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Chirality and the related optical activity are abundant in
nature and fascinating properties of many molecules and
biomolecules. Recently, chiral inorganic materials have
attracted great attention because of their potential applica-
tions, for example, in chiral separations, chemical and
biological sensors, and optical devices.[1] Carbon-based mate-
rials, such as carbon nanotubes (CNTs) and graphene as well
as their composites, have aroused continual and tremendous
interest because of their high electrical conductivity, strength,
flexibility, and their light weight.[2] Chiral carbon-based
nanotubes with helical structures and high specific surface
areas are promising one-dimensional nanomaterials because
of their superior electronic, mechanical, and thermal proper-
ties. As expected, they have been useful in asymmetric
catalysis,[3] induction of chirality in nanostructures,[4] and
sensing of chiral molecules.[5]

However, selective synthesis of enantiopure chiral
carbon-based nanotubes with optical activity is still a formi-
dable challenge that remains unsolved. Most of the CNTs that
are grown by chemical vapor deposition are mixtures of equal
amounts of left- and right-handed helical structures, which as
a whole do not have optical activity.[6] To obtain enantiopure
chiral CNTs with optical activity, it is essential to enrich and
separate racemic mixtures through so-called enantioenrich-
ment. Generally, this involves multiple steps, including the
controlled synthesis of CNTs and the elaborate selection and
removal of guest molecules.[7] Although single-handed helical
CNTs can be obtained in slight excess using a solid-supported
Co–Mo catalyst in a one-step selective synthesis, the reason
for this excess is still not clear, and their optical activity has
also not been explored.[6b, 8]

Herein, we report a one-step synthesis of enantiopure
chiral carbonaceous nanotubes (CCNTs) by carbonization of
self-assembled chiral polypyrrole (CPPy) nanotubes. The
CPPy nanotubes were templated by self-assembly of enan-
tiopure chiral amphiphilic N-acylamino acid molecules and
subsequent polymerization of the bound pyrroles.[9] These
CPPy nanotubes and their carbonized products gave enantio-
pure materials with distinct and robust optical activity, which

could be attributed to the ordered helical arrangement of the
polymers or carbon nanostructures. Their enantiomeric
materials showed the mirror-imaged CD signals.

So far, soft-template-directed self-assembly has not been
used to direct the surface deposition of a carbon source to
form a template–carbon complex, because the required
interaction between the template and the carbon source is
extremely difficult to achieve. Our approach is based on the
formation of CPPy nanotubes as a result of electrostatic
interactions between the carboxylic amphiphilic molecules
and the pyrrole monomers,[9] and subsequent carbonization. It
is well known that lipid amphiphilic molecules, such as N-
acylamino acids and fatty acids with hydrophobic alkyl chains,
can self-assemble to form helical ribbons or fibers with
a bilayered molecular arrangement (Scheme 1),[10] which can

be used as templates for the oriented polymerization of
pyrrole monomers through electrostatic interactions between
the negatively charged carboxylic acid heads and the pos-
itively charged imine nitrogen atoms. Left- and right-handed
chiral PPy (L-CPPy and R-CPPy) nanotubes can be prepared
by using surfactants derived from l- and d-glutamic acid,
respectively.[9] The preferential interaction, which occurs on
both sides of the above-mentioned helical ribbon (one side
shown in Scheme 1, enlarged section), leads to the formation
of double-helical PPy nanotubes.[10b] After calcination under
an inert atmosphere at different temperatures, such CPPy
nanotubes can be carbonized to the carbon-based materials
with well-maintained helical morphology. The left- and right-
handed CCNTs were denoted as L-CCNT and R-CCNT,
respectively.

Scheme 1. Illustration of the synthesis of CPPy nanotubes and CCNTs.
a) CPPy nanotubes prepared by self-assembly of C18-d-Glu (template)
with ammonium persulfate (APS) as initiator. b) CCNTs prepared by
carbonization of CPPy nanotubes under an Ar atmosphere.
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Figure 1 shows scanning electron microscopy (SEM; a–c)
and high-resolution transmittance electron microscopy

(HRTEM; d–f) images of the CPPy nanotubes templated by
N-stearyl-d-glutamic acid (C18-d-Glu), and CCNTs carbon-
ized at 550 8C (CCNTs-550) and 950 8C (CCNTs-950). These
samples are composed exclusively of right-handed double-
helical fibers with uniform morphology. The wider surface of
the helical ribbon would attract more monomer molecules of
PPy to polymerize on them, resulting in the formation of
double-helical PPy nanotubes as mentioned above. The outer
diameters of the as-prepared CPPy nanotubes are in the range
of 70–100 nm and the pitches of outer surface along the rod
axis are estimated to be all about 250 nm, as indicated by
black arrows. After carbonization under an Ar atmosphere,
the outer diameters of the nanotubes were slightly decreased
and their surface became gradually folded with increasing
temperature. However, the double-helical morphology of the
nanotubes was still well-maintained, even after carbonization
at high temperatures (e.g., 950 8C), thus displaying their high
ability to memorize the original morphology. When the C18-l-
Glu was used as template, the resulting products displayed the
same morphology but with the opposite helicity (see Fig-
ure S1 in the Supporting Information).

The HRTEM images in Figure 1d–f indicate that the
CPPy nanotubes possess helical inner tubes with a diameter of
approximately 25 nm. After carbonization under Ar atmos-
phere, the CCNTs-550 showed no obvious change in mor-
phology compared to CPPy nanotubes. HRTEM images of
CCNTs-950 showed a layered arrangement, which may be the
characteristic structure of graphitized carbon. Similarly,
previous reports have shown that PPy materials can be
carbonized to graphitized structures by dehydrogenation and
growth of PPy chains, and rearrangement of carbon atoms in
these chains.[11] CCNTs could thus be regarded as helically
arranged carbonaceous nanostructured building blocks
(CNBBs) consisting of graphitic and amorphous carbon.

The N2 adsorption–desorption isotherms (see Figure S2
and Table S1 in the Supporting Information) of CPPy nano-
tubes and CCNTs-550 show a large Brunauer–Emmett–Teller

(BET) surface area of more than 130 m2 g�1, and a pore size of
about 25 nm. However, the specific surface area and pore size
of CCNTs-950 are slightly smaller, which could be attributed
to the pyrolysis of organic components during graphitization.

The chemical compositions of these samples were ana-
lyzed by X-ray photoelectron spectroscopy (XPS; Figure 2;

for detailed data see Table S2 in the Supporting Information).
The nitrogen atoms in CPPy nanotubes exist as pyrrolic
nitrogen at 400 eV, which gradually transforms to pyridinic
nitrogen at 398 eV, and graphitic nitrogen at 401 eV. After
carbonization at 950 8C, the nitrogen atoms exist mostly as
graphitic nitrogen, which indicates that the degree of
graphitization deepened with increasing carbonization tem-
perature,[11a,12] while the nitrogen content gradually
decreased. Furthermore, these results show that N-doped
carbon nanotubes (CNx) were obtained by carbonization of
CPPy nanotubes at 550–9508C. The introduction of nitrogen
atoms into CCNTs could create more active sites for
anchoring functional metal nanoparticles, such as Pt and
Ag, thus resulting in the use of CCNTs as, for example, novel
supports of catalysts for direct methanol fuel cells (DMFC),
bactericides, and sensors.[11a,13]

The chemical compositions of the CPPy nanotubes before
and after carbonization were further examined by FT-IR
spectroscopy (see Figure S3 in the Supporting Information).
The spectra show no distinct bands at around 2840 and
2920 cm�1 (corresponding to CH2/CH3 stretching vibration of
C18-l/d-Glu) in the as-prepared samples, probably because
the lipid molecules are completely enclosed in this system.[9]

The characteristic stretching vibration bands of pyrrole rings
at 1549 and 1470 cm�1, and the bands characteristic for
stretching of conjugated C-N and planar C-H at 1302 and
1040 cm�1, respectively, demonstrate the formation of
PPy.[9, 11a, 14] However, the above-mentioned characteristic
bands become weaker and finally completely disappear with
increasing carbonization temperature, thus indicating that
CPPy nanotubes are converted to all-carbon materials at
950 8C. This conversion was further confirmed by 13C NMR
spectroscopy (Figure S4 in the Supporting Information). The

Figure 1. SEM (a–c) and TEM images (d–f) of the R-CPPy nanotubes
(a,d), R-CCNTs-550 (b,e), and R-CCNTs-950 (c, f).

Figure 2. N1s XPS spectra of R-CPPy nanotubes, R-CCNTs-550, and
CCNTs-950.
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13C NMR spectra of CPPy nanotubes and R-CCNTs-550 show
a common resonance at about 128 ppm, suggesting that both
of them predominantly feature a–a’ bonding.[15] However, no
such signal was found in the spectra of R-CCNTs-950, thus
indicating that after carbonization at 950 8C, hydrogen was
completely eliminated and the CPPy nanotubes were con-
verted to all-carbon materials.

The microstructures were also investigated using XRD
and Raman spectroscopy (see Figures S5 and S6 in the
Supporting Information). The XRD curves show only a broad
maximum at approximately 23.68, corresponding to the
intermolecular p–p interaction of PPy chains similar to that
of aromatic groups.[11a,14b] After carbonization, the maximum
was increased in intensity and shifted to a wider angle (around
25.28), which is characteristic of the (002) plane in graphite.
Moreover, a weak maximum at 43.48 corresponds to the (100)
plane in graphite, the presence of which might be attributed to
the graphitization of the CPPy nanotubes. Raman spectra of
the CPPy samples show a characteristic band at around
1556 cm�1, corresponding to sp2-hybridized carbon atoms (C=

C), which gradually shifts to a higher wavenumber of around
1583 cm�1 after carbonization at 950 8C. The band at
1583 cm�1, corresponding to a graphitic species (G-band),
may be ascribed to the graphite structure of carbon
atoms.[11b, 16] In addition, the characteristic band at around
1346 cm�1, corresponding to sp3-hybridized carbon species
(D-band), always exists in those samples, irrespective of the
carbonization, thus indicating incomplete graphitization of
the nanotubes at such temperatures.

Figure 3 (bottom) shows UV/Vis spectra of the left-
handed CPPy, CCNTs-550, and CCNTs-950 samples, which
exhibit a broad absorption band in the range of 200–800 nm.
On the basis of the chain structures and band models of PPy
(see Figure S7 in the Supporting Information),[17] the bands at
230–320 nm and 340–400 nm could be assigned to the p-
conjugated structure of pyrrole rings and interband p–p*

transitions, respectively, and the intensity of these bands is
thus directly proportional to the amount of neutral PPy. The
band at about 500 nm represents a transition from the valence
bond to the antibonding polaron or bipolaron state resulting
from polaron absorption, the band at 680–800 nm or even
higher wavelengths can be assigned to a transition from the
valence bond to the bonding polaron or bipolaron state
resulting from bipolaron absorption.[17] After heating to
550 8C, the increased intensity of the bands at 230–400 nm
could be attributed to an increasing amount of the neutral
form of PPy and pyridinic carbon.[17a] However, the decreased
intensity of the bands at 680–800 nm could be assigned to
partial destruction of the long-range p-conjugated structure
of PPy chains as a result of carbonization.[17b] By heating to
950 8C, the samples are converted to partially graphitic carbon
with the rearrangement of the structure. The amount of
polarons and bipolarons decreases because of the intrachain
rearrangement, which leads to the decrease in intensity of the
bands at about 230–500 nm compared with those of CCNTs-
550.[17] Nevertheless, the intensity of the bands still exceeds
that of the as-prepared CPPy samples, which may be
attributed to the higher conjugation and conductivity of sp2-
hybridized graphitic carbon compared with PPy rings. A
similar effect was achieved for the sp2-hybridized graphitic
carbon chains, thus resulting in an increase in intensity of the
bands at 680–800 nm.[17b, 18] Moreover, both the increased
number of sp2-hybridized sites and the increased conductivity
of the material cause a reduction in the gap width.[18] Thus,
optical absorption at 230–500 nm shows a slight blue shift of
the samples that were annealed at higher temperatures.

Circular dichroism (CD) can be used to measure the
differential absorption of left- and right-handed circularly
polarized light, and the CD activity indicates a chiral
structure, which can be detected by solid-state diffuse-
reflectance circular dichroism (DRCD). The enantiomeric
CPPy, CCNTs-550, and CCNTs-950 samples showed obvious
mirror-imaged CD signals in the corresponding absorption
region (Figure 3), thus indicating that the optically active
carbonaceous tubes can selectively absorb left- or right-
handed circularly polarized light through a vicinal effect of
helically arranged polymer chains of PPy or the carbon
nanostructure.[19] Additionally, their CD signals were slightly
shifted to a lower wavelength with an increase of their
intensity after carbonization, which is consistent with the
change of optical absorption, as mentioned above.

On the other hand, the CCNTs also showed distinct
electrochemical reactivity for lithium intercalation and may
be potentially useful materials for lithium-ion batteries
(LIBs). Figure 4a shows the discharge–charge curves of
a CCNTs-950 electrode. The initial discharge capacity reaches
750 mAhg�1. The voltage plateaus above 0.75 V in the first
discharge curve can be attributed to the formation of a solid
electrolyte interphase (SEI) film on the surface of the CCNTs,
and other side reactions.[20] In the following cycles, the
electrochemical reaction becomes reversible and voltage of
lithium intercalation remains far above 0 V vs. Li+/Li, which is
favorable for safe battery operation. The cycling behavior of
the CCNTs samples was further compared with that of
commercial CNTs at 100 mAg�1. The CCNTs-950 electrode

Figure 3. CD and UV/Vis spectra of enantiomeric CPPy nanotubes,
CCNTs-550, and CCNTs-950.
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has better cycling stability at the initial stage than the CCNTs-
550 electrode (Figure 4b), which indicates fewer defects and
a more stable structure of the CCNTs-950. Commercial CNTs
(see Figure S8 in the Supporting Information), which have
a specific surface area of 63 m2 g�1 and a diameter of around
40 nm, show a reversible capacity of about 210 mAh g�1,
which is in accordance with the reported results.[21] Under the
same conditions, the CCNTs-950 obviously have a higher
capacity, which may be due to more open mesoporous
channels in CCNTs and more active sites for lithium
storage.[22]

To the best of our knowledge, this is the first example for
the preparation of enantiopure chiral carbonaceous nano-
tubes with distinct optical activity through a one-step syn-
thesis. The double-helical mesoporous PPy nanotubes were
synthesized using N-acylamino acids as template and then
easily carbonized to N-doped CCNTs and partially graphi-
tized CCNTs with well-maintained helical morphology. All of
these materials show obvious differential absorption of left-
and right-handed circularly polarized light. As the mesopo-
rous CCNTs with super-helical structure, they have shown
higher lithium storage capacity compared with common
CNTs. These new carbon materials with unique chiral
configuration may have significant future applications in
various research areas, such as in energy storage, as catalyst
supports, and in enantioselective separation systems.

Experimental Section
Preparation of chiral PPy nanotubes: We modified a method
previously reported by us,[9] using a molar ratio of
1:40:5351:57081:40 for lipid amphiphilic molecule/pyrrole/methanol/
H2O/ammonium persulfate (APS). C18-d-Glu (0.06 mmol) was dis-
solved in MeOH (12.9 mL) at room temperature, and pyrrole
(2.4 mmol) and deionized water (60 mL) were added. The solution
was stirred for 10 min, then a precooled aqueous solution of APS
(2.4 mmol in 1.2 mL deionized water) was added to the mixture,
which was then stirred for further 30 min. A brown solid, which was
obtained by filtration and thorough washing of the residue with H2O
and C2H5OH, was dried for 12 h at 40 8C in vacuum.

Carbonization of the CPPy nanotubes: The above-mentioned
product were heated to the target temperature at a rate of 1.5 8C min�1

under a flow of Ar, and the temperature was maintained for 6 h. After
slowly cooling the sample to room temperature, carbonized carbona-
ceous nanotubes were obtained.
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