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S1 Different methods to prepare NT based heterostructures. 

S1.1 Opening of CNTs and BNNTs
After synthesis, single-walled carbon nanotubes (SWCNTs) are typically closed at both ends. 
Aside from SWCNTs, synthesized SWCNT powders also contain amorphous carbon, graphitic 
carbon shells (around the catalytic particles) and other carbonaceous materials.1 A typical 
opening procedure comprises 3 steps: a first oxidation step, followed by a treatment in strong 
acids and a final annealing step to remove all encapsulated solvents or external functional 
groups that are introduced during the opening procedure. Since such an opening procedure is 
very similar to the typically applied purification protocols for SWCNTs,2,3 most purified 
SWCNT samples are already unintentionally opened, and need no further treatment (except for 
the final annealing step). 

In fact, obtaining commercial closed SWCNTs is quite difficult as these purification procedures 
are almost standardly used by many manufacturers, but essential as they serve as ideal reference 
standards for CNTs that cannot be filled. Of commercially available materials, high-pressure 
CO disproportion (HiPCo) method-produced SWCNTs (AP-HiPCo produced at Rice 
University or the AP grade of NoPo Nanotechnologies (NoPo), plasma torch synthesis (RN020 
from Raymor Technologies), and electric-arc synthesis SWCNTs (AP grade from Carbon 
Solutions, Inc.), and non-commercial laser vaporization synthesis SWCNTs, have been 
reported to be dispersible with significant mass fractions of closed-ended SWCNTs.4–11

In the following, we give an overview of the two most commonly used procedures to open 
SWCNTs for subsequent filling. 

Procedure 1: In a first step, all non-nanotube carbon species present in the samples, including 
the graphitic carbon shells around the catalytic particles are removed by air oxidation, thereby 
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exposing the metal particles and SWCNTs for the subsequent processing steps. To define the 
oxidation temperature that needs to be used, as well as the weight percentage of the material 
that needs to be burned, thermo-gravimetric analysis (TGA) of the SWCNT powder can be 
performed. Typically, a TGA curve of raw SWCNT powders will contain two or more weight-
loss peaks, with the highest temperature peak corresponding to the SWCNTs, and the lowest 
temperature peaks corresponding to the other carbonaceous materials present in the sample. A 
temperature is then chosen low enough to not harm the SWCNTs and sufficiently high to 
remove all other carbonaceous species. Figure S1 presents an example of a TGA analysis for 
the raw AP-SWCNTs from Carbon Solutions Inc.12 By fitting the derivative of the TGA curves 
(DTGA, panel (b)) of the raw AP-SWCNTs from Carbon Solutions, Inc., it was found that they 
contain about 43% of SWCNTs that are burned at 426°C, 27% of catalytic particles and all 
other carbonaceous species burn at lower temperature. To remove all non-SWCNT 
carbonaceous species, an oxidation temperature of 350°C is chosen and the time for the 
oxidation was chosen until 30% weight loss was achieved. Similarly, for Raymor Arc-
discharge SWCNTs (batch no. RNL 12-010-113), an oxidation temperature of 460°C and 55% 
weight loss has been previously employed to open the SWCNTs, and for HiPco SWCNTs 
(Carbon Nanotechnoligies Inc., batch P0279° an oxidation temperature of 375°C was 
employed.9,13,14

After this air oxidation step, the remaining SWCNT powder is treated ultrasonically for 1 hour 
(bath sonicator) in concentrated (37%) HCl at 60°C to disperse the catalytic nanoparticles and 
remove them by vacuum filtration as well as to open the SWCNTs through the sonication. 
Indeed, by monitoring the presence of the catalytic particles by TGA and electron paramagnetic 
resonance spectroscopy,12 it was found that a large fraction of the catalytic nanoparticles is 
removed in this acid step and only a small fraction of less than 10wt% still remains (blue curve 
in Figure S1). Afterwards the SWCNTs are neutralized by excessive rinsing with deionized 
water and vacuum filtration over a 5µm polycarbonate filter.

Figure S1: (a) TGA and (b) derivative-TGA (DTGA) curves of AP-grade Carbon Solution 
arc-discharge CNTs, as purchased (black), after air oxidation (red) and after air oxidation, 
acid treatment and annealing. 
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In a final step, the so-obtained powder is annealed in high vacuum at 800°C for at least 1 hour 
to remove any residual functional groups which can block the SWCNT ends, as well as to 
remove any molecules (e.g. acid, water) from the SWCNT interior. Note that annealing at 
higher temperatures is unadvisable since this is shown to reclose the SWCNT ends. The 
annealing also results in more stable SWCNTs that now only burn at about 493°C (blue curve 
in Figure S1, showing now a mass percentage of 91% SWCNTs).

Procedure 2: Typically, 20 mg of raw SWCNT material is sonicated in nitric acid (35 vol %) 
(150 mL) with a sonic bath (160 W max) (100% for 5 min and then 40% for 15 min) and then 
heated at 100°C for 5 h.15 The suspension is then cooled and vacuum-filtered through a PTFE 
membrane (Sartorius, 0.2 μm). While pursuing vacuum filtration, the thick SWCNT layer 
formed on the filtration membrane (buckypaper) is washed by 200 mL of deionized water while 
monitoring the pH during the washing and washing cycles were repeated until the filtrate is 
neutral. The nanotubes are redispersed in NaOH (1 M, 100 mL) using the sonic bath (100% for 
10 min) and then filtered through a PTFE membrane and washed with 1 M NaOH, deionized 
water, and then 1 M HCl followed by deionized water until the filtrate was neutral. Finally, the 
buckypaper is redispersed in hydrogen peroxide (30%) (150 mL) using the sonic bath (100% 
for 5 min and then 40% for 10 min). The suspension is heated at 100°C for 1 h, cooled down 
at room temperature, and then vacuum-filtered through a PTFE membrane. The nanotubes are 
washed by 200 mL of deionized water and then dried at 50°C under high vacuum. The overall 
yield of the purification process is typically about 60% (12 mg). 

BNNT opening: For opening BNNTs, the BNNT powder is annealed at 800°C in air for 2 
hours, then sonicated in DMF using a cup sonicator until complete dispersion is observed. The 
solution is then centrifuged at 12,000g and the top half of the centrifuge tube is collected. The 
opening of the BNNTs occurs during the sonication step. An alternative way to open BNNTs 
is to apply mechanical grinding using a fine manual mortar.16

S1.2 Different filling procedures for CNTs ad BNNTs
Throughout the years, different strategies have been followed to fill SWCNTs with various 
compounds. In particular, liquid- and vapor-phase filling have been successful for the filling 
of SWCNTs with organic molecules. Besides the obvious choice for the correct SWCNT batch 
with corresponding inner cross-sectional diameter, the choice of filling procedure is strongly 
depending on the solubility, melting and sublimation point of the specific molecules in 
combination with their decomposition temperature.
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Vapor-phase filling: which was originally used to fill C60 inside SWCNTs,17 is typically 
performed as follows: SWCNTs and organic molecules are both put in a quartz T- shaped tube, 
but separated from each other at the two ends of the T-shape. The quartz tube is pumped to a 
high vacuum (typically ~10-6 mbar) and the SWCNT part is heated for a few hours up to 2 
days at 300-400°C to outgas the SWCNTs, while keeping the organic molecules at room 
temperature in this process. After cooling, SWCNTs and organic molecules are then mixed 
(e.g. with a weight ratio around mCNT/mmolecule=0.5), the glass vessel is sealed, so that the blend 
is now under static high vacuum (Figure S2 for an example of quaterthiophene molecules). The 
sealed glass vessel is put for several hours up to two days into a furnace at a temperature slightly 
above the sublimation temperature of the dye molecules.18 As an example, typical temperature 
for quaterthiophene molecules is around 350°C15,19,20 and for phthalocyanine molecules around 
550°C.21 After this encapsulation process (Figure S2), a second heating treatment can be 
performed, but under dynamic vacuum in order to remove the dye molecules in excess, stacked 
at the outer surface of the NT and/or the hybrid nano-systems can be washed several times with 
solvents in which the dye molecules can be solubilized in order to remove the remaining 
molecules from the outside of the SWCNTs.

Liquid-phase filling yields an alternative route to filling in case the sublimation temperature 
and decomposition temperature of the organic molecules are too close so that the molecules 
cannot be encapsulated through vapor-phase filling. In this method, the SWCNTs and organic 
molecules are both dispersed in a solvent which is then refluxed under inert atmosphere for 
several hours up to several days.8,10,22–24 The choice of solvent is critical. Indeed, to obtain a 
complete filling of the SWCNTs, preferably a saturated solution of the organic molecules 
should be prepared, as it has been shown that at low concentrations, only partial filling can be 
achieved.24 The procedure is then  followed by repeated rinsing with a solvent in which the dye 
dissolves easily, over a filtration membrane with short batch sonication in between the 
subsequent washing cycles to remove any excess dye adsorbed on the outer SWCNT walls, 
similarly as applied for the vapor-phase filling. While liquid-phase filling has the major 
advantage to be applicable to any organic molecule, the main disadvantage includes that also 
the solvent molecules can be encapsulated, while in the vapor-phase filling this can be avoided.

Figure S2: (left) Blend of dye molecules (yellow powder) and SWCNTs (black powder) 
before the temperature treatment. (right) Blend after heating under static high vacuum. 
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Filling by nano-extraction using supercritical CO2: Supercritical CO2 can be used as a 
solvent to perform a liquid-phase filling as described above. The main advantage of using 
supercritical CO2 however, is that after the procedure, the CO2 evaporates and solvent-filling 
can thus be avoided. Moreover, the system does not require high temperatures which could 
decompose the molecules of interest to be encapsulated, and molecules don’t need to be soluble 
in a particular solvent as is required for the liquid-phase filling.25–28 Typically, the reaction is 
carried out in a thermostated stainless steel reactor at a temperature of about 55°C and a 
pressure of about 150 bar. Pre-opened SWCNTs and molecules, e.g. fullerenes, are added in a 
1:1 mass ratio. Before opening the reactor is cooled down and pressure is reduced to remove 
the CO2. Afterwards, a similar washing procedure needs to be applied to remove excess 
unencapsulated molecules.

For BNNTs, similar techniques are performed to fill them with organic molecules.16,29

S1.3 Different procedures for externally functionalized NTs
As mentioned in the main text, the immobilization of molecules on the CNT surface can be 
achieved using different methods, that can be subdivided into non-covalent functionalization 
or covalent functionalization. In the following, two methods will be described to functionalize 
the CNT surface, the micelle-swelling approach and a covalent functionalization strategy that 
preserves the π-conjugation of the SWCNT wall. For other strategies, such as sp3-
functionalization we refer to other recent review papers.30,31 

S1.3.1 Micelle-swelling approach 
For non-covalent functionalization, one could, similarly as for liquid-phase filling, mix the 
SWCNT powder and the organic molecules in a solvent, reflux it or leave it stirring at room 
temperature. In case the SWCNTs are closed or have a too small diameter to encapsulate the 
molecule, the molecule will be adsorbed on their outer walls.32 Additionally, also a dedicated 
linker molecule, such as pyrene, can be added to stabilize the SWCNT interaction.33 A 
subsequent washing cycle can be performed to remove excess molecules, however with the 
complexity that such a washing can also remove the adsorbed molecules again. Therefore, this 
method is not generally applicable to any type of molecules and lacks a control over the 
functionalization efficiency. The so-called micelle-swelling approach34 can be used instead, 
which is generally applicable for many molecules, does not require difficult chemistry routes 
and moreover can nicely control the stacking density on the SWCNT surface. In this approach, 
SWCNTs are first solubilised in an aqueous suspension with surfactants. The molecule of 
interest is dissolved in a solvent that is immiscible with water, after which it is added to the 
SWCNT suspension and mixed. The organic solvent containing the molecule will then start to 
penetrate the micelle and bring the molecule close to the SWCNT surface. Then, the solvent 
will evaporate (at slightly elevated temperature) while the molecules remain within the micelle 
core and stack themselves around the CNTs. As discussed in detail in section 2.2 in the main 
text, the SWCNT stacking density can be nicely controlled by the amount of solvent added and 
the concentration of the molecule in the solvent as well as by playing with the surfactant 
concentration,35 as such capable of grafting many different molecules with largely varying and 
tuneable densities on the SWCNT sidewalls.36–38
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S1.3.2 Covalent functionalization
The covalent method described in this section,39  unlike most of the covalent approaches, does 
not change the hybridization status of the carbon atoms on which the functional groups are 
attached to. The carbon atoms below the attached groups keep their sp2 character without 
affecting the extended π-conjugation of the SWCNT sidewalls, instead of being converted in 
their sp3 form and into excitonic traps (see Figure S5a,b). To achieve this, the method relies on 
cycloaddition chemistry, which occurs exclusively between π-electrons. This strategy deploys 
cyanuric chloride (1,3,5-trichloro triazine); under the proper conditions, the triazine is 
converted into a highly reactive azido-derivative and attaches onto the SWCNTs sidewalls 
through a nitrene bridge, see [39] for the details. Favoured by the curvature of the tubes’ 
sidewalls, the in-plane sigma carbon-carbon bond below the nitrene bridge is released and the 
two carbon atoms sustaining the functional group are in their sp2 state (see Figure S5b). The 
reaction proceeds spontaneously, without an activation barrier. The temperature at which the 
reaction is performed affects the number of groups attached onto the SWCNTs sidewalls, 
making it a very efficient controller to tune the functionalization to very low (one triazine group 
every thousand carbon atoms) up to very high concentrations (one triazine group every 25 
carbon atoms, for an effective functionalization ratio of 4%). The other two chlorine atoms of 
the triazine can also be easily replaced after the attachment onto the tubes, providing the 
capability of post-functionalization attachment of additional species onto the tubes. As an 
example, Godin and coworkers40 conjugated the molecular switch spiropyran-merocyanine 
onto the triazine groups to gain control on the blinking dynamics of the SWCNTs.
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S2 Evidence of 1D Heterostructures: a benchmark of 
techniques.
Full characterization of these complex hybrid systems can only be provided by using a wide 
range of dedicated experimental techniques, as not a single technique exists that can provide a 
complete picture. Even more importantly, a proper set of reference samples needs to be 
designed and compared to. The most essential characterization methodologies for each of the 
different functionalisation strategies are reviewed below, while mostly focusing on the main 
information that can be obtained from the different techniques.

S2.1 Reference Samples

S2.1.1 Endohedrally functionalized NTs
A key element in the characterization of SWCNT nanohybrids is the preparation of a proper 
set of reference samples. When spectroscopically characterizing filled SWCNTs 
(filler@SWCNT), at least the following reference samples should be prepared and compared 
with: 

(1) Empty SWCNTs: In particular for endohedral hybrids, closed and therefore empty 
SWCNTs are extremely important reference samples (as the primary reference point for 
spectral positions etc.), which can, be prepared through careful solubilisation in aqueous 
suspensions (without using any sonication) of raw, as-synthesized SWCNTs4 or using shear-
force mixing41 and subsequent separation by density gradient ultracentrifugation (DGU).42,43

(2) Empty, but treated SWCNTs: as discussed above, even more important is to prepare a 
sample in the same way as the filler@SWCNT samples, but starting from closed (non-opened) 
SWCNTs. When preparing a suitable start sample of predominantly closed tubes is difficult, 
also a mixture of empty and filled tubes can be used that is separated afterwards (after the 
filling procedure) by DGU into closed (empty) and opened (filled) SWCNTs.14 

(3) solvent@SWCNTs: A sample of the same opened SWCNTs that has underwent the exact 
same preparation procedure except for the addition of the filled molecules, and thus may be 
filled with water or any solvents used during preparation and/or solubilization. 

(4) Free filler molecules in solution, at least if soluble in the same solvent. 

The preparation of such reference samples is detailed in the following:

First of all, when filling pre-opened SWCNTs with a particular molecule and afterwards 
dispersing the supposedly filled SWCNTs in an aqueous suspension, comparison to both empty 
(non-filled) and water-filled SWCNTs is essential. Indeed, when the pre-opened SWCNTs are 
not being filled with the molecule of choice, they will be most definitely filled with water 
during the aqueous dispersion, as it has been shown previously that water even spontaneously 
enters the smallest SWCNT diameters observed.6 Comparing the filler@SWCNT samples with 
the water-filled SWCNTs in optical spectroscopy, can then be used to determine if the filler 
molecules are encapsulated.8,9,14 This comparison can also be used to determine a minimal 
encapsulation diameter for the ‘filler’ molecule. Indeed, if the diameter is too small for the 
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‘filler molecule’, the SWCNT will be filled with water, while for larger diameters they will be 
filled by the ‘filler molecule’. 8,9,14  

Secondly, when filling SWCNTs with chromophores, one needs to ensure that only 
encapsulated molecules are present and that molecules adsorbed on the outside of the SWNTs 
are entirely removed. This removal can be performed in a very drastic manner, by embedding 
the encapsulated SWCNTs in a piranha solution,44 but is mostly done by repeatedly washing 
the SWCNTs with a solvent in which the chromophores dissolve easily.9,10,14,23,45 Care must be 
taken to not extract the filler molecules through this procedure. For some filler molecules this 
was found to be more difficult (e.g. water or C60 are hard to re-extract once inside the SWCNTs) 
than for others, but often one needs to find the delicate balance between sufficiently thorough 
removal of the externally adsorbed molecules and not too much leaching of the encapsulated 
ones.46 To optimize the washing cycles, one can perform the entire filling procedure from a 
SWCNT sample in which both closed and opened SWCNTs are present. Afterwards, the closed 
and opened SWCNTs can be separated by DGU and their optical spectra can be compared.14 
The closed SWCNTs can of course not encapsulate the molecules, and the washing procedure 
can hence be evaluated based on these closed SWCNTs not having any chromophores 
associated to them. 

Finally, during any filling procedure, solvents are used to for example wash the excess of 
externally adsorbed molecules, and one cannot ignore that these solvents could also fill up the 
SWCNTs, and even replace the encapsulated species in the SWCNTs. Therefore, it is essential 
to prepare reference samples that are prepared in the same manner as the ‘filler’@SWCNT 
samples, but without adding the filler. For example, repeating the washing procedure with pre-
opened SWCNTs that are not exposed to the ‘filler’ molecule. 

Importantly, it was previously observed that when using polymer wrapping in organic solvents 
(such as toluene) instead of aqueous suspension with surfactants, encapsulated chromophores 
that are soluble in the organic solvent can leak out of the SWCNTs.14 Using aqueous 
suspensions with surfactants, this was never observed, most likely since the surfactants could 
block the ends of the SWCNTs or since most organic molecules have very low solubility in 
water. This is important to consider when characterizing nanohybrids in different 
environments.

S2.1.2 Exohedrally functionalized nanohybrids
When functionalizing SWCNTs through exohedral adsorption on their exterior walls, most 
important reference samples to consider are ‘bare’ SWCNTs, processed in a similar manner 
but without externally adsorbed molecules, that can serve as ideal reference samples for ruling 
out effects of filling of the SWCNTs with solvents used during the aggregation process (e.g. 
the solvent used during the micellar swelling approach). If using aqueous surfactant 
dispersions, a second important reference sample that needs to be prepared is one consisting of 
the chromophores added to a surfactant solution without the SWCNTs, yielding “free” 
chromophores dispersed in surfactant micelles. The latter ideally suits as a reference sample 
for non-interacting chromophores that could be present in the nanohybrid sample, and can also 
be helpful to estimate the PL quantum yield of the chromophores in different environments. In 
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many works, a sample of the dissolved chromophores in an organic solvent is additionally 
prepared, to compare to, in particular important since PL quantum efficiencies of the 
chromophores in organic solvents can be most accurately determined (since concentrations can 
be more accurately determined). In reference [35], a detailed investigation is performed on the 
effect of the chosen surfactant and added molecule concentration in the micelle-swelling 
approach. We realize such studies are extremely time-consuming and hence cannot be 
performed as a standard methodology for any other externally adsorbed chromophore, 
however, they yield extremely valuable information on how to optimize the functionalized 
hybrid structure: for example optimize the hybrids to a full coverage along the length of the 
SWCNTs while having a minimal amount of non-interacting chromophores in the suspension.

S2.2 Absorption Spectroscopy

S2.2.1 Endohedrally functionalized NTs
After functionalisation and dispersion of the nanohybrids, a quick ensemble overview of the 
content of the samples can be obtained by absorption spectroscopy. When comparing with the 
absorption spectra of empty, water- and/or solvent-filled SWCNTs (whenever solvents are 
involved in the preparation or solubilisation of the hybrid samples) and the reference samples 
discussed above, one can get information on (1) the presence of the chromophores (and, in 
combination with the above mentioned reference samples using closed tubes, also providing a 
first indication of encapsulation), (2) the changes of the SWCNTs optical transitions due to 
interaction with the filler (E11 being generally most sensitive to these effects7–9,14,23,45, see e.g. 
also Figure 2-9) and (3) changes in the filler absorption band due to intermolecular interactions 
(e.g. in specific 1D stacking) and interaction with the SWCNTs.9,10,14 For instance, Figure S3 
presents the absorption spectra of squarylium@SWCNT hybrids as compared to the absorption 
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Figure S3: Absorption spectra of squarylium-filled arc-discharge SWCNTs (SQ@AD, in 
red) dispersed in an aqueous surfactant solution in sodium deoxycholate (DOC) in D2O 
compared to the absorption spectrum of the reference sample (dichloromethane filled: 
DCM@AD, in black). After subtracting the two absorption spectra from each other, the 
absorption spectrum of the encapsulated SQ dye can be obtained (difference spectrum in 
blue) and compared to the absorption spectrum of the SQ dye freely suspended in toluene.
Figure adapted from reference [14]
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spectra of a reference sample treated in the exact same manner but without bringing it in contact 
with the dye, and hence filled with the solvent used in the filling procedure, in that case 
dichloromethane. Comparing the absorption spectra and in particular making the difference 
spectrum (shown in blue in Figure S3) clearly indicate the presence of the dye. In addition, 
when comparing the absorption spectrum of the encapsulated dye with that of the free dye in 
solution, a clear shift of up to ~100 nm can be observed indicative of a different interaction of 
the dyes with their environment (in this case proven to originate from a J-aggregate like 
stacking of the molecules inside the SWCNTs).14 This becomes even more evident when 
subsequently sorting the SWCNTs.10 Also in this case, the shifts of the electronic transitions of 
the SWCNTs can be a direct proof of the different filling of the SWCNTs. Direct proof of 
encapsulation as opposed to exohedral functionalisation comes from comparing samples 
prepared using closed and opened SWCNTs.

Doping of SWCNTs can also be quantified by absorption spectroscopy, through the 
suppression of the 1st (and subsequently higher-order) van Hove transitions of the 
SWCNTs.18,47,48 Even charge manipulation of encapsulated beta-carotene molecules inside 
SWCNTs has been demonstrated, using electrochemical doping techniques, showing that 
electrons could be extracted from the encapsulated molecules when the external 
electrochemical potentials were shifted.48

Finally, absorption spectroscopy is also essential to calibrate and compare PL quantum 
efficiencies (of the encapsulated dyes and the SWCNTs), as presented further on.

S2.2.2 Exohedrally functionalized NTs
Similar as for endohedral hybrids, absorption spectroscopy will yield direct information on the 
effect of the interaction by shifts and line width changes of both the chromophores and the 
SWCNTs optical transitions and is extremely helpful in estimating the amount of non-

Figure S4: (a) Absorption spectra of SWCNTs doped with different concentrations of non-
covalently adsorbed dodecaborane clusters (DDB-F72) with the dark red trace representing 
the undoped sample and the dark blue trace representing a highly doped sample. A new 
absorption peak related to the trion X+ is also shown at around 1850 nm. (b) Fermi energy 
shift due to molecular doping, showing the DOS of a (10,8) chirality. Figure reproduced from 
reference [47]
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interacting chromophores (through the fact that those don’t show a shifted absorption spectrum 
with respect to the corresponding reference samples, see for example Figure 2-5). If assuming 
the absorption cross-sections of the chromophores (or CNTs) do not change significantly upon 
functionalisation, which is generally a reasonable approximation, the number of adsorbed 
molecules can be estimated from the relative intensity of the SWCNT and chromophore 
absorptions. As such, optical absorption spectroscopy becomes a quantitative technique, and 
can even be used to access the absorption cross-section of the SWCNTs through that of the 
adsorbed molecules.49 Note that doping of SWCNTs through exohedral functionalisation yields 
the same effect on the SWCNT optical properties as for the endohedral hybrids, as presented 
in Figure S4.47 

S2.3 (ensemble) NIR Photoluminescence-Excitation Spectroscopy (PLE)
In PLE spectroscopy, the emission of semiconducting SWCNTs can be mapped out versus the 
multiple higher energy excitation bands, thereby resolving each semiconducting chirality in a 
bulk sample.50 PLE spectroscopy is therefore an extremely important technique to characterize 
nanohybrids composed of semiconducting SWCNTs, in particular when combined with 
detailed fitting of the resulting experimental data, so that shifts in emission and excitation 
energies, changes in line widths and intensities and the appearance of new features such as 
energy transfer peaks can be accurately extracted from the wavelength-dependent PLE 
maps.8,10,14,35,49,51

As explained in the main text, filling of SWCNTs results in shifts of the electronic transitions 
of the SWCNTs (Figure 2-7), as well as a broadening of the line widths and a reduction of the 
PL quantum efficiency of the SWCNTs.8,11 These electronic shifts and line broadenings appear 
to be characteristic for the molecules that have been encapsulated8, and are even sensitive to 
changes in the molecular arrangement of the encapsulated molecules, revealing e.g. phase 
transitions (Figure 2-8).52,53  Comparing the electronic peak positions of SWCNTs filled with 
a particular molecule, with the peak positions of the above mentioned reference samples, it is 
even possible to determine a minimal encapsulation diameter, as shown in Figure 5-5.9 For 
chromophore-filled SWCNTs, energy transfer can be observed as additional peaks appearing 
in the PLE maps, corresponding to excitation of the encapsulated dye, followed by transfer of 
energy to the SWCNTs and emission from the SWCNTs, from which detailed information can 
be deduced on the minimal encapsulation diameter as well as the specific stacking of molecules 
inside the SWCNTs (see Figures 4-4 and 4-5).10,14 Also for doped SWCNTs, by charge transfer 
from the encapsulated species or by covalent functionalisation, PLE can be very useful, to e.g. 
determine the changes in PL quantum efficiency (Figure 4-2) as well as the occurrence of new 
emission peaks, originating from the formation of trions.54,55  Moreover, covalent sp3-
functionalisation of SWCNTs can also result in new emission peaks, due to defect-induced 
trapping of excitons on the SWCNTs.30,56,57

Similarly, exohedral functionalisation can lead to very efficient and complete energy transfer 
of the adsorbed molecules to the SWCNTs,49,51,58 previously employed to determine the 
chirality-dependent absorption cross-section of SWCNTs.49
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Interestingly, while PL quantum efficiencies of molecules adsorbed on or encapsulated in 
SWCNTs are typically quenched completely, molecules@BNNTs remain highly fluorescent, 
and the shifts and changes in the emission spectra of the encapsulated molecules can also be 
used to evidence molecules are encapsulated16, especially when combined with fluorescence 
anisotropy measurements.29 

S2.4 Resonant Raman Scattering (RSS)
Arguably the most powerful spectroscopic technique when it comes to characterizing 
molecular filling of SWCNTs is resonant Raman spectroscopy (especially when using multiple 
laser wavelengths to probe many chiralities). 

The first reason is that the radial breathing modes (RBMs) of SWCNTs are very sensitive to 
the additional restoring force exerted by a filler, causing an upshift of the RBM frequency. 
When SWCNTs are dispersed in bile salt surfactants (e.g. sodium deoxycholate),4 the 
homogeneous steroid coating ensures that these RBMs have very narrow linewidths, allowing 
for RBMs of empty and filled SWCNTs to be clearly distinguished (and this separately for 
each chirality; see Figures 5-5b and 5-5c), and enabling trends in the diameter-dependent 
stacking to be discerned from the chirality dependent variation in the size of the RBM shift, 
e.g. providing a minimal encapsulation diameter (Figure 5-5d).6,8,9 

A second reason to use RRS for characterizing filled SWCNTs is that the G-band and D-band 
are sensitive to doping that may arise through charge transfer between the filler and 
encapsulating SWCNTs (Figure 4-1).20 Aryl-based chemistry (and analogue covalent routines, 
as sketched in Figure S5a) covalently attaches a desired group onto a single carbon atom, 
converted into its sp3 state59). In this framework, Raman spectroscopy is a powerful tool to 
monitor and quantify the outcome of the process, since the D-to-G band ratio reflects the 
fraction of sp3 carbon atoms within the sp2 network.60 This is not the case for the triazine-based 

Figure S5: (a) Comparison between the sketch of aryl- (a) and triazine-functionalized carbon 
nanotubes (b) Please note the different hybridization states of the carbon atoms sustaining 
the functional groups in both compounds. [59,39]



14

covalent functionalization scheme, where the functional group is covalently linked to two 
nearby-lying carbon atoms, both in their sp2 state as sketched in Figure S5b).

RRS can also be used to probe the Raman spectra of the encapsulated species themselves. A 
major advantage here is that the fluorescence of encapsulated molecules (which often forms a 
prohibitively strong background for resonant Raman measurements on free organic molecules 
in solution) is generally drastically quenched by the SWCNTs, and that the J-aggregate like 
assemblies of encapsulated molecules combine a large number of molecules totalling into a 
huge total Raman cross-section.61 This yields Raman intensities that are even very promising 
for using single filled SWCNTs as Raman probes for multispectral bio-imaging.61 

RRS becomes even more powerful when performed as a 2D spectroscopic technique with 
continuously tunable laser wavelength. The obtained 2D Raman-excitation maps allow not 
only all individual chiralities and their electronic transitions to be discerned through their 
different RBM frequencies and electronic resonances,62–65 but also to distinguish different 
encapsulated species with different electronic transitions and vibrational signatures. This has 
for instance been used to characterize vibrational and electronic effect of water-filling of 
SWCNTs,5,6 the vibrational66 and electronic resonances (hence band gap)67,68 of linear carbon 
chains (carbyne) synthesized inside DWCNTs, even at the single tube level,69  and of graphene 
nanoribbons synthesized inside SWCNTs.70

S2.5 Single nanotube PL and Raman Characterization 
While ensemble PLE and Raman spectroscopy provide an averaged view on the novel 
functionalities of the nanohybrids and can in some cases yield information on the filling 
efficiency or specific stacking of the molecules inside, more detailed information can be 
obtained when applying these techniques on the level of individual SWCNTs. 
As a first example, Heeg et al demonstrated with tip-enhanced Raman spectroscopy (TERS) 
on individual LCC@DWCNTs that the specific Raman frequency of a linear carbon chain 
encapsulated in different CNTs does not depend anymore on the length of the chain, the latter 
being simultaneously available through the TERS mapping, but depends strongly on the 
specific diameter of the CNT surrounding the LCC.66 This observation was not possible with 
ensemble spectroscopy, where different vibrational frequencies and bandgaps of the 
encapsulated chains where observed, but could not be related to their length nor to the specific 
surrounding CNT diameter.68,71 Hence, these single-nanotube studies allowed for linking the 
structural information of the chains and surrounding CNTs to the specific optical and 
vibrational properties. TERS was also useful to provide evidence of partial filling of the LCCs 
in the DWCNTs, with alternating empty and filled sections72, while ensemble Raman 
spectroscopy might have given the wrong impression of very high filling efficiencies due to 
the very high intrinsic Raman cross-section of the encapsulated chains.73

Plasmonic enhancement through positioning of specific mol@CNT hybrids in between a gold 
plasmonic dimer used for surface-enhanced Raman scattering (SERS) resulted not only in an 
extreme enhancement of the Raman signals of the 6T@CNT sample (estimated to be of the 
order of , but also allowed to investigate the orientation of the molecules within the 9 × 104

CNT through polarization-dependent measurements.74 
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Even without the plasmonic enhancement, polarization-dependent single-nanotube Raman or 
PL spectroscopy allow to visualize the orientation and self-organization of molecules on the 
outside75 or inside44 of the SWCNTs and BNNTs.29 Such polarization-dependent studies can 
thus provide ordering of the molecules inside the NTs, in a complementary way to high-
resolution transmission electron microscopy. 
Finally, the functionalization of CNTs with molecules can also result in novel properties of the 
hybrids for bio-imaging applications and sensing. For example, SWCNTs functionalized 
through covalent functionalization with spiropyran switches have demonstrated to be ideally 
suited for super-resolution PL microscopy, as a consequence of their ability to blink under UV 
light through photoswitching of the spiropyran to merocyanine.40 This allows the unique 
narrowband NIR emission of the SWCNTs that is overlaying with the NIR biological 
transmission windows to be exploited for in vivo super-resolution imaging in cells.40

Finally, functionalisation of SWCNTs with single-stranded DNA segments or other 
biocompatible polymers has provided new avenues towards single-nanotube biosensing 
applications with high sensitivity, high specificity and possibility for in vivo 
characterization.76–80

S2.6 Time-resolved spectroscopy
As discussed already in detail in the main manuscript in section 4-2, time-resolved 
spectroscopy can be used to investigate in depth the mechanism and dynamics of the energy or 
charge transfer between encapsulated/adsorbed molecules and NTs. Interestingly, for CNT-
hybrids, time-resolved emission spectroscopy and transient absorption spectroscopy can get 
access both to the excited state dynamics of the molecules and the CNTs. For example, water-
filled SWCNTs were found to exhibit overall slightly shorter lifetimes of their excited states 
compared to empty SWCNTs,11 while external functionalisation can either lead to much longer 
timescales of the SWCNT emission, either by localisation of the charges in quantum defects or 
through triplet sensitization causing delayed fluorescence.31,81–83 Time-resolved emission 
spectroscopy of the encapsulated or adsorbed molecules typically shows significantly reduced 
lifetimes of the molecules leading to severe quenching of the molecule steady-state 
emission.14,32,84,85 However, very often, a small minority of non-adsorbed molecules is still 
present in the sample, leading to multi-exponential lifetimes with both short and longer living 
components.85,86 
Transient absorption spectroscopy on the other hand can study the population build-up of 
excitons on the SWCNTs after optical excitation of the surrounding (e.g. porphyrins58) or 
encapsulated molecules (e.g. squaraine dye14), typically occurring within a time scale shorter 
than 100fs, essentially showing ultrafast and highly efficient87 energy transfer from the 
molecules to the SWCNTs (as described in detail in section 4-2). Pump-probe spectroscopy is 
very useful in this perspective as both the dynamics of the molecule and the SWCNTs can be 
probed, after excitation of either of them. Similarly, with all other spectroscopic techniques, 
reference samples of the SWCNTs and molecules should be investigated separately to compare 
against. 
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S2.7 Electron Microscopy Techniques
The stabilization of the molecules inside the SWCNT offered a unique way to image and probe 
them, using in particular Transmission Electron Microscopy (TEM) and spectroscopies which 
have become essential tools over the time to study the structure of nanotubes and their 
hybrids.88–90 The integration of aberration correction with reduced beam voltages (20-60keV) 
has facilitated atomic-level resolution of heterostructure configurations, circumventing damage 
and undesirable charge accumulation in dielectric compounds. Ongoing advancements in 
monochromators and energy filters have broadened the scope of investigation to encompass 
vibrational and electronic states within the 200 meV to few volts range, achieving 
unprecedented resolutions. These technical advances have been decisive for making possible 
the acquisition of images in HRTEM or STEM/HAADF modes in which atoms position and 
light impurity atoms such as C, B, N or O can be directly identified.91–94The latest generation 
of machines operated at low voltage have shown to be unmissable tools to reveal the presence 
of molecules filling the inner cavity of the tubes and inspect their 1D spatial organization.90,95–97 
Besides Electron Energy Loss Spectroscopy (EELS) has been widely used for decades to 
perform elemental analysis at a quantitative level with high spatial resolution, and to investigate 
dielectric losses in the 0 – 50 eV low loss range. Like absorption optical spectroscopies, EELS 
further allows the observation of electronic transitions,98,99 with an energy resolution able to 
discriminate the spectroscopic response of the different components of an hybrid system such 
as molecule and tubes in which there are encapsulated,16,19 the measurements of momentum q-
dispersions of the excitations100–102 as well as the study of vibration modes.103 In the very recent 
years, EELS has greatly beneficiated from the emergence of new kinds of highly sensitive 
detectors.104 Moreover, the emergence of next-generation direct fast cameras has amalgamated 
high dynamics with heightened sensitivity, furnishing the means to scrutinize atomic dynamics 
under beam exposure, temperature fluctuations, or under the influence of magnetic/electrical 
fields. New types of modes such DPC and STEM 4D based on this detector generation have 
open new avenues for investigating at a nm scale various physical properties and for mapping 
various fields such strain, deformation, polarization, charge transfer, electrical fields and 
magnetization with an unprecedented sensitivity.105–109 

S2.8 Electron Paramagnetic Resonance spectroscopy (EPR)
Another technique which is very useful in specific cases is electron spin resonance (ESR) or 
electron paramagnetic resonance (EPR) spectroscopy, of course provided that paramagnetic 
species are involved. EPR spectroscopy has for instance been used to investigate the dynamics 
and deformations of fullerenes inside SWCNTs using fullerenes that were themselves 
endohedrally labelled with a nitrogen atom or transition metal paramagnetic probe, e.g. 
N@C60@SWCNT110,111 or La@C82@SWCNT.112 Also the interactions with the spins of the 
charge carriers on the SWCNTs themselves were investigated in this way. For paramagnetic 
organometallic molecules (in particular Cu(acac)2) stacked as 1D arrays inside SWCNTs, EPR 
spectroscopy can provide detailed information on the orientation and spacing of the 
molecules.46



17

EPR spectroscopy using externally adsorbed cobalt porphyrin molecules as paramagnetic 
probes has been used to characterize the different interaction of the porphyrins with metallic 
and semiconducting SWCNTs,32  which actually resulted in a quantitatively accurate method 
to determine the ratio of metallic to semiconducting tubes present in a bulk SWCNT sample.86 
 The strength of this technique is its absolute accuracy, but not its sensitivity, i.e. it is probably 
the best spectroscopic method available to date to characterize the absolute 
metallic/semiconducting content of partially enriched samples from selective synthesis 
methods, but it would be difficult to detect the very small fraction of remaining metallic tubes 
in highly purified semiconducting SWCNTs (or vice versa) from today’s state-of-the-art 
sorting methods. For the latter, wavelength-dependent Raman spectroscopy is probably most 
suitable.

S2.9 Other techniques
While many of the above techniques determine filling or external functionalisation through the 
effect of the encapsulated, attached or adsorbed molecule on the SWCNs’ optical and electronic 
properties, the non-perturbing nature of the above mentioned triazine-based sp2-
functionalization makes the tubes preserve their pristine properties, which, as a drawback, 
makes the quantification of the functionalization outcome very challenging.39 Quantification 
of the functionalization outcome by all-optical means becomes thus very elusive: No increase 
of the D-to-G band ratio can be observed as compared to sp3-functionalization60 nor any onset 
of emission bands due to defect-activated trap- or dark-excitonic states.59 The density of 
functional groups attached to the carbon nanotubes depends upon the incubation temperature 
of the triazine-containing solution in which the nanotubes are stirred during the preparation 
procedure. A temperature of 25°C yields 1% of functionalization (approximately one 
functional group each 100 carbon atoms), whereas an operational temperature of 70°C yields 
4% of functionalization (one functional group each 25 carbon atoms). A multi-step 
characterization scheme needs to be thoroughly pursued to determine those compositions, since 
no direct all-optical evidence of the functionalization is possible. The first step requires 
thermogravimetric analysis to verify the covalent nature of the established bonds and rule out 
spurious supramolecular assemblies. The subsequent step requires elemental analysis and/or x-
ray spectroscopy (in the C1s and N1s regions). Those two techniques independently recognize 
the composition and relative abundance of the different chemical species present within the 
samples, enabling a quantification of the density of functional groups attached onto the carbon 
nanotubes. X-ray spectroscopy, moreover, grants additional insight into the samples: It is for 
example able to distinguish between the two chemically different nitrogen species within the 
compounds, singling out the ones within the triazine ring from the one bridging the ring to the 
carbon atoms of the tubes (highlighted with a bold N in Fig. S5b). Those latter nitrogen atoms, 
fully integrated within the conjugated sp2 network of the nanotubes, contribute with their 
electron lone pair to the density of electrons in the nanotubes, uplifting the position of the Fermi 
level of the tubes more and more when increasing the density of functional groups. Those shifts 
of the chemical potential within the tubes can be quantified by following the position of the sp2 
component of the C1s XP spectra of the compounds. Alternatively, monitoring the broadening 
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of the G- band due to the longitudinal optical phonon in metallic nanotubes provides also an 
independent estimation of the shift of the Fermi level.

S3 Determining the percentage of filling
One of the essential questions when discussing filling of SWCNTs is how efficient the filling 
is and whether or not the SWCNTs are filled along their entire length. Ensemble RBM 
spectroscopy resolving the empty and water-filled SWCNTs present in a specific sample 
showed up to 100% intensity in the ‘water-filled’ RBM peaks for certain samples, indicating a 
complete filling of the SWCNTs.5 Initial single-tube PL investigations on individual empty and 
water-filled SWCNTs measuring the shifted emission of water-filled SWCNTs along the length 
of the SWCNTs clearly showed that if a nanotube is filled, it is filled along its entire length 
with water, even if the SWCNTs are several micrometers long, provided the SWCNTs remain 
embedded in an aqueous environment.11 However, since the exciton on the SWCNTs has a 
long diffusion length, hence probing a long section of the SWCNTs, and at the same time due 
to the limiting spatial resolution in such single-tube optical measurements, this cannot be used 
as a direct proof of complete filling. More recently, partial filling with n-hexane has been 
demonstrated by PL hyperspectral imaging spectroscopy along the length of an individual 
nanotube.113 It was also confirmed for dye-filling through mapping the Raman spectrum of the 
dye inside ultralong SWCNTs, that SWCNTs more than 100µm in length, could be easily filled 
along their entire length.24 

For water filling, a near-to complete close-packing geometry of the water molecules inside 
SWCNTs of any diameter was found through measuring the differences in density between the 
empty and water-filled SWCNTs.114 For dye-filled SWCNTs, both thermogravimetric analysis 
and elemental analysis of the as-prepared nanohybrids demonstrated, by comparison with 
molecular models, a close to complete filling of the SWCNTs with dipolar organic dye 
molecules.9 However, these destructive characterization techniques are quite wasteful and only 
applicable when sufficient sample quantities are available. 

Indirect information of complete filling was obtained from the extremely large enhancement 
of the nonlinear optical effect of dipolar dyes inside the SWCNTs, attributed to their head-to-
tail alignment (see section 5.2) can only be explained without the presence of interstitial solvent 
molecules, which would otherwise diminish the dipolar coupling between the dipolar dyes and 
hence prevent the alignment of 55-70 dyes in the same sense.9 Also in the J-aggregated stacking 
observations for other dyes inside SWCNTs, such as the squarylium and sexithiophene 
dyes,10,14,16,24,61 interstitial solvent molecules would not allow to observe the strongly shifted 
spectra of the encapsulated dyes due to the strong intermolecular coupling. Hence, optical 
spectroscopy, as well as TGA, elemental analysis and DGU separations all point towards a 
near-to-complete filling of the SWCNTs. 

In HRTEM, lower filling efficiencies are typically found, with filled and empty sections along 
the length of the SWCNT. However, one should keep in mind that the filling factor depends on 
many physical interactions occurring at the ends of the nanotube for molecular entering but 
also inside the nanotube with competitions between molecular adsorption and molecular 
diffusion, presence of interstitial solvents or not, which all depend on thermodynamical 
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parameters and geometrical aspects of the nanotube and the molecule. Also the influence of the 
electron beam, even when using low doses, can also not be neglected, see e.g. the time-
dependent twisting of graphene nanoribbons under the influence of an electron beam in 
reference [70]. 

The Raman signal from a carbon nanotube can also be used as a relative internal reference to 
compare the filling factor of different Mol@CNT or to compare different encapsulation 
methods. Note that, due to the huge resonance effects in both the CNTs and filled molecules 
response, this comparison must be done with nanotubes of the same chirality, the same 
molecules and the same excitation wavelengths. Using this method, it can be shown that the 
filling factor strongly depends on the thermodynamic parameters used for the filling process 
such as temperature and concentration.24 As another example, it was commonly observed that 
vapour phase encapsulations of polythiophenes in carbon nanotubes (e.g. 6T, 4T) lead to higher 
ratio’s of molecule / nanotube Raman bands, compared to liquid phase process, indicating a 
better filling factor.15 This is probably due to the high temperature and vacuum process used 
for sublimating the molecules that enhances the thermodynamic encapsulation driving force. 

Also for linear carbon chains synthesized within DWCNTs, it was observed through near-field 
tip-enhanced Raman spectroscopy that some parts of the DWCNTs are filled with the chains, 
while others are not, however, in this case the ‘filling’ procedure is entirely different, doing the 
synthesis within the SWCNTs making it logical that the efficiency could be much lower (see 
e.g. Figure 3-1).66

Overall, the fine understanding of the elementary filling process, the final filling factor, 
as well as the migration thermodynamics of molecules inside nanotube needs further 
experiments, at the single molecule and single nanotube scales. 
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