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A water soluble naphthalenediimide (NDI) selectively interact with small diameter single-walled carbon nanotubes (SWCNTs), as
demonstrated by Raman, along with absorption and emission spectroscopies.
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Carbon Nanotubes (CNTs) are amongst the more used nanomate-
rials of the last decades. They have been applied to different fields,
including electronics, solar cells, catalysis and nanomedicine.1,2 One
of the main drawbacks for their use in most applications is the strong
tendency to aggregate and the poor solubility in any solvent, organic or
aqueous. Chemical functionalization is the best solution to make this
material not only easier to manipulate and to handle,3 but also more
biocompatible.4 However, covalent functionalization may modify the
sp2 character of the carbon framework and consequently can influ-
ence their properties.5,6 Non-covalent approaches take advantage of
supramolecular interactions, where the adsorption of organic and in-
organic molecules on the surface of CNTs lead to stable suspensions.7

The possibility to recognize and sort selected types of CNTs is of
prominent interest, since the electronic and optical properties strongly
depend on their structural parameters (diameter and helicity).8 As a
consequence, a structural control of SWCNTs is required for their
use, especially in electronic and optical applications. Although sev-
eral methods for the selective synthesis of specific types of SWC-
NTs have been devised, there are still problems of size heterogeneity.
Therefore, post growth separation approaches, such as density gra-
dient ultracentrifugation,9 electrophoresis,10 chromatography11 and
molecule assisted selective extractions12–14 are currently employed to
minimize size dispersion. While the use of n-type semiconductors for
selective adsorption on SWCNTs have been successfully reported,15,16

here we discuss the non-covalent interaction of a water soluble naph-
thalenediimide derivative (NDI1) with SWCNTs. The naphthalenedi-
imides are the smallest n-type semiconductor analogs in the family of
rylenes.17 Their shape and rich π system makes them as good candi-
dates for the formation of interesting hybrid materials with SWCNTs.
Only a few articles employing NDIs as surfactants for CNTS have been
reported.18,19 In this work, we have used a bis-cationic NDI (Scheme
1), which can interact strongly with the scaffold of SWCNTs. This
interaction appears to be selective to some types of SWCNTs, by
adsorbing on the smaller diameter nanotubes.

Methods

NDI1 with Iodide as counter anion was synthesized as reported
previously.20 The bis-chloride derivative was synthesized by follow-
ing the procedure that is reported in the Supplementary Material. The
hybrid with SWCNTs was prepared by using the following procedure:
3 mg of NDI1 were solubilized in 5 ml of milliQ H2O. 3 mg of HiPco
SWCNTs (batch n. HP27-078) were dispersed in 5 ml milliQ H2O
with the assistance of sonication (30 min). The two solutions were
mixed and the resulting suspension was sonicated for further 30 min,
followed by magnetic stirring (2 h). The final mixture was filtered and
washed several times with H2O. The solid was redispersed in D2O and
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Scheme 1. Structure of NDI1.

centrifuged at 1000 rpm for 1 h. A fraction (70%) of the supernatant
solution was collected and directly used for the absorption and emis-
sion measurements. A fraction of the solution was deposited by spin
coating on SiO2 surface for Raman spectroscopy characterization.

Results and Discussion

The first aim of this investigation was to focus on the solubiliza-
tion of SWCNTs using NDI1 as a surfactant. As clear from Scheme
1, NDI1 comprises two functional parts: the aromatic core, which
is the main part for the interaction with the sp2 system of CNTs;
and two cationic groups, to establish water solubility. In the absorp-
tion spectrum of ND1, well resolved maxima at 360 and 380 nm,
with shoulders at 233 and 340 nm with extinction coefficient 15530
M−1cm−1 (maximum at 380 nm) are clearly discernible (Figure 1).
In the emission spectrum, two peaks are present at 393 nm and 411
nm upon excitation at 380 nm with low quantum yield of around 3%
[quinine sulfate in 0.10 M H2SO4 (literature quantum yield 0.54 at
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Figure 1. Absorption spectrum (black) and emission spectrum (red) of NDI1
(0.6 mM) in D2O upon 380 nm excitation.
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Figure 2. UV/Vis/nIR spectrum of NDI1@SWCNTs in D2O, along with the
spectrum of the pristine SWCNTs in 1% SDS in D2O.

360 nm) as the standard]. Notably, once NDI1 is combined with SWC-
NTs, no shift at absorption/emission bands are noticed, but the fluo-
rescence of NDI1 is enhanced as a result of the interactions with the
scaffold of SWCNTs (Supplementary Material, Figure S3-S4). This
effect is not common for the interaction of molecular chromophores
with carbon nanotubes, though some examples exist in which the rea-
son for this enhancement is the aggregation induced emission.21–24

Nevertheless, this particularly interesting point needs to be studied
more in depth for full comprehension.

The UV/Vis/nIR spectra of NDI1@SWCNTs were recorded in ho-
mogeneous conditions and show the successful interaction of NDI1
with the nanotubes (Figure 4). For comparison, pristine SWCNTs
were dispersed in D2O with the assist of 1% sodium dodecyl sulfate
(SDS). This spectrum displays the absorption features of the transi-
tions between the van Hove singularities in the density of states (DOS)
of metallic (M) and semiconducting (S) nanotubes. In addition, the
three regions are characteristic for the SWCNTs: M11 transitions at
wavelengths 300–600 nm, S22 transitions, between 600 and 1000 nm
and S11 transitions, at wavelengths larger than 1000 nm.25,26

By comparing the NDI1@SWCNTs spectrum with the one of the
two starting materials, the features of both components in the hybrid
material are evident. Whereas no considerable shifts take place on

the NDI1 features (Supplementary Material, Figure S5),18 several
changes are evident in the SWCNT part. In the near infrared region,
the intensity of the features is relatively lower, while some of these
bands have disappeared (Figure 2).27 On the other hand, we notice an
enhancement of the peaks at 748, 670, 512 and 463 nm. This is a piece
of evidence that NDI1 interacts with SWCNTs, but not with all the
tubes. Based on literature data, this result is an evidence of selective
interaction with small diameter tubes (Figure 2).28–31 In addition, the
amount of NDI1 that is used is in the range of 0.05 wt% (for the SDS
1 wt% was used). This indicates that NDI1 as a very good dispersant
for the SWCNTs. This difference in the amount of surfactant used
probably lies in the presence of an extended aromatic core, which
enhances the interactions between the NDI1 and the nanotubes and as
a consequence increases the dispersibility power.32

To confirm these initial results, we used Raman spectroscopy, a
powerful technique for the characterization of SWCNTs. The sus-
pension of NDI1@SWCNT was deposited on SiO2 and the Raman
spectrum was recorded at 10 distinct points with three different exci-
tation wavelengths (532 nm, 633 nm and 785 nm).

Some of the peaks correspond to NDI1 (Figure 3a, Figure S6).33

The RBM region, associated with the debundling, as well as with
different diameter and chirality, is characteristic of SWCNTs.34,35

The RBM regions were normalized to a resonance signal at differ-
ent wavenumbers, specifically 220 cm–1 (633 nm excitation, Fig-
ure 3b–Figure S11), 185 cm–1 (532 nm excitation, Figure S7–S8)
and 258 cm–1 (785 nm excitation, Figure S12-S13), at which the ef-
fect of change in intensity due to debundling is low. In the case of
NDI1@SWCNTs, the Raman spectra generally shows an increase in
the RBM signals intensity in the low-frequency region, where small-
diameter chiralities appear (especially around 240–300 cm–1).8,36 In
particular, when exciting at 532 nm, the normalized RBM signals
shows an even more pronounced intensity enhancement at increasing
wavenumbers. In this region the small diameter nanotubes resonate.
This increase can be assigned to two different effects: first, the de-
bundling effect, and second, the enrichment in the mixture of the small
diameter SWCNTs. In addition, the spectrum recorded at an excita-
tion wavelength of 633 nm (Figure 3b), at which both metallic and
semiconducting tubes are revealed, confirms the increased intensi-
ties at wavenumbers above 240 cm−1, typical of the smaller diameter
nanotubes.

The general trend of the NDI1 on SWCNTs is observed in Figure 4,
where the above discussion is summarized. Blue and green hexagons
represent the signals with constant or increased intensity, while the
yellow ones correspond to the ones with decreased intensity. The
general trends show an enrichment of diameters below 1.1 nm.

Figure 3. a. Raman Spectrum of NDI1@SWCNTs in comparison with the spectrum from the pristine SWCNTs (excitation wavelength: 532 nm). b. RBM region
from the Raman spectra of NDI1@SWCNTs in comparison with the pristine SWCNTs (excitation wavelength 633 nm).
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Figure 4. Summary of enrichment based on the Raman measurements for the
NDI1@SWCNTs.

From the Raman spectra, we can also observe the consequences
of the electronic communication between NDI1 and SWCNTs. This
manifests as a shift of the 2D mode from 2648 ± 2 cm−1 in the pristine
SWCNTs, to 2641 ± 2 cm−1 for NDI1@SWCNTs (Supplementary
Material, Figure S9). This can be due to a partial charge transfer from
the electron donating SWCNTs to the electron acceptor NDI1.18

Conclusions

In conclusion, we used a cationic, water soluble naphthalenedi-
imide for the solubilization of SWCNTs. The interaction between
the two components was characterized by means of Raman and op-
tical spectroscopies. The successful supramolecular interaction leads
to a selective dispersion and enrichment of SWCNTs in aqueous so-
lutions, which is characterized by a small diameter distribution. In
addition, a strong electron interaction between NDI1 and the SWC-
NTs is evidenced. The present work shows the utility of this n-type
semiconductor for the construction of new photoelectronic devices.
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