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By exposing flat and curved carbon surfaces to coronene, a variety of van der Waals hybrid
heterostructures were prepared, including coronene encapsulated in carbon nanotubes, and
coronene and dicoronylene adsorbed on nanotubes or graphite via m — mt interactions. The
structure of the final product is determined by the temperature of the experiment and the
curvature of the carbon surface. While at temperatures below and close to the sublimation
point of coronene, nanotubes with suitable diameters are filled with single coronene
molecules, at higher temperatures additional dimerization and oligomerization of coronene
occurs on the surface of carbon nanotubes. The fact that dicoronylene and possible higher
oligomers are formed at lower temperatures than expected for vapor-phase polymerization
indicates the active role of the carbon surface used primarily as template. Removal of
adsorbed species from the nanotube surface is of utmost importance for reliable
characterization of encapsulated molecules: it is demonstrated that the green fluorescence
attributed previously to encapsulated coronene is instead caused by dicoronylene adsorbed on
the surface which can be solubilized and removed using surfactants. After removing most of
the adsorbed layer, a combination of Raman spectroscopy and transmission electron
microscopy was employed to follow the transformation dynamics of coronene molecules

inside nanotubes.

1. Introduction

The quest to direct the bottom-up synthesis of graphene and graphene-like structures is at the
forefront of chemistry today and despite some encouraging breakthroughs, still contains many
challenges.!"*! Hybrid materials composed of carbon nanotubes and polycyclic aromatic
hydrocarbons (PAHs) became of interest recently as the possibility of forming graphene
nanoribbons (GNRs) from these systems emerged. An especially attractive member of the

PAH family is coronene, because its size is close to the diameter of the most widely studied
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single-walled carbon nanotubes (SWNTs) and its position within the nanotube can be fine-
tuned by the nanotube diameter. Flat PAH molecules can either be positioned with their plane
perpendicular ("stacks") or parallel ("ribbons") to the long axis of the nanotubes. Coronene

[4-7]

has been reported to form stacks inside some nanotubes!®! and ribbons in others,*” the latter

being susceptible to polymerization!>*

and thereby GNR formation. Very recently it was
reported that annealing coronene-filled nanotubes at high temperature can lead to double-
walled nanotubes (DWNTS).[g’IO] Also, because both species possess extended n-electron
networks, adhesion of coronene to the external surface of the nanotube through m —nt
interaction is very probable. All of these examples belong to the same class of van

der Waals heterostructures, where the constituents are held together by weak interactions

and are therefore easy to modify by external stimuli.

An important observation, which has led to the proposal of these materials for a variety of
optical applications, is the shift of fluorescence from blue to green of coronene when exposed
to nanotubes at 450 °C.1*) While it is known that coronene in similar aggregated states can

exhibit such behavior,'!)

the exact origin of this fluorescence shift is still to be identified.
Two parameters play primary roles in the reactions of coronene in the presence of nanotubes:
the reaction temperature and the diameter of the nanotubes. Here we present a study of
coronene-carbon nanotube hybrid formation where we systematically varied these two
parameters. We find that even in small-diameter nanotube samples, where filling is inhibited,
there is strong adhesion to the external nanotube surface via m — 7 interaction. Above the
sublimation temperature of coronene, templated oligomerization occurs on the surface,”’
yielding mainly the dimeric form dicoronylene. Dicoronylene is insoluble in most solvents but
can be brought into suspension with surfactants where it exhibits green fluorescence. We
observe surface-enhanced Raman scattering due to the interaction between dicoronylene and
the external carbon nanotube surface. The transformations induced in the coronene

molecules™ inside the nanotubes were followed by Raman spectroscopy on thermal annealing
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and by transmission electron microscopy (TEM) on exposure to the electron beam. We
conclude that these reactions start from coronene molecules and their final products (at
1250 "C or for prolonged e-beam exposure) are carbon nanotubes formed from coronene
inside the original nanotubes. Intermediate products are identified as polymeric structures,

including hydrogenated GNRs.
2. Results and Discussion

2.1. Samples

We selected carbon nanotubes with as large a range of internal diameters as possible. For
reference to study coronene adhesion without encapsulation, we also conducted experiments
on highly ordered pyrolytic graphite (Sample GR). A sample of coronene nanowires
(Sample CW), which consists of coronene stacks in a face-to-face arrangement,"'' was also
used as a reference. Details of the samples are given in Table 1. Theoretical considerations by
Okazaki et al.”! give 1.32 nm as the minimum diameter for a carbon nanotube which can
encapsulate coronene molecules. Based on these calculations, coronene cannot fit inside the
majority of the narrowest SWNT sample, CoMoCat (Sample CM). In contrast, the cavity of
the multiwalled nanotubes (MWNT; Sample MW) is sufficiently large to allow any
orientation, motion and subsequent chemical reactions of coronene molecules to take place.
These nanotube samples, nevertheless, are above the diameter where regular graphene
nanoribbon formation is possible."'* P2-SWNT nanotubes, a widely studied SWNT type
(Samples SC, LT and HT), can be filled with coronene molecules, but polymerization
reactions inside the nanotube may be constrained for steric reasons.

The effect of reaction temperature was studied for P2-SWNT samples. We employed three
reaction temperatures: 50 °C with nanoextraction''>'*! from supercritical CO,,!'™™ 385 °C,
slightly above the sublimation temperature of coronene, and 450 °C where coronene was

4 4
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reported to undergo polymerization reactions.>" Investigation of the curvature and diameter
dependence was conducted using carbon surfaces with increasing curvature in the sequence
graphite < MWNT < P2-SWNT < CoMoCat-SWNT.

Excess coronene and dicoronylene from the nanotube surface was removed by processing the
coronene-nanotube hybrid structures. The importance of this step was emphasized before by
Gao et al. for oligothiophene-encapsulated nanotubes.'® For this purpose, we employed
repetitive washing with toluene and sodium dodecyl sulfate (SDS) aqueous solution,
respectively. The coronene/dicoronylene content of the filtrate was determined by UV/visible
spectroscopy and/or fluorescence spectroscopy. As the removal of excess starting coronene
constitutes an important part of the established protocol, toluene washing was performed for
all samples, apart from those specifically referred to as "as-prepared".

All samples were characterized using a range of different techniques, and their evolution
during thermal annealing and exposure to the electron beam was investigated. Initially we will
discuss samples prepared from the same nanotubes at different temperatures, then discuss

samples prepared at the same temperature but with different carbon nanostructures.

2.2. Effect of reaction temperature on P2-SWNT based hybrids

TEM imaging of the P2-SWNTs treated with coronene at different temperatures reveals
different structures (Figure 1). The nanotubes filled by nanoextraction at 50 °C or
sublimation at 385 °C both show coronene stacks similar to those reported by Okazaki et al."”!
Surprisingly the nanoextraction method yielded well-ordered stacks of coronene even at the
relatively low temperature. In contrast, sublimation filling at 450 °C results in considerably
fewer coronene stacks with a larger proportion of other types of carbon structures formed
inside the host nanotube, including nanotube within nanotube structures.

Raman spectroscopy can be used in many ways for the characterization of nanotube
derivatives: the radial breathing mode (RBM) frequency scales inversely with nanotube
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(7] and both encapsulated and external species can show Raman activity. Raman

diameter,
spectra of the P2-SWNT based samples together with those of reference materials for
comparison are shown in Figure 2. (The spectrum of coronene (Figure 2a) was taken with
low frequency excitation because of intense photoluminescence at visible wavelengths. The
full Raman spectra are shown in Figure S1 of the Supporting Information.) Coronene (Figure
2a) and dicoronylene (Figure 2b) can be clearly distinguished based on their Raman spectra.
Comparing all three P2-SWNT based materials, neither coronene nor dicoronylene is detected
in the samples prepared at 50 °C or 385 °C (samples SC and LT). High temperature treatment
at 450 °C, however, results in Raman bands of dicoronylene, but not coronene. Previously it
has been reported for Cqo@SWNT structures that the Raman lines of the fullerene molecules
encapsulated in the nanotubes are rather weak.!'™!*! Therefore the high intensity of
dicoronylene modes indicates that the observed signal is due to the surface adsorbed
dicoronylene molecules rather than those encapsulated inside nanotubes. TEM images give
strong corroboration to this hypothesis.

Photoluminescence (PL) measurements were carried out in aqueous SDS suspension.*”!

SDS was found to help to transfer dicoronylene into solution, although the exterior of the
nanotubes cannot be cleaned completely. The green luminescence of the material prepared by
high-temperature vapor filling was reported®! and attributed to stacks of coronene inside the
nanotubes. Our results, summarized in Figure 3, however, do not support this suggestion.
Sample SC possesses ordered stacks of coronene inside nanotubes but exhibits no green
luminescence. The spectrum also differs from that of coronene nanowires (sample CW), a
model for the stacks of coronene without the nanotube. Sample HT, on the other hand, shows
a luminescence spectrum identical to that of dicoronylene, markedly different from that of
coronene,*'! thus indicating that formation of dicoronylene occurred on the nanotube surface
at higher temperature. The suspension of sample LT shows fluorescence bands of both
coronene and dicoronylene, but the lack of dicoronylene Raman features in the solid (Figure

6 6
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2d) suggests that the dicoronylene content is much lower than that of the HT sample, such
that it could be removed by the surfactant in this case.

Our approach is similar to two previous studies: Muramatsu et al.****! reported strong
luminescence from the inner tubes of peapod-derived DWNTs. However, later results®**"]
showed that this luminescence may result from unencapsulated inner tubes produced by
sonication when preparing the suspension for PL measurements, a similar conclusion to our
observations. Loi et al.['%%"! encapsulated small oligothiophenes into carbon nanotubes and
studied them with similar methods. Here the authors succeeded in ruling out the presence of
any unencapsulated species, and found that the emission spectrum changes little upon
encapsulation. In the present study, however, in some of our hybrid materials we observe
strong luminescence which is distinctly different from the coronene spectrum, and which we

assign to dicoronylene, dissolved from the nanotube surface into the aqueous surfactant

solution.

2.3. Effect of curvature of carbon surface

Figure 4 shows TEM images of nanotubes with internal diameters narrower (CoMoCat-
SWNT) and wider (MWNT) than P2-SWNTs. As expected, the cavities of the narrow
CoMoCat nanotubes are empty and do not contain either coronene or other guest species.

In the large cavities of MWNTs, on the other hand, signs of dimerization and oligomerization
of coronene are clearly observed.

Raman spectra of samples HT, CM, MW and GR, along with those of the corresponding
reference materials, are shown in Figure 5. All samples prepared at high temperature
(including the small-diameter CoMoCat nanotubes and graphite) exhibit dicoronylene spectra
similar to sample HT. Since the presence of dicoronylene appears to be independent of the
encapsulation of coronene, we attribute the dicoronylene spectrum to adsorbed molecules on

the outer surfaces of carbon nanostructures.
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The as-prepared material from high-temperature synthesis contains both coronene and
dicoronylene adhered to the surface. Coronene can be removed by toluene washing (see
Figure S2 in the Supporting Information), whilst further SDS treatment removes mostly
dicoronylene. The Raman spectrum of the as-prepared sample SC, which contains no
dicoronylene, indicates the presence of coronene which disappears after toluene treatment
(Figure 6a). In contrast, Figure 6b illustrates that the intensity of the dicoronylene bands,
normalized to the G band of the nanotubes, hardly changes after SDS washing. An
explanation for this constant intensity would be that the first layer of dicoronylene in the
immediate vicinity of the nanotube sidewall dominates the Raman spectra due to surface-
enhanced scattering. The evanescent field necessary for surface enhancement is provided by
the delocalized n-electron system of the nanotubes; surface attenuation of infrared spectra of
adsorbed molecules has been explained by a similar mechanism.?”**!

Aqueous surfactant suspensions used for photoluminescence measurements in this study as

34,6, . . .
[3.4.6.7] may contain, beside nanotube-centered micelles,

well as in previous published works,
dissolved excess dicoronylene from the external surface of the nanotubes. To determine the
origin of the emission, we took photoluminescence spectra of the filtered solutions which
contained almost no nanotubes. The toluene solution contains only coronene, but a large
amount of dicoronylene is present in the aqueous SDS solution after washing (Figure 6c¢).
Photographs of filtrate SDS solutions in UV light (365 nm) after washing the samples (Figure
6d) further substantiate the claim that the fluorescence in SDS solution, observed previously,
originates from the excess adsorbed dicoronylene suspended by the surfactant rather than the
encapsulated coronene. Figure 6d shows the first and 3rd filtrate, the former showing much
stronger fluorescence than the latter.

The photoluminescence spectra of samples HT and CM in suspended in aqueous SDS solution
proved to be identical to each other and to that of dicoronylene (Figure 7). To deduce whether

this green photoluminescence comes from the molecules remaining in contact with the
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suspended nanotubes or those desorbed in the solution, we prepared a suspension of the
CoMoCat nanotube-coronene hybrid (Sample CM) in aqueous SDS which was subsequently
filtered. The photoluminescence spectra of both the nanotube suspension and the filtrate were
measured at various excitation wavelengths. Figure 8 shows the photoluminescence results
for the near-infrared (NIR) and visible region. The NIR luminescence excitation map is

typical of the CoMoCat Sample,[29=3°]

with nanotubes of (6,5) chirality forming the majority.
In addition, dicoronylene emission is seen at 356 nm excitation. In the filtrate, the latter
emission remains while the NIR luminescence disappears. These results demonstrate that the
bulk of the emission originates from the dissolved dicoronylene, not from the molecules in

contact with the nanotubes, unlike the Raman spectra of solid samples which unambigously

show the presence of adsorbed dicoronylene.

2.4. Transformations of coronene inside nanotubes: Effect of annealing and electron
irradiation

As mentioned above, the presence of encapsulated coronene can be confirmed by annealing
the hybrid structures to form DWNTs and detecting the inner-nanotube RBM modes

in the Raman spectra.'"” We chose samples SC and LT to follow the thermal evolution of the
molecules in the nanotube cavities, because these two materials have little or no adsorbed
dicoronylene on the nanotube surface which can potentially obscure the observation

of encapsulated molecules. Figure 9 shows Raman spectra for both samples. The effect of
annealing at 500 and 700 °C is the appearance of a complex pattern around 1400 cm ™" in
both cases, similar to those reported in Ref. 8 for coronene oligomers. For annealing
temperatures between 900 and 1250 °C the bands in the range 1300 - 1450 cm ' disappear

3132 appear. These are the results of the

while the inner-nanotube radial breathing modes!
thermally induced reaction of the polycyclic aromatic hydrocarbon molecules inside the

nanotubes, ultimately leading to the formation of inner nanotubes. Such reactions have been

9 9
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reported for encapsulated fullerenes,”*”! fullerene-solvent mixtures®*! and ferrocene,* inside
nanotubes. The observed transformation is likely to have a stepwise mechanism via
polymerization of the coronene within the nanotubes. Our TEM observations indicate that the
reaction can start from a stacked arrangement of coronene, even though the mutual
orientations of molecules within the stack are unfavorable for direct dimerization and
polymerization. The heat treatment process may disturb the stacks and thus align the
molecules for more facile reactions leading to nanoribbons. This starting point is in contrast to
the model presented in Ref. 5, where dicoronylene molecules are supposed to form during
sublimation of coronene and these dimers would be encapsulated by the nanotubes. The
energetics of such a process is unknown, however it is likely that the strength of the adhesion
of dicoronylene via m — m interactions to the nanotube surface is at least comparable, if not
superior, to the energy profile of the rather bulky dicoronylene molecule entering the
nanotube cavity. Intuitively, it is more plausible that the coronene molecules enter the tubes
individually and depending on their kinetic energy (determined by temperature) undergo
further rearrangement and chemical reactions. During the course of polymerization,
hydrogenated graphene nanoribbons may form at specific temperatures. However, for a
double-walled nanotube to form (which obviously happens at 1250 °C), further competing
and complex reactions must take place. The details of such reactions are not clear at present.
A most insightful study of chemical reactions inside nanotubes has been performed by
Koshino et al.*® on encapsulated fullerenes. If we take the analogy with the mechanism
found there, we might envision an associative rather than a dissociative mechanism (i.e.
disintegration of coronene into atoms, which requires a large activation energy, is not
needed). The presence of at least one intermediate phase is also observed during the
transformation of Coo@SWNTs into DWNTs.®”) Intermediate products at lower temperatures
and/or intermediate electron doses in our case may consist of polymeric forms including
graphene nanoribbon-like structures; however, microscopic and spectroscopic results from

10 10
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either our measurements presented here or from the literature, do not allow these structures to
be unambiguously assigned at present.

We also measured the PL spectra of both series with various excitation frequencies and
present the results in Figure S3, Supporting Information. From the spectra it is apparent that
for the SC sample, where no dicoronylene is formed during encapsulation, simple toluene
washing is enough to remove the luminescence, in this case caused by coronene. For the

LT sample, which contains a small amount of adsorbed dicoronylene beside coronene, traces
of dicoronylene can be detected even after annealing to 500 °C. Samples annealed to 700 °C
and above do not show any luminescence above the background. Previous studies™! report
annealing at 300 °C in order to remove adsorbed molecules. It seems that after this treatment
a substantial amount of adsorbed species can remain and therefore the reported PL and Raman
spectra cannot be unambiguously assigned to encapsulated species. The weak Raman bands in
Figure 9, in contrast, must come from inside the nanotubes and can be directly compared to
those measured by Talyzin et al.l*) for pristine coronene during polymerization. The
development of the spectra with temperature shows the same general trends, but no details can
be discerned at the given resolution. The 900 °C spectrum shows a pronounced D band
around 1300 cm ™', indicating a disordered structure before rearrangement into an internal
nanotube.

It was shown previously!'?! that exposure to the electron beam in TEM leads to similar
transformations as thermal treatment. It is therefore interesting to compare the behavior of the
samples under prolonged exposure to the electron beam. In addition, for samples coated by
dicoronylene (HT, CM and MW) this is the only way to follow reactions inside the nanotubes
since the absorption and photoluminescence of dicoronylene on nanotube surfaces hinders the
observation by spectroscopic methods. (For the HT sample, the final product DWNT could be
identified by the RBM mode which does not overlap with the Raman spectrum of
dicoronylene.'")

11 11
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Our observations (Figure 1 and 4) indicate that prolonged electron beam exposure produces
internal nanotubes in P2-SWNT based samples SC, LT and HT, similar to those observed
after annealing at 1250 °C. In contrast, under the same electron beam conditions dimerization
of coronene is observed in MWNTs. This difference can be attributed to competition between
the templating effect of the inner nanotube wall to form a second internal tube and the
tendency of the coronene molecules towards polymerization, with the outcome determined by
the size of the nanotube caVity.[m Coronene dimers are difficult to form within SWNTs due
to the severe space restriction inhibiting the coplanar arrangement of molecules required for
the reaction. However, the wide space in MWNT cavities allows the molecules to adopt
orientations suitable for dimerization/polymerization reactions in the edge-to-edge manner,
while the extended gap between MWNT sidewalls may inhibit transformations of coronene
into an inner nanotube.

We summarize our observations and their interpretation for the samples in Table 2.

3. Conclusion

While systematically varying the synthesis parameters of carbon-coronene hybrids, we
prepared a series of encapsulated and adsorbed structures and characterized them by TEM
imaging and Raman and PL spectroscopy. We found that the stacked vs. ribbon arrangement
of coronene molecules in SWNTs depends on the reaction temperature: filling from
supercritical CO, produces ordered stacks, while vapor-phase filling results in a mixture of
arrangements with less stacked molecules as the reaction temperature is increased. High-
temperature vapor filling results in dimerization of coronene and subsequent adhesion of
molecules to the external surface of the nanotube. Carbon surfaces tend to facilitate coronene
dimerization and form dicoronylene above the sublimation temperature of coronene. The
interaction between dicoronylene and the surface might be exceptionally strong, proven by the
difficulty in removal and the surface enhancement seen in Raman spectra. The green

12 12



NANol I MICRO
Submitted to S m a

fluorescence of aqueous SDS suspensions of coronene-filled nanotubes originates from
dicoronylene molecules dissolved in the SDS solution, as proven by the comparison of
nanotube-containing suspensions and the nanotube-free filtrate. Annealing or e-beam
exposure of coronene-filled single-walled nanotubes with diameters close to the size of
coronene results in the formation of internal nanotubes through complicated polymerization
steps, which might involve dehydrogenated nanoribbon formation as intermediate structures;
the same treatment in multiwalled nanotubes yields polymerized coronene products and no
internal nanotubes. Certainly, analogous hybrids from other polyaromatic hydrocarbons

deserve further attention in order to produce regular carbon structures within nanotubes.

4. Experimental Section

Sample preparation: For reference and starting material, P2-SWNTs (Carbon Solutions,
diameter range: 1.2-1.6 nm); CoMoCat CG (Southwest Nanotechnologies, diameter range 0.5
- 1.2 nm)™ and multiwalled nanotubes (Nanocyl) were used. Coronene (Sigma-Aldrich,
97%) and dicoronylene (Kentax GmbH, 99.5%) were also purchased from commercial
sources. Before filling, the starting materials were opened by annealing at 570 °C in air for 20
minutes. Vapor filling was performed at 450 °C ("high temperature") and 385 °C ("low

temperature") using the method described by Okazaki et al."”! (Coronene sublimes above 325

9] [18]

°C at 10~ mbar.) The nanoextraction”” was performed in a closed high pressure reactor
under supercritical CO; at 50 °C and 150 bar for 96 hours. Each sample was repeatedly
washed with toluene to remove excess coronene from the exterior of the tubes. The washing
process was monitored by UV/visible and/or photoluminescence spectroscopy, until a
negligible amount of coronene remained in the toluene filtrate (see Figure S2 in the
Supporting Information). Removal of dicoronylene was performed by washing with 1 wt %
aqueous SDS solution. In this case, the last washing SDS solution (after 3 steps) still

contained some dicoronylene (0.5 per cent of the starting fluorescence intensity). Annealing
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of the encapsulated species was performed in vacuum for 24 hours. In all cases, pristine
SWNTs were used as reference; these samples underwent the same annealing sequence
without adding coronene.

Transmission electron microscopy: Samples were prepared via drop-drying methanolic
solutions onto copper TEM grid mounted "lacey" carbon films. Transmission electron
microscopy was performed using a JEOL 2100F TEM (field emission gun source, information
limit < 0.19 nm) at room temperature and an accelerating voltage of 100 kV. Coronene
molecules are stable under these conditions for 5-10 seconds which was sufficient for
capturing images of coronene stacks in nanotubes. Further exposure of the e-beam results in
rapid transformations of coronene into amorphous carbon and internal nanotubes. Image
processing and analysis was conducted using Gatan DigitalMicrograph software.

Raman microscopy: Data were acquired in backscattering geometry under ambient conditions.
The laser power was carefully adjusted to avoid any type of changes in the samples. Spectra
were taken with four different instruments using five excitation lines: 482, 531, (Kr"), 532
(frequency-doubled 1064), 785 nm (diode laser) and 1064 nm (Nd:YAG). The spectral
resolution was better than 2 cm ™' in all cases.

UV/VIS spectroscopy: Spectra of toluene solutions were measured by a fiber optics
spectrometer (Ocean Optics QE65000) using a deuterium and a halogen light source. Spectral
resolution was 1 nm.

Photoluminescence: Fluorescence spectra were taken with a HORIBA Jobin Yvon Fluorolog-
3 spectrofluorometer (Nanolog). The samples (approx. 1 mg each) were dispersed for 1 hour
in D,O (25 mL), containing 1 wt % SDS using an ultrasonic bath. Subsequently each solution
was centrifuged at 10000g for 1 hour and the supernatant was used for measuring. We applied
excitation wavelength 356 nm, to make the comparison with Ref. 3 straightforward, although
this is not the maximum of the absorption curve. We also used excitation at 468 nm. The
integration time was 0.2-1 s. The PL excitation mapping in the NIR range was obtained by

14 14
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integration for 20 s, and individual spectra shown in Figure 8 were taken with integration time

60 s.

Supporting Information

Supporting Information is available online from the Wiley Online Library or from the author.
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Figure 1. TEM images of P2-SWNTs filled with coronene at 50 °C using supercritical CO,
(a, b), and in the gas phase at 385 °C (e, f) or 450 °C (h). Short black arrows indicate the
positions of coronene stacks in nanotubes within bundles. The structural diagram (d) and
corresponding simulated TEM image (c) show how the coronene molecules stack inside the
nanotube and are in good agreement with the experimental image (b). Stacks of coronene
molecules are seen to extend through the nanotube interior, the structural diagram (g)
corresponds to experimental image (f). Coronene molecules are unstable in the electron

beam and therefore quickly transform into amorphous carbon or internal nanotube (i and j).
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Figure 2. Raman spectra of P2-SWNT based and reference materials: (a) coronene, (b)
dicoronylene, (c) Sample HT, (d) Sample LT, (e) Sample SC, (f) reference P2-SWNT.

Spectra (c), (d), (e) and (f) are normalized to the nanotube G-band.
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Figure 3. Photoluminescence spectra of coronene, dicoronylene in toluene, coronene

| IMICRO

nanowires (Sample CW), and samples SC, LT and HT in aqueous SDS solution at excitation

wavelengths of 356 nm and 468 nm. P2-SWNT samples which underwent identical

treatment as samples SC and LT are marked as "ref".
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Figure 4. TEM images of CoMoCat-SWNT (a) and MWNT (b, c¢) exposed to coronene in the
vapor phase at 450 “C. The diameter of CoMoCat-SWNT is too small for coronene to enter
into the cavity, so these nanotubes remain predominantly empty (a). The large internal
diameter of MWNT encourages the formation of poorly ordered coronene structures (b, c)
with regular coronene stacks observed only rarely (black arrow, b). Because the molecules
have greater rotational freedom in wider nanotubes, the formation of dicoronylene species is
more likely in MWNT (c, the area within the black square is enlarged in d). The structural
diagram (e) corresponds to a potential packing orientation of coronene molecules inside the
wide nanotube (c and d).
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Figure 5. Raman spectra of samples HT, CM, MW and GR, and the corresponding reference
materials. Reference materials are carbon structures which underwent the same thermal
treatment as the coronene-carbon heterostructures, without applying coronene. The

dicoronylene spectrum (Fig. 2b) appears in all samples.
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Figure 6. (a) Raman spectrum of Sample SC before and after washing with toluene. Raman
bands of coronene disappear after washing. (b) Raman spectrum of Sample CM after washing
with toluene and aqeous SDS solution. Dicoronylene Raman bands apparently do not lose
intensity. All Raman spectra are normalized to the nanotube G band around 1600 cm™". (c)
Photoluminescence spectra of toluene and SDS filtrate of sample CM, compared to coronene
and dicoronylene solutions in the respective solvents. Toluene filtrate contains coronene,
SDS filtrate contains dicoronylene. (d) Photograph of the photoluminescence under UV lamp
illumination (365 nm) of the first (left) and 3rd (right) aqueous SDS washing liquid of sample
CM. (These are filtered solutions that contain only a minimal amount of nanotubes.) The
washing was applied after toluene treatment. The first solution shows much stronger green

fluorescence.
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Figure 7. Photoluminescence spectra of dicoronylene in toluene and samples HT and CM
in aqueous SDS solution at excitation wavelengths 356 nm and 468 nm. The broad low
frequency band in the 356 nm HT spectrum and the 529 nm band in the 468 nm HT spectrum

are nanotube features, see Fig. 3.
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Figure 8. (a): Photoluminescence excitation map of sample CM (CoMoCat-SWNT), (b,c,d):

photoluminescence of the suspension containing nanotubes and the filtrate, at selected NIR

excitation wavelengths, (e): photoluminescence of the suspension and the filtrate at 356 nm,

the excitation wavelength used for dicoronylene. The filtrate contains only a negligible

amount of nanotubes but shows strong luminescence in the visible, due to dissolved

dicoronylene.
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Figure 9. Effect of annealing on Raman spectra of sample SC and LT showing the growth

process of the inner nanotube.
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Table 1. Summary of the different carbon structures and experimental conditions to form

Sample Carbon Manufacturer d Reaction T
structure [nm] type [°C]

SC P2 Carbon Solutions 1.4 sc-CO, 50

(SupercCritical)

LT P2 Carbon Solutions 1.4 Vapor 385

(Low Temperature)

HT P2 Carbon Solutions 1.4 Vapor 450

(High Temperature)

CM CoMoCat Southwest 0.9 Vapor 450

(CoMocCat) CG Nanotechnologies

MW Ox-MWNT Nanocyl 1@9? Vapor 450

(Multi-Walled)

GR Graphite Johnson Matthey - Vapor 450

(Graphite)

CW Coronene after Ref. [11] - Solution 25

(Coronene NanoWire) nanowires

“Smallest inner and largest outer diameter.

Table 2. Composition, structure and transformation of the coronene/carbon nanostructure

heterostructures investigated in this study. (In the table, "cor" stands for coronene and "dicor"

for dicoronylene.)

Sample Carbon Outside Inside Comment High T/e- beam
structure

SC P2 cor cor ordered stacks polymer, DWNT
LT P2 cor + some dicor cor partly ordered stacks polymer, DWNT
HT P2 cor + dicor mixture polymer, DWNT
CM CoMoCat CG cor + dicor no N/A

MW OX-MWNT cor + dicor mixture dimer

GR Graphite cor + dicor N/A N/A

Cw Nanowire N/A N/A ordered stacks N/A
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Figure S1. Raman spectra of the starting SWNT, coronene, dicoronylene and sample HT.
The spectrum of dicoronylene taken with 1064 nm excitation is identical to the one shown

in the figure with 785 nm excitation.
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Figure S2. Absorption spectra of toluene filtrate solutions of the CM sample after the first,

second and third filtering step. The last filtrate contains less than 0.001 mg/ml of coronene.
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Figure S3. Effect of washing and annealing on photoluminescence spectra of sample SC (a-c)

and LT (d-f). The SC sample, prepared at 50 °C and not containing polymerized coronene,

loses PL intensity after washing with toluene. In contrast, sample LT prepared at 385 °C

and containing a small amount of dicoronylene, retains the PL signal even after annealing

at 500 °C. None of the samples whose surface is "clean" show detectable photoluminescence

by encapsulated species. (The background signal is caused by D,O and SDS.)
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