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Inspired by the helicity of biological materials, there is in-
creasing interest in producing helical synthetic materials,
such as helical polymers, as well as their supramolecular as-
semblies.[1] In particular, chiral functional materials with
electrical, optical, and magnetic properties are highly de-
sired in the development of multifunctional materials.[2] By
delicately controlling steric hindrance and noncovalent inter-
actions, stereoselective synthesis of enantiomeric polymers
and their assemblies were realized.[3] On the other hand,
synergetic properties are reported by the combination of
chirality with functional properties, which have potential ap-
plications in chiral recognition and separation, chiral optical
switch and memory, and chiral sensors.[4]

As a typical conducting polymer with excellent physical
properties, various polyaniline (PANI) nanostructures have
been reported by an in situ polymerization process.[5] PANI,
with predominately one-handed helical conformation, and
even their helical nanofibers were then prepared by the in-
duction of enantiomeric acidic dopants.[6] However, all
PANI nanofibers were entangled together, which led to dif-
ficulties in characterizing their physical properties. More-
over, compared with the abundant fascinating architectures
created by DNAs and peptides,[7] helical functional nano-
structures with complicated architectures have rarely been
prepared, especially those with controlled molecular ar-
rangements.

Herein, we report that hierarchical crystalline superstruc-
tures of PANI with homohelicity can be prepared by a self-
assembly process. PANI with helical conformations was first-
ly prepared by the induction of chiral camphorsulfonic acid
(CSA) as a dopant, and then helical nanofibers with differ-
ent dimensions, such as linear, branched, and microribbons
composed of aligned nanofibers, were produced by self-as-
sembly. The helical PANI molecules are oriented perpendic-
ular to the long axis of the helical nanofiber, which is quite
similar to the arrangement of peptides in their b-sheet as-
semblies.[8]

For the preparation of PANI nanostructures and their su-
perstructures, a small amount of as-prepared helical PANI
solution was first diluted with good solvent (mixture of
THF/CHCl3 with a volume ratio of 1/3). Poor solvent, meth-
anol, was then added according to the volume ratio of good
solvent to poor solvent ([G]/[P]). PANI helical superstruc-
tures with linear, branched, and aligned morphologies were
obtained through a self-assembly process by varying [G]/[P]
ratio from 0:100 to 50:50 (Figure 1). Linear nanofibers (Fig-
ure 1 a) were obtained by adding only poor solvent
([G]/[P]=0:100) through a fast aggregation process.

Interestingly, branched helical nanofibers were observed
when the [G]/[P] ratio increased to 40:60. Since branched
nanostructures were obtained by a slower process than that
of linear ones, we suggest that linear PANI nanofibers ag-
gregated together during self-assembly processes. Finally,
nanostructures with three, four, and even more branches
were all observed in a same sample (Figure 1 b and c, and
Figure S1 in the Supporting Information). Moreover, the
left-handed helical sense of the branches could be clearly
observed in the enlarged SEM images (Figure 1 d), which in-
dicates that the helical conformation of PANI molecules
was expressed in their supramolecular assemblies.

When the [G]/[P] ratio increased to 50:50, microribbons
composed of aligned PANI nanofibers were obtained due to
an even slower self-assembly process. Tens of nanofibers
were aggregated by the connection of numerous junctions,
and were all aligned along the same direction to form a mi-
croribbon (Figure 1 e). The microribbons were also easily
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observed by using optical microscopy (Figure 1 f), which
shows that they are even longer than 100 mm. PANI micro-
ribbons had a high tendency for right-handed curving, but
homo-handedness is difficult to obtain at present. To the
best of our knowledge, microribbons composed of helical
nanofibers of functional materials were prepared for the
first time, which would be facile for the study of their physi-
cal properties. For instance, we constructed the devices
based on a single microribbon, and its resistance was mea-
sured as 6.3 MW (Figure S2 in the Supporting Information),
from which we calculated its conductivity as about
0.01 Scm�1. The conductivity of PANI is lower than PANI
films doped with CSA,[9] which could be ascribed to partial
dedoping as indicated in the UV/Vis absorption spectra.

Subsequently, PANI helical superstructures were charac-
terized by circular dichroism (CD) and UV/Vis spectroscopy
(Figure 2). All UV/Vis spectra show a dominant band at
around 800 nm, and the solutions at all [G]/[P] ratios are
green in color (Figure S3 in the Supporting Information),
which indicated that most of the PANI molecules are in a
conducting state. However, shoulder peaks at around
600 nm appeared for the PANI superstructures, which are
ascribed to the partial dedoping of PANI upon adding meth-
anol. PANI molecules existed in an extended coil conforma-

tion in the solid state, and could
be fully redoped by immersion
in solutions of CSA (Figure S4
in the Supporting Information).
PANI helical nanostructures
show a bisignate CD signal with
a positive CD peak at around
425 nm and a negative CD
peak at about 460 nm (i.e., a
split signal with a crossover at
ca. 440 nm as shown in Fig-
ure 2 a), which is ascribed to the
chiral excitonic coupling corre-
sponding to the absorption at
about 430 nm in Figure 2 b.[9]

The negative signal at around
625 nm should be ascribed to
dipolarons corresponding to the
absorption at around 650 nm.
The strongest CD intensity indi-
cated the relatively intensified
screws at all [G]/[P] ratios. l-
CSA-induced PANIs showed
mirror images in CD spectra to
those of d-CSA-induced PANIs,
whereas their UV/Vis spectra
were almost identical (Fig-
ure 2 c and d), which further
proved that helical PANIs were
induced by chiral dopant.

However, the CD spectra of
d-CSA-induced helical PANI in
good solvent showed a bisig-

nate CD signal with a negative CD peak at around 400 nm
and a positive CD peak at around 450 nm, which corre-
sponded to the right-handed helix of the PANI conforma-
tion. The inversion of the CD signal of the nanostructure to
that of the solution indicates that PANI molecules arranged
normal to the nanofiber direction,[10] which will be further
proved as described below.

To further investigate superstructures of PANI, TEM
measurements were carried out for branched nanostructures.
As described above, branched helical nanofibers with clear
left-handed screw directions were observed by SEM (Fig-
ure 1 c and d and Figure S1 in the Supporting Information)
with a high p/d ratio (the ratio between screw pitch p and
diameter d). A TEM image at a low magnification (Fig-
ure 3 a) clearly showed the junctions and helical branches of
branched nanostructures. A high-magnification image of
one branch (Figure 3 c) showed very clear dark helical strips
of the nanofiber, from which we can get its pitch size p=

2.2 mm, diameter d= 290 nm, and screw angle F= 7.68.
Selected-area electron diffraction (SAED) and X-ray

powder diffraction (XRD) patterns, shown in Figure 3 b and
d, respectively, reveal that PANI molecules have long-range
orders in the nanostructures. Diffused reflections corre-
sponding to a d spacing of approximately 3.5 � in the

Figure 1. SEM and optical images of linear, branched and aligned PANI helical nanofibers. a) Linear;
b) branched helical nanofibers; c) single branched helical nanofibers with seven branches; d) magnified image
of the bottom right position in image c), which clearly shows the left-handed helical screws; e) SEM; and
f) optical images of aligned helical nanofibers.
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SAED pattern resulted from a (040) reflection of a planar
PANI molecule p–p stacking along the long axis of the
fiber.[11] Rather sharp reflections corresponding to a d spac-
ing of about 6.1 � from the (100) reflection could be as-
cribed to the arrangement of CSA molecules sitting between
neighboring PANI chains. The strong reflection in the XRD
pattern with a d value=28 � from the (001) reflection was
overwhelmed by the intense transmission beam in SAED
pattern, but the sharp reflections in the SAED pattern cor-
responding to a d spacing of 10 � might belong to the (003)
reflection of the same diffraction family.

Based on the SAED and XRD analysis, a formation
mechanism for PANI helical nanofibers was proposed as il-
lustrated in Figure 3 f. PANI molecules were doped with
enantiomeric CSA to form a complex (here we used d-CSA
as an example, and the difference of the PANI in solution
and in the solid state is illustrated in Figure S5 in the Sup-
porting Information). Due to the steric hindrance of CSA,
rectangular-like PANI molecules were twisted in the solu-
tion. This twist was amplified by p–p stacking of conjugated
chains during the self-assembly process, and finally a helical
nanofibers was obtained. The cell parameters of the PANI
nanofibers in this model is quite similar with that of the oli-
goaniline–surfactant complexes.[12]

The orientation of PANI molecules in nanofibers could be
further proved by polarized Raman spectroscopy.[13] Fig-
ure 3 e shows the results of single helical nanofibers for both
polarization geometries. The depolarization ratio (1iso) of
Raman bands was expressed by Inormal/Iparallel, in which Inormal

and Iparallel are the scattering in-
tensities, for which the incident
beam is normal or parallel to
the long axis of the nanofiber,
respectively. Both directions
show typical Raman scattering
spectra of PANI with a C=C
quinoid stretching at 1595 cm�1,
a C=N quinoid stretching at
1470–1495 cm�1, a C�N+

stretching at 1339 cm�1, a C�N
benzenoid stretching at
1222 cm�1, and a C�H benze-
noid or quinoid stretching at
around 1160 cm�1.[14] However,
the scattering intensity in
normal direction is much stron-
ger than that in parallel direc-
tion with 1iso�3, which means
that the packing direction of
helical PANI in branched heli-
cal nanofibers is normal to the
direction of nanofibers as illus-
trated in Figure 3 f.

In fact, this packing means is
very common in biological spe-
cies, such as the b-pleated sheet
of proteins.[8] In a b-pleated

sheet, the basic unit of the chiral peptide is normal to the di-
rection of the aggregates, which is very similar to the helical
PANI in branched helical nanofibers. Therefore, the building
block of helical PANI is quite similar to random-coiled pep-
tides in solution, and the helical nanofiber is an analogue of
b-sheet assemblies of peptides. This helical nanofibers com-
posed of helical PANI would not only help people to under-
stand the self-assembly behavior of protein, but also put the
conducting function in the assemblies of b-sheet analogues,
which lead to new physical properties for self-assembled su-
perstructures.

In summary, helical PANI was induced by a chiral dopant
and further self-assembled into different hierarchical helical
superstructures with different [G]/[P] ratios. As the [G]/[P]
ratios increased, linear, branched, and aligned helical nano-
fibers were successively obtained by control their aggrega-
tion behavior. Structural studies indicated that helical PANI
molecules are arranged normal to the long axis of nanofib-
ers, which is very similar to that of peptide b-sheet assem-
blies. This study will further inspire studies on self-assem-
bling analogues of bimolecular assemblies using other func-
tional molecules.

Experimental Section

The synthesis of helical polyaniline; the preparation of linear, branched,
and aligned helical nanofibers; morphology; and structure characteriza-
tions are given in the Supporting Information.

Figure 2. CD (a) and UV/Vis (b) spectra of as-prepared polyaniline, helical nanostructures induced by d-CSA
at different volume ratios of [G]/[P]. CD (c) and UV/Vis (d) spectra of PANIs induced by l-CSA at different
volume ratios of [G]/[P]. c : 0:100, b : 40:60, g : 50:50, d : 100:0 [G]/[P].
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Figure 3. a) TEM image of branched helical nanofibers induced by d-CSA dopant at low magnification. b) The SAED patterns corresponding to the
single nanofiber in the TEM image of c). d) XRD pattern of the PANI powder. e) Polarized Raman scattering spectra of PANI helical nanofibers, the
insert is the optical image of the nanofiber. c : parallel, a : vertical. f) Schematic illustration of the formation mechanism of the helical nanofiber.
The helical conformation of PANI was induced by enantiomeric CSA as the dopant, and helical PANIs further self-assembled into helical nanofibers
through p–p interactions of PANI and hydrophobic interactions of CSA. PANI molecules are normal to the long axis of the nanofiber as illustrated.
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