conditions,
different SWCNT geometries demonstrate a PL enhancement.
The PL intensity redistribution between the nanotube geo-
metries is stepwise upon filling, with a trend for quenching of
PL for the smallest diameter tubes and the existence of one
dominant nanotube geometry, for which PL quantum yield is
increased upon filling.

Both strain and dielectric screening affect the optical pro-
perties of the GNR@SWCNTs systems. We detect up to 1.7-fold
PL enhancement for the nanotubes filled with low-temperature
formed GNRs compared to pristine nanotubes.

Experimental
Synthesis of graphene nanoribbons inside single-walled
carbon nanotubes

SWCNTs with an average diameter of 1.4–1.6 nm have been
used in the study (Type SO, Meijo Nano Carbon). The nano-
tube filling was performed via a vapor phase encapsulation of
coronene molecules (95%, TCI). The formation of low-tempera-
ture graphene nanoribbons inside SWCNTs was performed by
loading into the separate compartments of an H-type pyrex
tube 6 mg of open-capped SWCNTs and 10 mg of coronene
powder, further degassing and sealing in an ampule (10−6

Torr). After heating at 450 °C for 48 h, the resulting carbon
nanotubes were washed with 50 mL of toluene, dried and
stored. The high temperature graphene nanoribbons inside

SWCNTs were synthesized by additional heating of low-temp-
erature-grown samples in a vacuum (10−6 Torr) at 700 °C for
48 h to induce further polymerization among the molecules
encapsulated.5,34

Preparation of aqueous suspensions

2 mg of test samples (pristine SWCNTs, low temperature gra-
phene nanoribbons inside SWCNTs and high temperature
GNR@SWCNTs) were dispersed in 10 mL of D2O with 1 wt%
sodium cholate (SC, 98%, Kishida) for 20 h by using a bath
type sonicator (Nanoruptor NR-350, Cosmo Bio). The disper-
sant was centrifuged at 52 000 rpm using a swing bucket rotor
(S52ST, Hitachi) for 1 h to precipitate aggregated nanotube
bundles. 80% of the supernatant was collected from the test
tubes and used for optical measurements. The suspension
fractions were diluted to common extinction at 1000 nm.

Optical investigation of materials

Absorption measurements were performed in a 10 mm path
length quartz cuvette using a UV-vis-NIR double-lined spectro-
photometer (PerkinElmer Lambda 950). The spectral resolu-
tion was 0.5 nm in the 200–3000 nm (6.2–0.41 eV) spectral
range.

The photoluminescence spectra were recorded using a
Horiba Jobin-Yvon “NanoLog-4” system supplied with an
InGaAs IR enhanced range CCD detector (1100–2000 nm).
A photoluminescence excitation in the vis–near-IR spectral
range (740–1100 nm) was performed using a tunable cw Ti:
Sapphire laser (Spectra-Physics Model 3900S pumped by
Millennia Pro); an excitation in the UV-vis spectral range for
the additional data was performed using a Xe lamp
(250–900 nm). For the PL excitation maps the step between the
excitation lines was 5 nm. In order to clearly observe and esti-
mate the shifts in the PL data all the measurements (excitation
and emission profiles) were fitted using previously reported
procedures.35

Results and discussion

One type of molecule has been chosen for encapsulation
inside SWCNTs. Coronene molecules (C24H12) demonstrate
high filling rates and get easily polymerized inside the nano-
tube channel. In order to study the influence of the inner
structures on the optical properties of SWCNTs we used two
different sets of synthesis parameters. The first batch of
samples was synthesized under low temperature polymeriz-
ation conditions below 450 °C that resulted in the formation
of short length graphene nanoribbons inside the nanotubes
(LT GNR@SWCNTs) and the second set comprised samples
formed at higher temperatures, reaching 700 °C. A high temp-
erature polymerization resulted in the formation of fully
ordered ribbons with a spiral organization (HT
GNR@SWCNTs) along the whole nanotube length. A structure
model of the studied HT GNR@SWCNT system is presented in
Fig. 1(a). Raman spectroscopy measurements performed at
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two excitation energies are presented in the ESI (Fig. S1 and
S2†). High resolution transmission electron microscopy (HR
TEM) images of both types of samples can be found in ESI
Fig. S3† and elsewhere.5 It is important to note that high-
resolution imaging even at low accelerating voltages is compli-
cated for such composite materials as the hydrogen atoms get
easily detached from the ribbon edges under irradiation.36

Nevertheless, TEM images demonstrate the differences

between the two sets of samples. The LT GNRs are seen as less
organized within the nanotube channel, while the HT GNRs
form long well-ordered structures. Both types of structures
demonstrate the change in the host nanotube cross section
due to the filling. All of the nanotubes used in the study have
diameter distributions around 1.4–1.6 nm and can be filled by
coronene molecules. The limit for the filling was previously
estimated to be 1.1–1.2 nm.17,19,21

The differences between the two types of systems can be
detected by optical absorption spectroscopy (Fig. 1b). In
addition to the spectral features arising from the pristine
mixture of semiconducting (s) and metallic (m) single-walled
carbon nanotubes, such as the E11s optical transition
(1500–2100 nm), E22s (800–1200 nm), E11m (600–800 nm), and
E33s (400–600 nm) one can notice an extra band around
750 nm that is a signature of the HT GNRs (Fig. 1).5 Peak posi-
tions of the absorption peaks get shifted after the nanotube
filling. For instance, for both types of samples filled with LT
and HT GNRs E11s and E22s band shifts can be clearly seen.
Variation of the temperature during the polymerization influ-
ences the optical transitions of the filled nanotubes. The
optical absorption measurements have been performed in an
identical D2O environment with the same amount of sodium
cholate used as a surfactant.

In order to study the influence of filling on the nanotube
band gap modification and to access the changes for each geo-
metry of semiconducting nanotubes, we perform the photo-
luminescence excitation mapping (Fig. 2). Two main obser-
vations can be made from the PLE maps. First, the excitation
and emission peak positions get changed for each geometry
after the filling in comparison with the pristine nanotubes.
Second, there is a PL intensity redistribution between the
nanotube geometries for high- and low-temperature filling.
While the brightest emitting nanotubes in the pristine sample
are (11,9) and (14,6) species, for LT GNR filled tubes the domi-
nant emission is shifted towards the (14,6) species and for
high-temperature ones the brightest become (13,8) filled nano-

Fig. 1 (a) Structure model of an infinitely long GNR inside SWCNT. (b)
Optical absorption spectra of pristine SWCNTs (black), low-tempera-
ture-grown GNRs@SWCNTs (red), and high-temperature-grown
GNRs@SWCNTs (blue). Note the E22s optical transition central peak
position as it gets clearly shifted after the filling of nanotubes. The arrow
marks the additional spectral feature from the high-temperature poly-
merized GNRs. Spectra are normalized to the E11s transition.

Fig. 2 Photoluminescence contour plots of pristine SWCNTs (a), low-temperature-grown GNRs@SWCNTs (b), and high-temperature-grown
GNRs@SWCNTs (c). The PL intensity redistribution takes place upon filling the SWCNTs. The PL intensity in each counter plot is normalized.
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tubes. SWCNT PL peak position shifts upon filling have been
previously reported and studied in detail for such objects as
fullerenes, ferrocene, water, various organic molecules, etc.
inside SWCNTs.21,28,32,37 Depending on the filler the origin of
the PL shifts is different. For instance, all the nanotubes
demonstrate red shifts of the first optical transition after
filling with water molecules.37 Such an observation was well
described within the environmental dielectric model38 that
was originally proposed for the external environment’s influ-
ence on nanotube excitonic transitions. For fullerene-filled
nanotubes, the origin of the shift is mainly different, especially
for the narrowest filled nanotubes.39 The opposite trend for
the blue and red shifts of the E11 transition depending on the
nanotube family type (type I (mod(2n + m, 3) = 1) and type II
(mod(2n + m, 3) = 2), where n and m are nanotube indexes)
clearly points out the influence of the nanotube strain. We
took a closer look at the PL peak positions changes in the
case of GNR filling (Fig. 3). For each nanotube geometry, the
filling may result in either blue or red shifts in comparison
with the values for the pristine tubes. Moreover, the changes
depend on the filling temperature, proposing the different
nature of the shifts for both systems. In order to see the differ-
ence between the systems we plot the shifts against the nano-
tube diameter and specifically point out the nanotube family
type (Fig. 4). For both systems of low and high temperature
polymerized GNRs inside nanotubes, we detect the blue and
red shifts. The shift values are significantly smaller compared
to those reported for the fullerene filling case. Nevertheless,
for LT GNRs@SWCNTs the family type dependence is more
prominent compared to the high temperature system. An
increase of the polymerization temperature leads to more
homogeneous red shifts of the PL for mostly all of the geome-
tries, while the blue shifts get reduced. A unified expression

for the optical band gap modification under a small axial
strain for various nanotube geometries was proposed in the
work of Yang et al.:40 ΔE = sign(2p + 1)3t0(1 + ν)σ cos 3θ, where
σ is the axial strain, θ is the nanotube chiral angle, ν ≈ 0.2 is
the Poisson ratio, t0 = 2.66 eV is the tight-binding overlap inte-
gral, and p equals −1 or 1 for semiconducting nanotubes
depending on the family type. The dependence of the sign of
the band gap shift on the family type of nanotubes obtained
in the experiment supports the idea that the strain after the
formation of GNRs leads to the modification of nanotube
optical properties in a variable degree depending on the geo-
metry. According to the equation one percent strain can result
in a maximal shift of 100 meV. In our case the strain might be
up to 0.25% for (12,8) nanotubes. HR TEM imaging along with
theoretical calculations41 demonstrate a large cross-section
distortion of nanotubes up to 20% of the diameter value when
the graphene nanoribbons are inside,10 which results in a
local strain of the nanotube wall. According to the experi-
mental HR TEM data some nanotubes host wide GNRs, which
in principle do not fit directly to the non-disturbed tubes. The
reason for the strain should lie in the polymerization pro-
cedure conditions and in the fact that initially filled molecules
easily get inside during vapor phase encapsulation. Based on
the PL measurements of the band gap modification upon GNR
formation, we suppose that the different filling temperature
results in the formation of systems with different values of per-
turbation. For LT GNR@SWCNT the filler nano-objects to a
greater extent disturb the nanotube shape and therefore the
strain effects get more prominent, while for the HT
GNR@SWCNTs, the inner structures get more ordered and
homogeneously fill the nanotubes, the strain effects get
reduced and dielectric screening becomes more evident.

The dielectric screening effects are well pronounced for sus-
pended SWCNTs in different external environment.42,43

Dominantly, the excitonic energy transitions monitored via PL
demonstrate an increase in red shifts with the increase of
dielectric constant. The dependence on the environment
becomes well pronounced for smaller diameter tubes with a
linear trend in (E11)

3ΔE over d−5 coordinates.43 A similar
approach has been recently used for the interpretation of
results of endohedral filling.28 It should be noted that not
much data is presented for the filling of large diameter nano-
tubes, while most of the works demonstrate the results for
nanotubes with diameters around 1 nm. In our case (Fig. 5),
for both types of systems a simple interpretation of the
obtained results using the relationship applied for the expla-
nation of the solvatochromic shifts in external environments
with different dielectric constants becomes impossible. We
detect a dependence of the optical transition on nanotube geo-
metry and diameter. The experimental data are not well fitted
by the linear function. For example, (11,9) and (12,7) species
are completely out of trend for both of our systems. These geo-
metries are also the smallest filled nanotubes; therefore the
strain influence in them is expected to be maximal. The com-
bination of several contributions should be taken into account
for the interpretation of PL shifts in GNR-filled nanotubes,

Fig. 3 PL peak position for each nanotube geometry of a pristine
sample (black) and filled nanotubes with low-temperature-grown GNRs
(red) and high-temperature-grown GNRs@SWCNTs (blue).
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namely the dielectric screening together with the strain-
induced modifications. The discrepancy from the linear trend
was also reported for nanotubes filled with various mole-
cules,28 which might be explained not only by the strain, but
also by the specific molecule organizations depending on the
nanotube diameter.33

We now turn to a discussion of PL intensity redistribution
between the nanotube geometries upon filling. The gradual
change in the nanotube PL intensity in both systems of high-
and low-temperature polymerized GNRs inside SWCNTs is
clearly seen in Fig. 2. For the pristine sample the dominant
emitting tubes possess the smallest diameters in the ensem-
ble. After the formation of GNRs inside at low temperature,
(14,6) geometry becomes the brightest. For the GNRs polymer-

ized at high temperature the emphasis shifts towards the
(13,8) geometry. The change in the PL emission properties of
nanotubes is governed by the inner structures. Encapsulation
of different fillers may result in both an increase and also
quenching of nanotube PL. Frequently, the main origin of the
phenomena is an electron transfer between the core and the
shell.25,27 In the case of suspended and filled nanotubes
additional factors may come into play, such as oxidation
during the opening procedure and interaction with surfactant
molecules.27 Moreover, a complicated interplay between the
inner structure charge transfer and the intrinsic charge trans-
fer from the outer tube influenced by the external environment
can also take place.30 In our two types of systems we used the
same procedures for the preparation of nanotubes and identi-

Fig. 4 The difference in the optical band gap for filled with low-temperature-grown GNRs (a) and high-temperature-grown GNRs (b) SWCNTs and
pristine nanotubes plotted against nanotube diameter.

Fig. 5 Solvatochromic shift values for filled with low-temperature-grown GNRs (a) and high-temperature-grown GNRs (b) SWCNTs.
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cal surfactant concentrations in order to detect and compare
the changes assigned to the influence of the inner structure.
We plot the PL intensity against nanotube diameter after
filling compared to pristine nanotubes for each geometry
(Fig. 6). The common trend for both systems is the PL intensity
increase for the larger diameter tubes. This can be attributed
to the exciton energy transfer to the nanotubes with the nar-
rower band gaps.44 However, a new detected feature is the PL
increase for the nanotubes that don’t possess the narrowest
band gaps in the sample. For nanotubes filled with low temp-
erature GNRs the (14,6) geometry demonstrates the highest PL
increase, while for the tubes with GNRs grown at high temp-
erature the emission maximum is shifted towards the larger
diameter species. The organization of the inner structures
inside the tube should be the main reason for the PL intensity
redistribution between nanotubes with various geometries. As
demonstrated previously for ferrocene molecules33 a specific
orientation of encapsulated structures results in different
intermolecular interactions, which may lead to an increase of
the PL intensity. In the case of GNRs@SWCNTs a specific
relationship between the nanotube diameter and the inner
structure configuration can be explained by the promoted
intermolecular interaction between the filler molecules during
the polymerization that results in the unique orientation of
the formed GNR within the tube. At high temperature GNRs
fill the nanotube channel more homogeneously; the inner
structure is well organized and the modification to the nano-
tube environment is uniform. With the exception of the
optimal nanotube geometries, a large number of small dia-
meter nanotubes demonstrate a quenched PL. The whole
guest–host system becomes a unified structure, similar to the
DWCNTs, where the charge transfer from the outer shell to the

inner tube is presented for all of the geometries.45 The behav-
ior of the stepwise PL intensity redistribution between the
nanotube geometries was observed in the case of PTCDA mole-
cules filling inside laser ablation SWCNTs and their further
transformation into GNRs in the inner nanotube space at
500 °C.6,private communication

The PL quantum yields of the two types of filled nanotubes
with low and high temperature polymerized GNRs are signifi-
cantly different (Fig. 7). For SWCNTs with the low temperature
GNRs inside, we detect the intensity gain of ≈1.7 compared to
the pristine tubes, while for the SWCNTs with the high temp-
erature GNRs, conversely, we detect an intensity reduction.
Whereas for the high temperature system the decrease in
intensity can be explained by a charge transfer from the shell
to the uniformly organized long GNR inside, the increase of
the quantum yield for the low temperature system might have
several explanations. We are able to exclude the influence of
the bundling between the tubes as the surfactant concen-
trations and other preparation procedures for both samples
are the same. In order to increase the overall PL quantum yield
for all of the nanotube geometries the non-radiative relaxation
rate of excitons should be reduced, i.e. the interaction of exci-
tons with the quenching sites. Previously, we had estimated
that the difference between two systems lies in the organiz-
ation of the inner structures inside nanotubes. The larger
induced strain in SWCNTs (taking place in the case of the low
temperature GNRs inside the NT system) itself is not respon-
sible for the quantum yield change.46,47 However, a repeatable
bending of the tube, as in the case when the inner structures
can be short and not completely polymerized, may lead to a
localization of the excitons that are responsible for the bright-
ening.48 The peculiar local charge transfer for the more per-
turbed system of not fully polymerized GNRs can be con-

Fig. 7 PL spectra from a pristine sample (black) and filled nanotubes
with the low temperature GNRs (red) and high temperature
GNRs@SWCNTs (blue). An excitation was performed at 1022 nm wave-
length. The original response from SWCNTs filled with the low tempera-
ture polymerized GNRs was divided by 1.5. The spectra are normalized
according to optical density.

Fig. 6 PL intensity ratio between filled (with low temperature polymer-
ized GNRs – red color, high temperature – blue color) and pristine
SWCNTs as a function of tube diameter. Note the specific nanotube
geometries demonstrating the PL increase upon filling, (14,6) for red and
(15,5) for blue points. For both systems there is a slight PL increase trend
for larger nanotube diameters.
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sidered as another explanation. Similarly to the case of linear
carbon chains inside double-walled carbon nanotubes,30

charge transfer between the encapsulated structures, which
according to the Cs-HRTEM image simulation5 might contain
two sets of ribbons inside, can exist not only from the shell to
the ribbon, but also between the inner structures modulating
the overall result.

For both types of nanotube–GNR systems the PL measure-
ments in a wider excitation range don’t allow detection of the
energy transfer from the ribbons to the nanotubes, i.e. with
the excitation of GNRs in the UV-vis spectral region and detec-
tion of nanotube response in the near-IR range. That means
that there is no strong interaction between the nanotube and
the filler. In Raman measurements the G band peak positions
are not shifted upon filling, which signs a weak charge transfer
ESI Fig. S1, S2,† and ref. 5, 21. The Raman measurements give
information on several geometries of the nanotubes in the
ensemble satisfying the “in”- and “out”-going resonance con-
ditions on the exact wavelength. Similar to optical absorbance
spectroscopy, monitoring the G band peak position in the
Raman measurements usually doesn’t allow a complete disen-
tangling of the response from each nanotube geometry in our
experiment. However, the charge transfer can still be the
origin of the PL quantum yield increase as it may specifically
be present for only limited nanotube species satisfying certain
conditions such as the exact diameter value. PL measurements
allowed us to detect the peculiar effects of certain nanotube
geometries upon filling. The precise modification of the nano-
tube optical band gap, together with the change of PL
quantum yield, was detected for a limited number of geome-
tries and is defined by the inner structure organization.

Conclusions

We demonstrated the influence of filled hydrogenated gra-
phene nanoribbons on the optical properties of host
SWCNTs. We compare two nanoscale systems, one with low-
and another with high-temperature polymerized GNRs inside
nanotubes. The band gap modification of the host semicon-
ducting nanotubes is accessed via photoluminescence exci-
tation mapping. The interplay of strain and dielectric screen-
ing affects the PL shifts for both types of systems to varying
degrees. We detect the stepwise PL intensity redistribution
between the nanotube geometries upon the increase of the
polymerization temperature of the inner GNRs. The enhance-
ment of PL quantum yield of specific nanotube diameters
upon filling was assigned to the optimal organization of the
inner structures. Our findings demonstrate the existence of
an exact match between the nanotube geometry and the
inner structure resulting in the peculiar optical properties.
Owing to the recent progress in separation techniques of
nanotubes with a single geometry type, tailoring and precise
modification of electronic and optical properties upon filling
in order to enhance the effects for exact applications
becomes feasible.
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