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1. Introduction

Graphene nanoribbons (GNRs) are of great interest for various
applications due to their unique electronic properties.[1–7] GNRs
can be synthesized by using a variety of methods, for example,
by unzipping carbon nanotubes,[1, 4, 8–13] cutting two-dimension-
al (2D) graphene sheets by electron or ion beams,[14, 15] and by
template growth.[3, 16] One of the most promising directions in
this field is the bottom-to-top approach, which suggests the
use of molecular blocks (typically some hydrocarbons) for the
construction of GNRs with variable widths and edge
types.[3, 14–16] This approach was used in our recent study to
make hydrogen-terminated graphene nanoribbons encapsulat-
ed inside single-walled carbon nanotubes (SWNTs).[17] We dem-
onstrated a very simple and efficient method for the synthesis
of hydrogen-terminated graphene nanoribbons encapsulated

in SWNTs by using thermally induced fusion of the molecular
precursors: coronene and perylene.[17] The nanoribbons exhib-
ited certain distinct signatures by photoluminescence spectros-
copy.[18] Notably, sulfur-terminated nanoribbons were recently
synthesized inside SWNTs by using a different approach: disin-
tegrating precursor molecules on atomic species by using an
electron beam or high-temperature pyrolysis.[19, 20] A number of
theoretical studies on the encapsulation of GNRs into SWNTs
has been recently published.[21–26]

Coronene is a large polycyclic aromatic hydrocarbon (PAH)
molecule easily soluble and stable upon evaporation.[27, 28]

It was considered in many theoretical studies as a model of
nanographene terminated by hydrogen.[29–31] It is well known
that annealing coronene at certain temperatures leads to
a fusion reaction with the formation of a coronene dimer, that
is, dicoronylene.[32, 33] Planar fusion of several coronene mole-
cules was suggested as a road to the formation of progressive-
ly larger graphene flakes.[28] Carbon nanotubes were used as
a one-dimensional (1D) reactor to provide edge-to-edge align-
ment of molecules required for the fusion reaction into gra-
phene nanoribbons.[17] However, the mechanism of coronene
polymerization and nanoribbon formation is not yet clear, and
studies of the chemical reactions both in a confined space (1D
or 2D) and in a free molecular phase are of great interest.[30, 34]

Encapsulation of coronene and dicoronylene in SWNTs was
previously reported by Okazaki et al. , and the formation of
nanoribbons was not observed.[35] Experimental and theoretical
studies showed that encapsulated coronene molecules can be
packed into columns with parallel graphite-like stacking in the
inner space of SWNTs.[35, 36] In contrast, parallel stacking of coro-
nene molecules was not observed in our previous experiments
even if the temperature of encapsulation was lowered below
the melting point of coronene (down to 420 8C).[17] Detailed

Encapsulation of coronene inside single-walled carbon nano-
tubes (SWNTs) was studied under various conditions. Under
high vacuum, two main types of molecular encapsulation were
observed by using transmission electron microscopy: coronene
dimers and molecular stacking columns perpendicular or tilted
(45–608) with regard to the axis of the SWNTs. A relatively
small number of short nanoribbons or polymerized coronene
molecular chains were observed. However, experiments per-
formed under an argon atmosphere (0.17 MPa) revealed reac-

tions between the coronene molecules and the formation of
hydrogen-terminated graphene nanoribbons. It was also ob-
served that the morphology of the encapsulated products
depend on the diameter of the SWNTs. The experimental re-
sults are explained by using density functional theory calcula-
tions through the energies of the coronene molecules inside
the SWNTs, which depend on the orientation of the molecules
and the diameter of the tubes.
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analysis of the synthesis conditions used for the encapsulation
of coronene in these two studies showed one significant differ-
ence: stacking columns of coronene molecules and coronene
dimers were obtained if encapsulation was performed under
vacuum conditions,[24, 35, 37] whereas our experiments were per-
formed under an argon atmosphere at pressures slightly above
ambient (�0.17 MPa).[17] Notably, recent attempts to synthe-
size GNR@SWNTs by using coronene and perylene precursors
have also been performed by using traditional vacuum condi-
tions encapsulation.[37–39] Our new experiments demonstrate
that the selection of the synthesis conditions is crucial and
allows the control of the type of coronene encapsulation in
SWNTs. Herein, we demonstrate that the product encapsulated
inside the SWNTs can be altered from coronene peapods and
columns with parallel stacking to polymerized coronene in the
form of GNRs depending on the conditions.

Experimental Section

SWNTs were synthesized by an aerosol chemical vapor deposition
method based on CO disproportionation on iron nanoparticles pro-
duced by ferrocene vapor decomposition at 1000 8C as described
elsewhere.[40, 41] A thin film of SWNTs was transferred onto a fused
silica plate, and the nanotubes were opened through oxidation in
air (390 8C, 30 min) and washed with aqueous HCl to remove any
residual catalyst. The SWNT films were sealed in Pyrex tubes with
coronene powder (5–7 mg; 97 %, Sigma–Aldrich) under high
vacuum (�1 Pa). Annealing was performed for 22–24 h at 440 8C.
The treatment temperature was just above the melting point of
coronene (438 8C) and below the temperatures for the dimerization
and fusion reactions of coronene, which occur in pure coronene
vapor above 520 8C.[42] Notably, the coronene dimerization reaction
is assisted by residual oxygen and occurs at lower temperatures
under lower vacuum (�10 Pa). Residual coronene was removed by
careful washing with toluene, whereas some dicoronylene impuri-
ties were likely preserved in the studied samples.
High-resolution transmission electron microscopy (TEM) images
were obtained with a double Cs-corrected JEOL JEM-2200FS micro-
scope.[43] To minimize the destructive influence of electron irradia-
tion, all samples were analyzed at an acceleration voltage of 80 kV
with the shortest possible electron illumination time. Raman spec-
tra were recorded by using a Renishaw spectrometer equipped
with a 514 nm laser.

2. Results and Discussion

The Raman spectra recorded from samples of SWNTs exposed
to coronene vapor under vacuum conditions confirmed that
some coronene products precipitated in the samples and that
they were not removed even after very careful washing with
toluene. However, only detailed high-resolution TEM imaging
allowed the geometry of the encapsulated coronene to be re-
vealed and the presence/absence of coronene polymerization.
As shown in our earlier study, the Raman spectra of annealed
coronene powders remained almost unchanged even if the re-
action clearly went beyond the formation of dimers into some
complex oligomer mixtures.[42] This was also confirmed recently
by using theoretical simulations of Raman spectra from coro-
nene polymers of different lengths.[37] The Raman coronene

features in the samples obtained under an argon atmosphere
and prepared under vacuum conditions appeared to be identi-
cal (Figure 1; see also ref. [44]). Figure 1 shows no shift in the
radial breathing modes and a set of additional bands due to
the encapsulation of coronene. The low intensity of these addi-
tional bands is consistent with the high purity of the sample

and the absence of significant contamination by residual (not
encapsulated) coronene or dicoronylene. However, TEM inves-
tigation of the samples synthesized under vacuum conditions
clearly demonstrated the difference: the nanotubes appeared
to be filled by coronene mainly in a molecular form, that is,
GNRs were not obtained as a main product of encapsulation
by using the same temperatures as those in ref. [17] .

Columnar stacking of the coronene molecules was observed
as a common type of encapsulation in the vacuum-synthesized
samples, which is in good agreement with the data obtained
by Okazaki et al.[35] (Figure 2). The stacked coronene molecules
seem to be rather unstable under the electron beam. Amorphi-
zation of the columns occurs after several minutes during the
common focusing procedure with an electron energy of 80 kV
and with an electron beam with an intensity of about 2.3 �
104 e���2 s�1. Notably, for the successful observation of the col-

Figure 1. Raman spectra (514 nm laser) recorded from pristine SWNTs and
from the sample annealed with coronene under vacuum (at 440 8C). Coro-
nene-related bands were found in the region around 1200–1450 cm�1.

Figure 2. TEM images showing columnar stacking of the coronene mole-
cules inside the SWNTs after filling at 440 8C under vacuum. The diameters
of the SWNT are 1.48 nm (top) and 1.42 nm (bottom).
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umnar stacking of coronene, techniques with electron illumina-
tion doses as low as possible should be used. The distance be-
tween the coronene molecules measured from Figure S1
(0.317 nm, see the Supporting Information) correlated within
5 % to the interlayer distance typically observed in graphite
(0.335 nm). The images shown in Figure 2 confirm our initial
hypothesis that vacuum conditions are required for the crystal-
lization of coronene molecules in a parallel stacking mode
inside the SWNTs. Detailed study of these samples also re-
vealed some coronene structures other than columnar and the
dependence of their geometry on the diameter of the SWNTs.

The SWNTs used for this study had a broad distribution of
diameters (1.1–1.9 nm), which clearly affected the encapsula-
tion of coronene. The stacking encapsulation requires a certain
match of the size of the coronene molecule with the diameter
of the nanotube. If the diameter of the nanotube is slightly
smaller than an ideal diameter for filling, the plane size of the
coronene molecule appears to be too large for the formation
of a 1D crystal with the orientation of the molecular plane per-
pendicular to the axis of the SWNT. As a result, a structure with
coronene molecules oriented with a tilt to the nanotube walls
is observed. The packing structure is maintained (Figure 2), but
with mismatch angles up to 608. Another type of coronene en-
capsulation is shown in Figure 3 and can be termed coronene
peapods similar to fullerene peapods.

Figure 3 shows a peapod-type of encapsulation of some ob-
jects similar to fullerenes in the size and contrast. However,
contamination of our samples with fullerenes can be certainly
ruled out. Also, the size of the encapsulated molecules was
smaller (0.45–0.61 nm) than the size of fullerene C60 molecules
(0.7 nm). Unambiguous assignment of these objects to coro-
nene is possible due to images that show the overlap of indi-
vidual molecules inside the SWNTs (partial stacking of planar
molecules observed almost perpendicular to the planes). This
type of overlap is not possible for spherical fullerene molecules
inside nanotubes of a given diameter due to geometrical limi-
tations (see Figures S3 and S4). It is very likely that the coro-
nene molecules (or dimers, trimers, etc.) could be oriented per-
pendicular to the TEM electron beam. The images in Figure 3 b

show a region in which molecules are clearly separated from
each other and a region in which they are packed together
into some kind of polymeric chain (Figure S2). These structures
can be considered as precursors or intermediates of GNR
formation.[17]

The coronene molecules are moving inside the SWNTs, as
demonstrated by a set of images collected from the same spot
with short time intervals (see the movie in the Supporting In-
formation). Figure 4 shows a time sequence of TEM images

with two nanotubes: one of them with peapod-like encapsula-
tion of coronene molecules and a second with encapsulated
nanoribbon. The set of images clearly shows how the coro-
nene molecules move inside the nanotube space; both single
molecules and dimers can be recognized. The dimer (dicorony-
lene) molecules seem to be stable under the electron beam,
and their motion inside the nanotube was observed in a long
set of about 15 images without further polymerization or at-
tachment to the walls. The overall time of electron illumination
for the sample area was 6 min with an intensity of about 8.3 �
106 e���2 and no noticeable nanotube damage was observed.

The neighboring nanotube (Figure 4, arrow 1) at the same
time demonstrates a GNR, which experiences wave-like oscilla-

Figure 3. Coronene peapods synthesized under vacuum at 440 8C. a), b) TEM images, c) profile of b) in which the size of the individual molecules is in the
range from 0.45 to 0.61 nm; the diameter of the SWNTs is around 1.6 nm.

Figure 4. Time sequence TEM images showing two nanotubes with a diame-
ter of 1.3 nm, one filled with a nanoribbon wiggling under the electron
beam (see arrow 1) and the second with peapod-type encapsulation (see
arrow 2 showing coronene dimer molecule).
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tions and bending under the electron beam. The images also
show the edge view for this nanoribbon. The end of the nano-
ribbon seems to be attached to the internal side of the SWNT,
which allows clear observation of variations in the orientation
of the nanoribbon, wave-like motion, and bending under the
electron beam to be observed clearly. The images shown in
Figure 4 unambiguously prove that the observed object is,
indeed, a GNR and not, for example, an inner nanotube.

As noted above, only very few nanoribbons were found in
the vacuum-synthesized samples, whereas synthesis at similar
temperatures (440–470 8C) resulted in almost 100 % filling of
the SWNTs with GNRs if the reaction was performed under an
argon atmosphere.[17] Theoretical simulations showed that
argon inside the SWNTs makes some difference in the encapsu-
lation of the molecules.[44] Argon as an inert gas is unlikely to
participate in the polymerization reaction of coronene directly.
However, the experimental results demonstrate that the pres-
ence of argon hinders the stacking geometry of encapsulation.
A possible role of argon is to slow down the diffusion of the
coronene molecules into the inner space of the nanotube,
which provides conditions for the edge-to-edge geometry re-
quired for the polymerization of coronene with the formation
of hydrogen-terminated GNRs. If the nanotubes are also suffi-
ciently wide for encapsulation of argon, the coronene mole-
cules would need to penetrate into the argon-filled nanotubes,
and at the same time, the argon atoms would escape from the
cavities of the SWNTs. This would change the reaction condi-
tions inside the nanotube dramatically. Notably, another
famous example in which an inert gas provided conditions for
assembling simple carbon species into geometrically complex
molecules is the arc synthesis of fullerenes under an atmos-
phere of argon or helium.[45] The synthesis of fullerenes does
not occur in the arc under vacuum conditions, whereas the
presence of the inert gases helps the reaction.

An important parameter that affects the encapsulation prod-
uct is the size matching between the initial precursor molecule
and the diameter of the SWNT. The diameter of a coronene
molecule is about 0.7 nm. Considering a van der Waals dis-
tance of about 0.35 nm, the ideal diameter for coronene en-
capsulation should be about 1.4 nm. Statistical processing of
images with various types of encapsulations showed that par-
allel stacked coronene columns were mostly formed in SWNTs
with outer diameters between 1.1 and 1.4 nm, whereas GNRs
were found most frequently in SWNTs with diameters of 1.3–
1.8 nm. Separate molecules and coronene dimers were ob-
served in all tubes with diameters over 1.0 nm without any
SWNT diameter selectivity. The small diameter tubes (�1 nm)
did not show coronene encapsulation.

SWNTs with larger diameters cannot provide an orientation
effect, and the morphology of the product resulting from coro-
nene encapsulation and fusion becomes rather irregular. In the
SWNTs with d> 2.0 nm, only zigzag-shaped GNRs and geomet-
rically irregular debris-like products were observed (Figure S3).
Notably, similar observations were recently reported for sulfur-
terminated nanoribbons that showed clear correlation with the
diameter of the SWNTs, and the nanoribbons were not ob-
served inside nanotubes with diameters over about 2 nm.[20]

The effects of coronene encapsulation in SWNTs were also
studied theoretically by using spin-polarized density functional
theory (DFT) calculations with a nonlocal exchange and corre-
lations functional,[46] which is capable of describing both short-
range covalent bonding and long-range van der Waals type in-
teractions between the nanotubes and the coronene mole-
cules inside of them, implemented in the plane-wave basis-set
VASP[47] code. Even though this approach does not fully ac-
count for many-body effects, which may be particularly impor-
tant in nanoscale systems with complex geometry,[48, 49] the
comparison[50] of the results for 2D systems obtained with that
functional and within the random-phase approximation indi-
cates that this functional correctly reproduces all of the trends,
even though the binding energy is overestimated. In any case,
the accuracy of our approach is sufficient to provide at least
qualitative information on the behavior of the system. The pro-
jector augmented wave potentials[51] was employed to de-
scribe the core electrons The nonlocal term in the van der
Waals density functional was evaluated by using the adaptive
real-space approach.[52] The total energies of the system were
converged within 0.0001 eVatom�1 with regard to the number
of K points and the plane-wave cut-off energy.

The three characteristic positions of the coronene molecules
inside the nanotube were calculated: perpendicular, parallel,
and tilted with regard to tube axis. Zigzag SWNTs with chiral
indices of (15,0), (18,0), and (20,0) were considered. During
energy optimization, all atoms were allowed to move without
any constraints, except for the six central atoms in the coro-
nene molecule, which fixed the orientation of the molecule.

For the (15.0) nanotubes with a diameter of 1.18 nm, all
three positions of the coronene molecules were energetically
unfavorable with respect to the isolated tube and the coro-
nene molecule, so that the binding energy Eb (defined as the
difference between the total energies of the composite sys-
tems and the isolated constituents) was positive (Figure 5). The
lowest-energy configuration was a tilted position (Eb = 0.8 eV).
The position along the axis was higher in energy and reached
2.2 eV, and the least energetically favorable configuration of
the coronene molecules was perpendicular to the axis of the
nanotube (Eb = 10 eV). All of these configurations gave rise to
a local distortion of the nanotube. Thus, the absence of coro-
nene molecules in tubes with a diameter less than 1.2 nm in
the experimental TEM images very well correlates with the re-
sults of the calculations.

In contrast to the (15,0) nanotube, for the (18,0) tube with
a diameter of 1.41 nm all three positions of the coronene mol-
ecules were energetically favorable. The most energetically fa-
vorable configuration was the tilted one (Eb =�1.03 eV).

The van der Waals binding energy for coronene molecules
inside the nanotubes is shown as a function of angle in
Figure 6. For a large-diameter (20,0) nanotube, the energy min-
imum corresponds to V= 908. For a smaller diameter (18,0)
nanotube, the energy minimum corresponds to V = 608. For
a small-diameter (15,0) nanotube, the minimum corresponds
to smaller angles, but it is energetically unfavorable for the
molecule to get inside. These results can be understood from
geometrical considerations. As the simulations indicate, the
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minimum energy separation between graphene and the per-
pendicular-oriented coronene molecule is 0.265 nm. The diam-
eter of the (20,0) tube is 1.57 nm; then, the separation be-
tween the walls of the SWNT and the coronene molecule (ori-
ented perpendicular to the tube axis) is 0.3 nm, which is larger
than the optimum separation. To maximize the interaction, the
molecule is perpendicular oriented. The (18,0) tube has a diam-
eter of 1.41 nm. The separation of 0.23 nm is less than
0.265 nm and so the molecule will be rotated. The same effect
should be valid for tubes with smaller diameters—the coro-
nene molecules will be tilted.

Another factor that possibly contributes to the formation of
stacking encapsulation is the reaction of coronene molecules
under vacuum with the formation of dicoronylene. The dicoro-
nylene molecule is too large to form stacking columns inside
nanotubes and, therefore, it penetrates into the SWNTs only
with the orientation of the long axis parallel to the axis of the
nanotube. As demonstrated by Fujihara et al. ,[37] dicoronylene
can be encapsulated into nanotubes directly from the vapor

(under vacuum conditions), but
it is also likely that it can form
inside the SWNTs.

Summarizing the results pre-
sented in this study, encapsula-
tion into SWNTs is traditionally
performed under vacuum condi-
tions with the assumption that
the nanotubes must be empty
to accommodate various mole-
cules. However, our experiments
revealed that filling nanotubes
under an atmosphere of argon
gas provides rather different
conditions for encapsulation of
planar molecules and results in
different kinds of products if the
molecules react with each other
inside the nanotubes. It is clear
that many other gases, including
reactive ones such as hydrogen,
can be used to modify the

chemistry inside the carbon nanotubes.[38] The geometrical
effect of argon for the encapsulation of molecules into SWNTs
demonstrated in our study is likely to be found for other gases
as well and may possibly lead to the synthesis of new materials
by using reactions of molecules in a space not only confined
by the walls of the nanotube but also by the pressure of vari-
ous gases.

3. Conclusions

Exposure of opened SWNTs to coronene molecule vapors re-
sulted in drastically different types of encapsulation depending
on the conditions. Vacuum provides conditions for encapsula-
tion of coronene into SWNTs in a predominantly molecular
form. Two types of molecular encapsulation were observed in
this study. The first type is when molecules are aligned parallel
to each other to form column stacking, and the second is
peapod-like with molecules moving inside the SWNTs, similar
to fullerenes.

The results of DFT calculations are in agreement with the
TEM observations and showed that the type of encapsulation
depends on the diameter of the SWNT. The encapsulation of
coronene is energetically unfavorable for SWNTs with diame-
ters less than 1.2 nm, and the encapsulation of columns from
tilted molecules is favorable for nanotubes with diameters of
1.3–1.6 nm. For larger tubes, the formation of overlapped
structures and debris is favorable.

For SWNTs with diameters between 1.4 and 1.8 nm, the en-
capsulation of coronene in the presence of argon assists reac-
tions between molecular edges and formation of graphene
nanoribbon. It is very likely that many other reactions per-
formed inside carbon nanotubes and the encapsulation of vari-
ous molecules can be very strongly affected if performed
under a certain pressure of various gases.

Figure 6. The binding energy for the isolated coronene molecule inside the
(20,0) and (18,0) SWNTs as a function of tilting angle (V).

Figure 5. The results of DFT simulation of the binding energy (Eb) for the (15,0), (18,0), and (20,0) SWNTs with coro-
nene molecules inside.
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