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Abstract: In an attempt to gather experimental evidence for the
influence of carbon allotropes on supramolecular chirality, we
found that carbon nanotubes (CNTs) facilitate amplification of
the molecular chirality of a p-gelator (MC-OPV) to supra-
molecular helicity at a concentration much lower than that
required for intermolecular interaction. For example, at
a concentration 1.8 × 10¢4m, MC-OPV did not exhibit a CD
signal; however, the addition of 0–0.6 mg of SWNTs resulted in
amplified chirality as evident from the CD spectrum. Surpris-
ingly, AFM analysis revealed the formation of thick helical
fibers with a width of more than 100 nm. High-resolution TEM
analysis and solid-state UV/Vis/NIR spectroscopy revealed that
the thick helical fibers were cylindrical cables composed of
individually wrapped and coaxially aligned SWNTs. Such an
impressive effect of CNTs on supramolecular chirality and
cylindrical-cable formation has not been reported previously.

Handedness is a fascinating phenomenon observed in
nature, from tiny organisms, such as tobacco mosaic virus,
to massive asymmetric objects, such as galaxies.[1] Nature
exploits various factors, such as the movement of solar light,
the rotation of planets, and terrestrial magnetism, to regulate
the chirality of nano-, micro-, and macrostructures present in
the universe.[2] A lot of naturally occurring matter also assists
the evolution of helical objects.[2a] For example, dust particles
present in the atmosphere and in outer space may influence
the handedness of micro- and macroscopic objects. Sponta-
neous chiral crystallization of certain small molecules under
certain laboratory conditions is another example of an
external influence on chirality.[3] Allotropes of carbon, such
as carbon particles, C60, C70, and carbon nanotubes (CNTs),
that are present in the atmosphere may also have a similar
influence upon the helical organization of macroscopic
objects of biological origin.[4] Previous studies have revealed
that the interaction of CNTs with polymers, p-conjugated

molecules, proteins, and DNA can result in functional hybrid
materials with fascinating properties.[5] For example, CNTs
significantly improve the stability of p-gelators and are known
to impart intriguing properties to the resulting hybrid
materials.[6] However, no reports are available to prove the
influence of carbon allotropes on the evolution of supra-
molecular chirality, although small amounts of chiral
p-systems are known to induce and amplify chirality when
mixed with large amounts of self-assembling achiral sys-
tems.[7] Herein, we reveal that the interaction of CNTs with
a chiral p-system has a strong influence on the amplification
of molecular chirality into supramolecular helicity. Further-
more, we report the unprecedented formation of cylindrical
nanocables comprising isolated and coaxially aligned single-
walled carbon nanotubes (SWNTs).

For our studies, we selected a monocholesterol-appended
OPV gelator, MC-OPV, which is known to form helical tapes

upon self-assembly.[8] Up to a concentration of 1.8 × 10¢4m in
n-decane, this molecule does not aggregate, as evident from
its absorption and circular dichroism (CD) spectra, which
exhibit the presence of the monomer species only (lmax =

402 nm; Figure 1a). Interestingly, when small amounts of
SWNTs (0.05–0.6 mg) were added to a solution of MC-OPV
in n-decane, followed by sonication for 1–2 min, an additional
shoulder band around 470 nm appeared, indicating the
aggregation of the molecule. Furthermore, the appearance
of van Hove singularities of the isolated CNTs in the UV/Vis/
NIR absorption spectrum in the wavelength region of 550–
1400 nm indicated the unbundling and dispersion of the
nanotubes[9] (Figure 1c). The addition of the SWNTs induced
a decrease in the emission intensities at 458 and 485 nm of the
monomers, with the appearance of a broad emission band
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corresponding to the aggregates at 550 nm (Figure 1b). As
a result, the cyan emission of the solution turned a greenish-
cyan color (inset of Figure 1b).

The CD spectrum of the gelator on the addition of
SWNTs indicated the helical arrangement of the molecules.
To be more precise, initially no CD signal was observed for
MC-OPV at a 1.8 × 10¢4m concentration in n-decane, since at
this concentration the molecule does not induce helical
organization (Figure 2a). However, the addition of 0.05 mg
of SWNTs resulted in a weak CD signal at 396 nm (6m¢1 cm¢1;
dissymmetry factor, g396 = 1.24 × 10¢4), thus indicating a helical
packing of the molecule. Upon further addition of SWNTs,
the intensity of the CD signal gradually increased (inset of
Figure 2a). For example, the addition of 0–0.6 mg of SWNTs
to a solution of MC-OPV (concentration kept constant at

1.8 × 10¢4m) led a linear increase with a maximum CD
intensity of 38m¢1 cm¢1. No enhancement in the CD signal
was seen on the further addition of SWNTs. In the absence of
SWNTs, the gelator did not show any CD signal up to
a concentration of 2.0 × 10¢4m. However, an enhancement of
the CD signal by a factor of nearly 23 was observed at the
same concentration upon the addition of 0.2 mg of SWNTs.
To observe the same CD intensity in the absence of SWNTs,
the gelator concentration had to be increased to above 2.0 ×
10¢4m, thus underlining the role of SWNTs in chirality
amplification. The interaction between the gelator molecules
and the CNTs involves H-bonding, van der Waals forces, and
p-stacking.[6, 8]

A variable-temperature study exhibited a decrease in the
absorption (see Figure S1 in the Supporting Information),
emission (see Figure S2a) and CD spectral intensities (see
Figure S2 b) of aggregates upon heating. The CD intensity of
the MC-OPV/SWNT hybrid diminished during heating up to
40 88C, owing to the disassembly of the helical aggregates into
the monomer species (see Figure S2 b). Fitting of the param-
eters (see Figure S3 a) revealed that the self-assembly process
follows a cooperative mechanism.[10] Thermodynamic param-
eters, such as the elongation temperature (Te), melting
temperature (Tm), and enthalpy change (DH) of the MC-
OPV/SWNT hybrid were calculated from the fitting curves
obtained from the variable-temperature CD studies (see

Figure 1. a) UV/Vis absorption spectra, b) fluorescence spectra, and
c) Vis/NIR absorption spectra (550–1400 nm) of MC-OPV
(c =1.8 Ö 10¢4 m, l = 1 mm, lex =380 nm) in the absence (dotted line)
and presence (solid lines) of SWNTs. Insets: Photographs of MC-OPV,
SWNTs, and the MC-OPV/SWNT hybrid in n-decane (left to right)
under UV light (b) and ambient light (c).

Figure 2. a) CD spectra of MC-OPV (c= 1.8 Ö 10¢4 m) in n-decane with
an increasing amount of SWNTs (0–0.6 mg). The corresponding
change in the CD intensity with respect to the amount of SWNTs is
shown in the inset. b) Change in CD intensity with increasing concen-
tration of MC-OPV in the presence of 0.2 mg of SWNTs in n-decane.
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Table S1 in the Supporting Information). The elongation
temperature of the supramolecular aggregates of MC-OPV
was 288 K in the presence of 0.2 mg of SWNTs, whereas it
increased up to 294 K with 0.6 mg of SWNTs (see Fig-
ure S3b). The increase in the elongation temperature implies
that the self-assembly process starts at even higher temper-
atures in the presence of SWNTs. Similarly, the melting
temperatures of the aggregates were found to increase with
increasing amounts of SWNTs. The higher melting temper-
atures indicate that SWNTs not only amplify the supramolec-
ular chirality but also enhance the stability of the aggregates.

Raman spectral changes of the SWNTs and MC-OPV/
SWNT are shown in Figure 3. They reveal a strong interaction
of MC-OPV with the surface of SWNTs. The radial breathing

mode (RBM) region of the pristine SWNTs showed peaks at
194, 216, 242, and 257 cm¢1. In the case of the MC-OPV/
SWNT hybrid, the peak at 194 cm¢1 was shifted to 198 cm¢1.
Similarly, the peaks at 216, 242, and 257 cm¢1 were shifted to
220, 245, and 261 cm¢1 with an upshift of 4, 3, and 4 cm¢1,
respectively. The G-band of the SWNTs at 1584 cm¢1 was also
shifted to 1593 cm¢1. The upshift of the peaks of MC-OPV/
SWNT could be attributed to the unbundling of SWNTs by
MC-OPV as well as the pressure exerted by the helically
wrapped supramolecular tape of MC-OPVaround the SWNT
surface.

AFM images of MC-OPV indicate the formation of
helical fibers of 50–150 nm in width with a helical pitch of 50–
80 nm (Figure 4a; see also Figure S7). However, the heights
of the fibers were in the range of 4–6 nm, thus indicating that
they are very thin. On the other hand, the MC-OPV/SWCNT

mixture showed densely aggregated thin fibers (width of 20–
100 nm) that are bundled to form superstructures of SWNTs
helically wrapped with MC-OPV (more than 100 nm width;
Figure 4b; see also Figure S8). The hybrid fibers showed
a right-handed helical pitch (100–200 nm) in most cases. Since
the UV/Vis/NIR absorption spectrum showed the dispersion
of CNTs upon interaction with MC-OPV, thus indicating the
debundling of the former, the observation of superfibers of
more than 100 nm in width was a surprise.

The inset in Figure 4b shows an isolated helical super-
structure with a width of 90 nm. Interestingly, the section
analysis of the superfiber showed a height of 60 nm, which is
nearly 10 times more than that of the MC-OPV fibers, thus
indicating a cylindrical morphology for the hybrid assembly.
Since the size of each SWNT is approximately 1 nm, the
formation of such large cylindrical fibers can be explained in
two different ways: wrapping of MC-OPV onto the bundled
CNTs, or rebundling of the individual CNTs wrapped by MC-
OPV and subsequent wrapping by MC-OPV upon evapora-
tion on the mica substrate. If the superstructures are formed
through the former route, one should not see the van Hove
singularity of the individual CNTs. In contrast, if the super-
structures are formed through the latter route, the UV/Vis/
NIR absorption spectrum of the hybrid material should show
the van Hove fine structure of the SWNTs.

To investigate this hypothesis, we measured the solid-state
UV/Vis/NIR absorption spectrum of a MC-OPV/SWNT
hybrid film, which exhibited the van Hove singularity
(Figure 5). This observation supports the formation of super-
structures by the latter route, in which the CNTs are
separated from one another by the helically wrapped MC-
OPV, a structure further established by TEM analysis of MC-
OPV/SWNT (Figure 4c,d; see also Figure S9). High-resolu-
tion TEM (HRTEM) images of a large (ca. 25 nm) and a small
(ca. 10 nm) cylindrical cable indicate the presence of aligned
SWNTs in the supercoiled fibers. We also observed aggre-
gated superhelical fibers of more than 100 nm in width (see
Figure S9 d and inset), which are coincident with the AFM
images (Figure 4b; see also Figure S8). The intensity histo-
grams of the HRTEM images reveal that the individual CNTs
are closely bound in the pristine SWNTs, with an average
intertubular distance of (0.66� 0.05) nm (see Figure S10),
whereas when they are individually wrapped by MC-OPVand
aligned in the supercoiled fibers of MC-OPV/SWNT, the
average intertubular distance is increased to (0.8–0.9�
0.05) nm (inset of Figure 4c,d).

On the basis of the above experimental data, we propose
the formation of coaxial cylindrical cables of SWNTs as
shown in Figure 6. In solution, SWNTs interact with MC-
OPV to form helically wrapped individual nanotubes. Drop
casting of the wrapped nanotubes on substrates, followed by
evaporation of the solvent, results in rebundling of the
individually wrapped CNTs, which are further wrapped with
MC-OPV to form cylindrical cables of more than 100 nm in
width with aligned CNTs. When multiwalled carbon nano-
tubes (MWNTs) were used instead of SWNTs, the intensities
of the CD signals were relatively weak (see Figure S4), since
the total surface area available for SWNTs is much higher
than that of the same amount of MWNTs. We also studied the

Figure 3. Raman spectra of SWNTs and MC-OPV/SWNT in a) the RBM
region and b) the G-band region.
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effect of CNTs on two other OPV
gelators (see the Supporting Infor-
mation), which also exhibited chir-
ality amplification, but to a lesser
extent (see Figures S5 d and S6 d).
Further studies on the interaction
of CNTs with different types of
p-gelators, to generalize the effect
on chirality and coaxial-cable for-
mation, are in progress.

In summary, we have presented
experimental evidence for the influ-
ence of CNTs on chirality amplifi-
cation in molecular assemblies, as
illustrated with a chiral p-gelator.
The extent of chirality amplifica-
tion depends upon the strength of
the interaction of the gelator with
CNTs as well as the strength of
gelator aggregation. MWNTs
exhibited relatively weak chirality
amplification as compared to that
of SWNTs, owing to the lower
surface area of the former that is
available for the gelator interaction.
Detailed UV/Vis/NIR, AFM, and
TEM analysis of the hybrid
revealed an interesting morpholog-
ical feature, in which each nanotube
is site-isolated to form coaxially
aligned cylindrical cables. Such
alignment of nanotubes without
any external force is a unique exam-
ple of nanotube self-alignment and
can be exploited for making hybrids
with intriguing physical properties.

Figure 4. a) AFM magnitude images of MC-OPV (a) and the MC-OPV/SWNT hybrid (b). The inset of
(a) shows the height profile for the marked region. The inset of (b) shows the AFM height image of
individually wrapped (marked by symbol “I”) and supercoiled fibers (marked by symbol “s”) of the
hybrid along with the height profile of a supercoiled fiber at the marked position (black line).
c, d) HRTEM images of the cylindrical cables of MC-OPV/SWNT, drop cast from n-decane solution
(c =1.8 Ö 10¢4 m). Insets show intensity histograms for the marked regions.

Figure 5. Solid-state (film) UV/Vis/NIR absorption spectra of SWNTs,
MC-OPV, and MC-OPV/SWNT. The inset shows the zoomed area
between 550 and 1200 nm.

Figure 6. Schematic representation of the formation of coaxial cylindri-
cal nanocables of CNTs by helically wrapped p-gelators, thus leading
to chirality amplification.
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