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ABSTRACT: Biomacromolecules such as proteins,
although extremely complex in microstructure, can
crystallize into macro-sized crystals after self-adjusting
their shapes, based on which the structure of biology is
built. Inorganic nanowires/nanoribbons with a similar one-
dimensional topology but much simpler structures can
hardly be as flexible as macromolecules when constructing
superlattice structures because of their inherent rigidity.
Here we report the synthesis of crystalline indium sulfide
nanoribbon-based nanocoils that are formed by sponta-
neous self-coiling of ultrathin nanoribbons. The nano-
structures are flexible and appear as relatively random coils
because of their ultrathin ribbon structures (∼0.9 nm in
thickness) with high aspect ratios. Moreover, the nanocoils
can self-adjust their shapes and assemble into two-
dimensional superlattices and three-dimensional super-
crystals in solution. The ultrathin nanocoils are expected to
bring new insights into the use of flexible nanocrystals as
building blocks for constructing superstructures.

Self-assembly of nanocrystals provides a powerful approach
for constructing superlattices and supercrystals that are of

great importance from both fundamental and applicative
standpoints.1−5 Of these assembly systems, inorganic nano-
particles with round, rod, wire, polyhedral, and other shapes3−9

are usually regarded as “hard” building blocks because they can
hardly change their shapes when assembling into ordered
structures, which limits the complexity of the assembled
structures and narrows the types of building blocks for
understanding of crystallization to some extent. It is known
that macromolecules, especially biological polymers such as
proteins, are the most sophisticated building blocks available to
an organism.10,11 From a more realistic view of shapes, many of
them are commonly visualized as random chains that can fold
into well-behaved structures and then crystallize into macro-
sized crystals.12−15 Inspired by organic systems, we wondered
whether we could obtain inorganic nanocrystal building blocks
with a similar one-dimensional topology that can show shape
flexibility and crystallize into superstructures.
One-dimensional inorganic nanostructures with high aspect

ratios can be bent and shaped into complex architectures.16−20

To date, ZnO nanorings21 and helices22 as well as carbon
nanotube-based nanorings20,23,24 formed by self-coiling or
constrained coiling of their one-dimensional nanostructures
have been reported. If their diameters/thicknesses were to shrink
further to the subnanometer scale, it would be imaginable that
inorganic nanowires/nanoribbons might be more flexible and to
some extent could show chain bending, coiling,17,19 and even

crystallization behavior similar to that of flexible biomacromo-
lecules. Furthermore, inorganic nanoparticles can also be treated
as protein mimics because of their similarities in overall size and
surfaces.25 Here we report the synthesis of crystalline indium
sulfide nanoribbon-based ultrathin nanocoils (UNCs) that are
formed by spontaneous self-coiling of ultrathin nanoribbons as
they grow in solution. Electron microscopy revealed that the as-
synthesized nanoribbons are only∼0.9 nm in thickness and up to
hundreds of nanometers in length. Because of their subnan-
ometer-scale thickness, the UNCs are flexible and appear as
relatively random coils. Notably, in remarkable contrast with
those “hard” building blocks that have been the focus of particle
assembly in the past, the UNCs have a strong tendency to self-
adjust their shapes and assemble into supercrystals in solution in
a manner analogous to macromolecule crystallization in which
molecular chains fold together and form ordered structures.
The UNCs were synthesized via a simple solution-phase

reaction. From sulfur powder and indium acetate as precursors
and octylamine and ethanol as solvents, inorganic nanocoils with
rich shape flexibility were easily obtained at 180−220 °C. The
octylamine served not only as a solvent but also as a surface
ligand. The N−H modes at 1650−1450 cm−1 and the CH2 and
CH3 stretching vibrations at 2800−3000 cm−1 in the Fourier
transform infrared (FT-IR) spectrum indicated that the products
were capped with octylamine26 [Figure S1 in the Supporting
Information (SI)].
The shape of the product was determined by transmission

electron microscopy (TEM) (Figure 1; enlarged images are
shown in Figure S2). A low-magnification TEM image of the
sample shows large areas of circular shapes of nanowires (Figure
1a), whereas a closer examination indicates that these coils are
not made of nanowires but of ultrathin nanoribbons, as revealed
by those loose coils exposing lateral surface (Figure 1b). This was
further confirmed by a set of tilted TEM images of the nanocoils
(Figure S3). Because of their ultrathin nanostructure (only ∼0.9
nm in thickness), these UNCs can show flexible coiling shapes,
such as double-headed coils with different loops and unclosed
ringlike and S-shaped coils (Figure 1e). The high-resolution
TEM (HRTEM) image clearly shows the crystalline nature of the
UNCs (Figure S2c). The UV−vis absorption spectrum (Figure
1f; also see the additional discussion in the SI) implies that the
sizes of the UNCs are in the quantum-confinement range.
Characterizations by X-ray diffraction (XRD) and photo-
luminescence (PL) spectroscopy are given in Figures S4 and
S5, respectively.
For ultrathin nanocrystals, the surface energy is high because

of the large surface-to-volume ratio, which makes a dominant
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contribution to the total energy of the system. From the
viewpoint of energetics, if the energy of bending a ribbon into a
coil (|Eb|) is larger than the strain energy resulting from the
induced curvature (Es), the formation of coils would be favorable.
Eb involves the surface energy of the ultrathin nanoribbons and
the energy stabilization due to attractive ligand−ligand
interactions resulting from overlapping (interdigitation) of
ligands on the coil surface. From a simple beam model based
on continuummechanics, the strain energy can be expressed as27

Es = YIl/2R2, where Y is the Young modulus, I = bh3/12 is the
geometrical moment of inertia of a nanoribbon having a width b
and a thickness h, l is the contour length of the nanocoil, and R is
the radius of the resulting coil. The quantity YI presents the
flexural rigidity, which is strongly dependent on the ribbon
thickness h through the factor h3. In other words, the thinner the
ribbon, the more flexible it will be. Thus, the structural flexibility
of the UNCs here derives from the subnanometer-scale thickness
of the nanoribbons. As Es is inversely proportional to the square
of R, higher strain energy is stored when forming coils with a
smaller radius R, and consequently, bending with high curvature
becomes unfavorable. The radii of the nanocoils in final state are
similar (Figure 1), resulting from the energy equilibrium between
the opposing quantities Eb and Es. A TEM image of the sample
obtained after a short reaction time (Figure S6) shows
amorphous aggregates with bent strips, suggesting that the
growth of ultrathin nanoribbons from solution occurs in
association and concurrent with the self-coiling. In addition,
strain present in both sides of the nanoribbon usually stimulates
bending or rolling. If the two sides of the ribbon are not equal, a
strain will be created that will stimulate coiling toward one
direction. However, we observed that the coiling direction of the
ribbon was random (Figure 1e). Alternatively, the fact that the
near-molecular diameter and high aspect ratio of the ultrathin
nanoribbons approach those of linear polymer molecules allows
the ultrathin nanoribbons in solution to be similarly viewed as
semiflexible polymers, which are often modeled as wormlike
polymer chains using statistical mechanics. Sano et al.23 modeled
the ring formation of single-walled carbon nanotubes (SWNTs)
by treating the SWNTs as wormlike polymer chains and found
that thermal fluctuation can bend a SWNT if its length exceeds
the Kuhn segment length. From our results, the geometry of the
nanoribbons is comparable with that of SWNTs, making a similar
case possible. The UNCs are formed under solvothermal

conditions, where the thermal fluctuations in solvent molecules
are strong and likely significant for the formation of UNCs with
various conformations. Meanwhile, surface-adsorption-induced
strain and solvent effects may make the coiling more favorable.
The alkylamine in the synthetic system plays an important role

in the formation of the UNCs, not only serving as both the
solvent and capping ligand but also providing an additional
stabilization, if any, resulting from the ligand−ligand interactions
on the curved surface. To exploit the effects, we performed
control experiments under identical experimental conditions but
using amines with different alkyl-chain lengths. We found that
dodecylamine could produce similar nanocoils as those observed
in the case of octylamine. However, neither oleylamine nor
butylamine produced good-quality nanocoils, although trace
quantities of nanocoils could be observed (Figure S7). This may
indicate that there exists an optimal interaction between the
organic ligands for the formation of UNCs. If the alkyl chains are
too long, they may introduce steric repulsion that counter-
balances the attractive interactions on the coil surface; if the alkyl
chains are too short, the attractive interactions among
neighboring ligands upon coiling may be too weak. Both cases
are unfavorable for the formation of UNCs.
It is worth noting that these UNCs have a tendency to self-

organize into superlattices during the synthesis. This was more
obvious when the content of ethanol in the system was reduced
and occurred even in the absence of ethanol. A typical few-
layered assembly of UNCs was revealed by TEM (Figure 2;

enlarged images are shown in Figure S8). It seems that the UNCs
can self-adjust their flexible conformations more tightly to form
ordered regions. Although isolated UNCs possess flexible coil
conformations, those nanocoils in the superlattices all take
uniform circular morphologies with a diameter of ∼13 nm. The
UNC superlattice looks more like an ordered two-dimensional
porous structure with uniform pore features. The scanning TEM
(STEM) image shows more clearly the uniform frameworks
composed of nanocoils (Figure 2b). Energy-dispersive X-ray
(EDX) mapping analysis confirmed the even distribution of
indium and sulfur along the framework of the assembly structure
(Figure 2b insets). A typical HRTEM image shows bending

Figure 1. (a, b) Typical TEM images, (c) HRTEM image, and (d)
STEM image of the as-synthesized UNCs. (e) Images showing versatile
shapes of UNCs with different coiling levels of nanoribbons. (f) UV−vis
spectrum of UNCs.

Figure 2. (a) TEM and (b) STEM images of a typical superlattice self-
assembled from UNCs with two-dimensional hexagonal packing. The
insets in (b) are EDX elemental maps, which clearly indicate that indium
and sulfur are uniformly distributed in the UNCs. (c) HRTEM image of
the UNC superlattice. The crystal lattices of the coils clearly suggest that
the framework of the assembly structure is composed of crystalline
inorganic components.
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lattices along the loops, further indicating that the “porous”
superlattice is composed of crystalline inorganic materials
(Figures 2c and S8c). In the superlattice structure, we can also
see double-headed S-shaped coils with tight loops and uniform
head coils. This further suggests that when forming assemblies,
the nanocoils self-adjust their shapes to crystallize because of the
morphology flexibility resulting from their ultrathin nanostruc-
tures.
Prolonging the synthesis time to several days and reducing the

content of ethanol in the system (for details, see the SI) afforded
three-dimensional self-assemblies of UNCs. After the reaction
was complete, the precipitate was washed with ethanol cautiously
to avoid destroying the assembled crystals. Although many
isolated UNCs still existed, this reaction yielded numbers of
relatively large UNC crystals with sizes of more than 500 nm that
were composed of thousands of UNCs (Figures 3 and S9). A

series of TEM images of incomplete superlattices indirectly
reveal the growth process from isolated UNCs to UNC
superstructures (Figure S10). In this case, more UNCs with
different conformations packed together and self-adjusted their
conformations to adapt to a change in the assembly system, and
thus, the building units in the superstructures appeared as
uniform “pores” (Figure 4). This process is somewhat similar to
the crystallization of macromolecules, in which their molecular
chains fold into well-behaved structures and form ordered
regions by interactions between molecular chains. These
nanocoil supercrystals possess regular arrays of uniform large
pores (13 nm in diameter), very similar to typical ordered
mesoporous structures in appearance. The supercrystals are
highly ordered, as evidenced by the fast Fourier transform (FFT)
pattern (Figure 3e). In fact, the nanocoils are assembled into
arrays in which the ultrathin nanocoils themselves act as
inorganic walls, thus spontaneously forming pores. The best

images were obtained when the assembled structure was thin,
showing clearly the regular inner structures (Figure 3c,d).
Interestingly, some crystals exposed rough edge surfaces in which
the nanocoils’ arrangement, like atoms, showed steps that are
usually observed in high-index faceted nanocrystals (Figure 3f,h).
Examination of different time points of samples obtained under
same synthetic conditions by TEM revealed a size evolution of
UNC supercrystals. Although no linear correlation between size
and time was found, the supercrystals underwent a gradual
growth stage with increasing time. The size of UNC super-
structures reached up to 1−2 μm in 60 h (Figure S11).
For the formation of supercrystals, ultrathin structures and

high aspect ratios enable the UNCs to be flexible in
conformation, and therefore, random nanocoils can self-adjust
their shapes to be more compact and form supercrystals in order
to minimize the total surface free energy of the system.
Additionally, the flexibility of these “soft” UNCs allows
themselves to overlap and interweave with each other; in this
way, the superstructures can be stabilized. It is known that the
capping ligands on the nanocrystal dominate the interparticle
interactions, structure, and cohesion of the nanocrystal super-
lattice.28 For the UNC supercrystals, the interactions are also
influenced by the alkylamine on the nanocoil surfaces. An
HRTEM image of the superlattice (Figure 2c) shows overlaps
and “bonds” among neighboring nanocoils, which are also
observed in the frameworks of three-dimensional supercrystals
(Figure 3). These facts suggest there are strong interactions
between nanocoils in the assembled structures, likely through
bundling and interdigitation of surface ligands, which provide
stacking energy and make the formation of supercrystals more
favorable.
When the UNCs precipitated in ethanol were incubated for

several days, they gradually gave transparent crystal-like
macroscopic solids with sizes of up to 1−3 mm. A typical sample
was observed using optical instruments (Figure 5). Polarizing
microscopy is most commonly used to view minerals,
biopolymers, liquid crystals, and so on; birefringence is often
observed in materials with anisotropic crystal structures.29,30

Here we observed strong birefringence in some domains of the
macrostructures under cross-polarized illumination (Figures 5b
and S12), implying some regularities in the internal arrangement
of the constituents present in the structures. In view of the fact
that the UNCs have the tendency to form superlattices and
supercrystals, it is not surprising that these macrostructures
formed. As a result of the optical properties of the building units
(Figure S5b), red and green fluorescence images of the
macroscopic assembly were obtained using PL microscopy
under different excitation and emission filters, respectively
(Figure 5c,d).

Figure 3. (a, b) TEM images of nanocoil supercrystals with a size of
∼500 nm. (c, d) Enlarged TEM images of the supercrystals in the left
column, clearly showing the regular inner structure. (e) FFT pattern of
the supercrystal in (a). (f) TEM image of a supercrystal showing an
“unsmooth” surface. (g) Schematic model of a supercrystal. (h)
Enlarged view of the red rectangle in (f).

Figure 4. Scheme for the formation of supercrystals from isolated
nanocoils with flexible shapes.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja403065z | J. Am. Chem. Soc. 2013, 135, 6834−68376836



Self-assembly of inorganic nanocrystals usually requires a
controlled size distribution in order to get uniform rigid building
units. In contrast, the UNCs presented here possess relatively
flexible one-dimensional shapes and can self-adjust their shapes
and assemble into superstructures, which is similar to the folding
and crystallization process of biomacromolecules. Moreover, the
formation of UNC supercrystals will be of great interest not only
for providing insights into the self-assembly of ultrathin one-
dimensional nanostructures but also for understanding the
fundamental crystallization of flexible polymers. We hope our
study presents a potentially ideal platform for bringing closer the
domains of inorganic colloids and organic macromolecules.
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Figure 5. (a) Optical micrograph of an assembled nanocoil aggregate
formed in the nanocoil solution after about 2 weeks. (b) Cross-polarized
micrograph of the sample in (a) showing significant birefringence. (c, d)
Fluorescence micrographs obtained using an Olympus IX70 micro-
scope.
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