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Emerging double helical nanostructures
Meng-Qiang Zhao, Qiang Zhang*, Gui-Li Tian, Fei Wei*

As one of the most important and land-mark structure found in nature, a double helix
consists of two congruent single helices with the same axis or a translation along the
axis. Such double helical structure renders the deoxyribonucleic acid (DNA) as the
crucial biomolecules in evolution and metabolism. The DNA-like double helical
nanostructures are probably the most fantastic yet ubiquitous geometry at nanoscale,
which are expected to exhibit exceptional and even rather different properties due to the
unique organization of the two single helices and their synergistic effect. The
organization of nanomaterials into double helical structures is an emerging hot topic for
nanomaterials science due to their promising exceptional unique properties and
applications. This review focuses on the state-of-the-art research progress for the
fabrication of double-helical nanostructures based on ‘bottom-up’ and ‘top-down’
strategies. The relevant nanoscale, mesoscale, and macroscopic scale fabrication
methods, as well as the properties of the double helical nanostructures are included.
Critical perspectives are devoted to the synthesis principles and potential applications in
this emerging research area. A multidisciplinary approach from the scope of
nanoscience, physics, chemistry, materials, engineering, and other application areas is
still required to the well-controlled and large-scale synthesis, mechanism, property, and

application exploration of double helical nanostructures.

1. Introduction

Helix is probably the most fantastic yet ubiquitous geometry in
nature, science, art, and architectures. A helix is a type of smooth
space curve, which exhibits the property that the tangent line at any
point makes a constant angle with a fixed line called the axis.
Therefore, the helix is a kind of structure form that can fully utilize
the space while exhibits excellent structural stability and artistic
beauty. Scientists have been fascinated for centuries by the
ubiquitous helicity found in nature. The most important and land-
mark helix structure found in nature is the deoxyribonucleic acid
(DNA), which exhibits the helical arrangement of alternating sugar
residues and phosphate stabilized by hydrogen bonds between the
bases attached two anti-parallel polynucleotide strands. Such unique
double helical structure is of paramount importance to explain why
DNA plays a crucial role in evolution and metabolism. Some other
biological molecules such as many proteins also adopt the helical
substructures, known as a-helices.

The fascinating morphology of the helix has stimulated many
synthetic efforts to mimic its unique structure.® With the rapid
development of nanoscience and nanotechnology, organization of
micro/nanomaterials into helical configuration has become an
important topic and hot issue due to its obvious impacts on the
properties and the consequence promising applications of the
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materials.”® In general, bring helical configuration into
micro/nanomaterials could not only provide the integration of the
properties of the materials originated from their composition and
unique organization, but also give rise to new opportunities to
unravel natural construction rules.>” However, the fabrication of
helical micro/nanostructures is a great challenge in materials science
due to the fact that the materials in micro- especially in nanoscale are
always too small to be individually fabricated by the top-down
lithography methods and too big to be synthesized by the well-
established molecular synthesis. Recent advances in the development
of materials chemistry allow better control over the size and shape of
the micro/nanomaterials. Therefore, several synthetic strategies have
been explored to fabricate helical micro/nanostructures upon the
self-assembly of basic building blocks for both organic and
inorganic materials, which often occurs without any external energy
input and is driven by the energy minimization.*® "° However, in
most cases, only single helical structures were successfully
fabricated.

Compared to materials with single helical structure, the double
helical structures could be expected to be with much better unique
properties and promising applications.> > 5 The double helix
consisting of two congruent single helices with the same axis or a
translation along the axis, is the basic structure of DNA (Figure 1a).
Therefore, the double helical structure is considered as a much basic
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(c) Double helical stems of plant; (d) The ‘double helix’ staircase of
the Vatican Museum.

structure for life. Nature has the unique power to create such delicate
architectures spanning from nanoscale DNA molecule to
macroscopic vine plant, and even to the universal galaxies (Figure
la-c). The double helical staircase of the Vatican Museum is a
typical instance of a perfect combination of architecture and art
(Figure 1d). The double helical structures could exhibit exceptional
and even rather different properties due to the unique organization of
the two single helices and their synergistic effect. The double-helical
organization of micro/nanoscale materials can not only inherit and
even strengthen their intrinsic properties, but also bring
extraordinary unexpected properties.’ For instance, the Cao group
demonstrated that the double-helical organization of CNT yarns
would induce rather unique and improved mechanical properties
than straight and single-helical CNT yarns.'"® It was also found that
the helical arrangement conductive materials could give rise to
exceptional electrical properties.’® * Furthermore, unique optical
and electric-magnetic properties of double helices and their
corresponding applications can also be expected.? ® *° Therefore,
the exploration of building the unique double helical architectures
with either organic or inorganic building blocks has drawn intense
interests. The double helical assembly can be easily fabricated from
organic molecules due to their complex shapes and different kinds of
inter- and intra-molecular interactions similar to that of DNA.*% On
the contrast, the construction of inorganic nanoarchitectures always
involves the direct assembly of atoms and/or ions. The symmetric
shape of atoms or ions and the lack of various interactions make it
much more difficult for inorganic materials to be self-assembled into
helical structures. It is even a much greater challenge for materials
science and chemistry to fabricate inorganic double helical structures
due to it further requires the formation of two congruent inorganic
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helices simultaneously that are combined together with the same axis
or a translation along the axis.

In this review article, the state-of-the-art research progress and
achievements on the fabrication of double helical structures is
highlighted. Both the “bottom-up” and “top-down” strategies,
including the nanoscale, mesoscale, and macroscopic scale methods,
as well as their involved formation mechanism are discussed in
detail in the next section. Then the current and promising property
investigations of the as-fabricated double helices are briefly
introduced. Based on our understanding of the current state in this
emerging field, we try to point out the existing problems and show
insight into future investigations.

2. Fabrication strategies

Two strategies, including both “bottom-up” and “top-down”
strategies, have been developed for the fabrication of double
helical micro/nanostructures. For the “bottom-up” strategy, the
most straightforward method is the self-assembly of molecules
into the double helical configuration through various kinds of
inter/intra-molecular  interactions. = The  assembly  of
nanoparticles (NPs) under the direction of double helical
organic templates or under the controlled growth mode are also
effective for the formation of double helical structures. Besides,
the physical confinement in nano/micropores can also lead the
organization of atoms or organic molecules into a double
helical configuration. Until recently, it is demonstrated that
double helical inorganic structures, mainly referring to carbon
micro/nanostructures, can be directly fabricated through the
catalytic deposition methods beyond solutions. On the other
hand, the development  of  nanotechnology and
nanomanipulation allows better control over the morphology of
micro/nanomaterials. Several strategies, such as the nanoscale
chemical modification, microscale transformation under
capillary force, and macroscopic process, have been proposed
to fabrication double helical structures through the “top-down”
strategy.

2.1 Bottom-up strategy

2.1.1 Molecular self-assembly

The self-assembling of molecules into a double helical configuration
is considered as the most straightforward method for the fabrication
of double helical structures. In addition to the building blocks for
those biological motives with double helical morphology (e.g. DNA
and some proteins), most of the small organic molecules that can
self-assemble into the double-helical structures are amphiphilic.?! %2
As the most common groups of amphiphilic molecules, lipids and
their analogues are one of the mostly used building blocks for the
self-assembly of double helical nanostructures. For instance,
Yanagawa et al. synthesized a phospholipid-nucleoside conjugate
containing two long alkyl chains and a nucleotidyl residue,
dimyristoyl-5’-phosphatidyl-deoxycytidine, and found the self-
assembled double-helical structure in agueous solution.?® Oda et al.
reported that cationic Gemini surfactants affording chiral tartrate
counter ions for self-assembly of double helices both in chlorinated
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and aromatic organic solvents, and in water.?* The handedness and
helical pitch of the double helical ribbons were tuned upon varying
the ratio between | and p tartrate. By designing a functional
amphiphilic molecule bearing a sugar moiety, azobenzene group and
butyl chain (C4,AG), Lin et al. reported the successful fabrication of
one-dimensional intertwined double helices that were composed of
nanofibers in aqueous solution.”> ?® The self-assembled double
helices were demonstrated to be stable with respect to dilution, heat,
urea and organic solvent. It was suspected that the helicity of the
self-assembled fibers were originated from the staggered stacking of
the amphiphilic molecules, and the driven force for the self-
organization of the double helical configuration was ascribed to the
virtue of multiple non-covalent interactions, such as hydrophobic
interaction, aromatic stacking, and hydrogen bond.
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Figure 2 (a) Schematic representation of the hierarchical self-
assembly of the chiral azobenzene dimmer; (b) Atomic force
microscopy height images of (b) toroidal aggregates Agg,, (c) tubular
aggregates Agg, and (d) helical aggregates Agg,, and Agg. Inserted
image in (d) is the TEM image of helical aggregates Agg,, and Aggl\,'27
Reprinted with permission from Ref. 27. Copyright 2012 from
American Chemical Society.

In the case of small molecules that are not amphiphilic,
combining two or more kinds of such organic molecules together to
form amphiphilic block copolymers is a promising way for
achieving the overall double helical morphology. Pochan et al.
reported that the self-assembly of poly(acrylic acid)-b-poly(methyl
acrylate)-b-polystyrene (PAA-PMA-PS) in the presence of
multiamines led to both single and double helical structures. % It was
proposed that the charge neutralization by multiamines that caused
the axial concentration of the PAA domain acted as the reason for
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the buckling and twisting of the PS domain into helices. Emrick et al.
found the formation of a mixture of single, double, and quadruple
helices through the co-assembly of poly(3-hexylthiophene)-b-
poly(3-triethylene glycol thiophene) (P3HT-P3(TEG)T) upon the
presence of K* ions.?® The authors proposed that it could be the K*
ions that induced the staggered stacking of P3HT, which resulted in
the twisting of the overall superstructure into helical morphologies.
The Liu group designed a poly(n-butyl methacrylate)-b-poly-(2-
cinnamoyloxyethyl methacrylate)—b-poly(tert-butyl acrylate)
(PBMA-PCEMA-PtBA) copolymer, which can self-assemble into
double and triple helices over a long period.? ** The formation of
the helices was proposed to be driven by the tendency to reduce the
PBMAV/solvent interface. Besides, Jinnai et al. reported the
visualization of a three-dimensional double helical morphology for a
polystyrene-b-polybutadiene-b-poly(methyl methacrylate) (PS-PB-
PMMA) triblock terpolymer, which was composed of PB helical
domains around hexagonal-packed PS cylinder cores in a PMMA
matrix.2! * The orientation of such tirblock polymer double helices
was achieved through following solvent annealing and drying at a
controlled solvent evaporation rate.*

It should be noted that the self-assembly of organic molecules
into double helical structures is always constructed along with more
complicated self-organization schemes than expected. On one hand,
a long aging process is always required. Take the assembly of
PBMA-PCEMA-PtBA triblock copolymer for instance, it was found
that only cylindrical aggregates together with spherical aggregates
could be observed after 1 day of sample aging. After 8 days, longer
cylinders could be obtained. The cylinders started to transform into
the single helical morphology after 16 days. It was until after 24
days that double helices were available, which became the major
configuration after 3 months.?’ On the other hand, the self-assembly
process always undergoes hierarchy levels with different kinds of
intermediate morphologies. As mentioned above, spherical
aggregates, cylinders, and single helical morphologies existed during
the aging of the double helices.”® Besides, Yagai et al. reported a
precise control over the hierarchy levels in the outstanding process
of double helices using a chiral azobenzene dimer (Figure 2a).% It
was found that the compound formed uniform toroidal
nanostructures first (Figure 2b), which were then hierarchically
organized into chiral nanotubes under the control by temperature,
concentration, or light (Figure 2c). The nanotubes further assembled
into supercoiled fibers, and finally intertwined to form double helical
structures with one-handed helical sense (Figure 2d). Furthermore,
the external conditions during the molecular self-assembly also plays
an important role in the successful formation of double helical
structures. For instance, Lin et al. found that the double helical
configuration built up by C,AG could be shaped into spherical
micelles, vesicles or unfolded nanofibers by external stimuli, such as
pH, light, and surfactant addition.”> % Such morphology
transformation could be attributed to the changing of molecular
hydrophilicity and electrostatic repulsion upon external stimuli,
which were considered to be of paramount importance for the
organization of double helical structures.
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Figure 3 (a) Possible scheme of sol-gel reaction into double helical
SiO, nanostructures with C,AG amphiphile and surfactant as
templates; TEM image of the as-prepared double helical SiO,
template from C,AG solution with different molar ratios of
C,AG/TEOS/NH3: (b, c) 1:9:4; (d) 1:9:5; (e) 1:9:6; (f) 1:9:7. The
concentration of C4,AG solution is fixed at 5 mmMm. % Reprinted with
permission from Ref. 25. Copyright 2008 from American Chemical
Society.

The fabrication of inorganic materials with double helical
configuration can also be achieved through the molecular self-
assembly method. Regarding to this, perhaps the most well-known
and well-investigated system is the preparation of helical
mesoporous silica, which involves the co-assembly of amphiphilic
surfactants and silica precursors (e.g. tetraethyl orthosilicate (TEOS))
or the template assembly of silica precursors through electrostatic
interactions.***® Due to the outside hydrophilic groups can have
strong interactions with inorganic materials in terms of electrostatic
interaction, helical micelles and micelle-like materials are considered
to be an ideal template for the fabrication of helical and even double
helical materials.*” In most cases, such helical mesoporous silica
exhibits the morphology of helical ribbons with helical mesoporous
channels inside and single-helical tapes.®® However, with precise
control of the precursors and the reaction parameters, mesoporous
silica with double helical structures can also be available. Wu et al.
achieved the preparation of racemic double helical mesoporous silica
using achiral surfactant sodium dodecyl sulfate (SDS) as the
template, N-trimethoxysilylpropyl-N,N,N-trimethylammonium
chloride as the co-structure-directing agent, and TEOS as the silica
source.®® On the other hand, Jung et al. found that sugar-based
gelator p-dodecanoyl-aminophenyl-B-D-glucopyranoside can self-
assemble into double-helical fibers with diameters of 3-25 nm and
lengths of several micrometers in the presence of p-aminophenyl
glucopyranoside.®® The amine moiety of p-aminophenyl
glucopyranoside serves as a binding site for TEOS, and induces the
transcription of the double helical structure of the organic assemblies
into double-helical silica nanotubes. Similarly, many other organic
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double helical templates have been transcribed to fabricate silica
double helices.> *°*2 1t should be noted that silica double helices
with different chirality can be obtained when using exclusive left- or
right-handed organic templates. Lin et al. found that the self-
assembled double helices in C,AG solution are exclusive left-handed.
When exploited as soft template, chiral left-handed silica double
helices were facilely prepared (Figure 3).%® It was demonstrated that
the transcription conditions, including the concentration of the
catalyst, temperature, and the ratio of alcohols to water, were
important for the successful fabrication of silica double helices, as
they were able to induce the morphology transformation of the
organic templates.?> %

The direct assembly of molecules can also give rise to double
helical morphology even without the assistance of templates.
Solution based reactions, such as hydrothermal synthesis, have been
widely used in the preparation of inorganic nanostructures with well-
controlled morphologies following the as-called “bottom-up”
strategy. Upon the hydrothermal treatment of structurally simple
precursors, including KVOg;, V, H3PO4, CH3PO(OH),, (CHj3),NH,
and H,0O, in a well-designed mole ratio, Soghomonian et al.
prepared very complicated inorganic solids,
[(CH3)2NH,]K4[V19010(H20)2(OH)4(PO,)71-4H,0, which were a
kind of vanadium phosphate containing double helices formed from
interpenetrating spirals of vanadium oxo pentamers bonded together
by P*** The optimized synthetic conditions for the formation of
inorganic double helix were determined empirically after the
observation of the products in other reactions with the same starting
materials but with different molar ratios. The formation mechanism
of the double helical vanadium phosphate was not well-addressed,
however, the methylphosphonic acid was crucial to the high yield
synthesis of the double helical structure even though it was not
incorporated into the products.

2.1.2 Nanoparticle assembly

The assembly of NPs or nanocrystals, either templated by organic
templates or through a self-assembly process, has been explored as
an efficient method for the fabrication of inorganic double helical
nanostructures. For the template assembly of NPs, it always involves
the deposition or reaction of inorganic cations on the surface of
organic templates to form NPs or nanostructures with a double
helical configuration. Nevertheless, the self-assembly of NPs or
nanocrystals into double helical structures always undergoes a
controlled anisotropic growth process.

As one of the most well-known double helical materials, DNA
can serve as excellent platform for the double-helical assembly of
metal NPs.**" Due to their high affinity to NPs, DNA-mediated
assembly of NPs is an attractive way to organize both metallic and
semiconducting NPs into various architectures through the
programmable base-paring interactions and the ability to construct
branched DNA nanostructures of various geometries. By attaching
Au NPs with single-stranded DNA, Sharma et al. fabricated
nanotubes of various three-dimensional (3D) architectures ranging
from stacking rings to single helices, double helices, and nested
helices.”® Although the stacked rings were major conformations in
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most cases and the incorporation of stem loops on the opposite
surface side as a counterforce to resist tube formation rendered the
single helix more favorable, Au NPs with double helical morphology
were observed in all of as-fabricated nanostructures. In recent years,
polymerase chain reaction (PCR) with DNA as the bridges has been
explored as an essential tool for the well-programmed assembly of
both organic and inorganic NPs.** Numerous kinds of structures
were fabricated based on the PCR, including branched
superstructures, Y-shaped nanostructures, and chiral assembly.**52
This reveals that the PCR could be explored as a potential and
effective method for the double-helical assembly of NPs.

(a) s I: C-PEP,, amphiphiles
L3 II: Model of double helical
[ gold nanoparticle assembly

De;

Simultaneous
Synthesis and
Assembly

HAuCI,
Buffer

Figure 4 (a) Schematic depiction of the formation of gold NP double
helices; (b) Transmission electron microscopy (TEM) image of Au NP
double helix on a helical polypeptide superstructure; (c) Electron
tomography image of a similar double helix showing a 3-D surface
rendering of the tomographic volume.> Reprinted with permission
from Ref. 53. Copyright 2008 from American Chemical Society.

In addition to DNA, peptides are also usually adopted as the
templates for the organization of metal NPs into double helical
morphology. With the research developments on the investigation
and manipulation of peptide self-assembly and the in vitro evolution
of specific peptides for mineralizing and recognizing specific
inorganic materials, Chen et al. reported a one-pot direct approach
that coupled peptide self-assembly and  peptide-based
biomineralization into one simultaneous process and prepared an
unprecedented left-handed Au NP double-helical structures using
this method (Figure 4).** A specific peptide with the hydrophobic
tail squeezed at the center and the hydrophilic polypeptide on the
surface was designed and self-assembled into left-handed helical
ribbons. Au NPs were deposited on the surface of the helical ribbons
after the reduction of HAuCI, and self-assembled into left-handed
double helix configuration. The structural parameters of the double
helical Au NPs were controlled in terms of the size of the Au NPs,
the inter-helical separation, and the formation of the continuous one-
dimensional (1D) metal superstructure. Further study revealed that
chiral Au NP double helices with selective handedness were
prepared through using the peptide template with different
chiralities.”*

It is interesting that micelles with a tubular morphology were
used as the template for the assembly of NPs to fabricate double
helical nanostructures.”**" Lipid nanotubes are a typical kind of
hollow cylindrical micelles, which are composed of helically coiled
bilayer ribbons. Price et al. fabricated nanoscale metal coils using an
electroless metallization approach based on the general concept to
exploit helical seam features of self-assembled diacetylenic
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phospholopod microtubules as templates.®® Such metallization
templates were created through selective and sequential absorption
of the  oppositely charged  polyelectrolytes,  sodium
poly(styrenesulfonate), and poly(ethyleneimine) (PEI) onto
nanoscale double helical seams naturally occurring on the microtube
surface. The selective template formation of double helical Cu
nanostructures was initiated and catalyzed by negatively charged
Pd(I1) NPs that were bounded to the terminal cationic PEI layer of
the multilayer film. Although the authors just demonstrated the use
of Cu to form these double helical nanostructures, the possibility
existed to utilize other metals such as Co, Ni, Fe, Ag, Au, or their
alloys to vary the electrical, magnetic, and chemical properties of the
resulting structures.

(a)

nucleation and growth

1064

single helix

resultant morphology

>

double helix

nucleation and grow(h\

on both faces

Figure 5 (a) Schematic representation of templating pathways.
Nucleation and growth on one side of the twisted ribbons (blue)
leads to single helices of CdS (yellow), while nucleation and growth
on both sides of the ribbon leads to double helices; TEM images of a
CdS (b) single helix and (c) double helix.® Reprinted with permission
from Ref. 60. Copyright 2005 from Wiley-VCH.

Compounds with a similar structure to lipids, which self-
assemble into helical organic fibers, were also found to be effective
for the template assembly of double helical inorganic
nanostructures.®* #% The Stupp group reported on molecules with a
triblock architecture termed “dendron rodcoils” self-assembled into
ribbons with a helical structure in ethyl methacrylate.® ® Upon
addition of a cadmium nitrate solution in tetrahydrofuran (THF) as a
precursor, the hydrophilic region of such ribbons (the hydroxyl-
containing dendron portion) showed preferred affinity of Cd?* ions
(solvated in THF), which produced a local supersaturation of ions
around the ribbons and induced the nucleation and growth of CdS
crystals localized at the surface of the ribbons after exposure to
hydrogen sulfide gas (Figure 5a). Although single-helical CdS
structures were the major products in most cases (Figure 5b), further
study revealed that when mineralizing ribbons from gels that had
been ages for several months, large numbers of double helical CdS
structures were observed (Figure 5c). The structural diversity
between different ribbons led to the CdS with various
nanostructures.?’ In ribbons with a perfect twisted structure, for
instance, both faces of the ribbon are equivalent, and equally able to
nucleate and grow CdS, leading to the formation of double helical
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CdS nanostructures. However, twisted ribbons with a slightly coiled
axis have one face more exposed to the solvent, and thus are more
susceptible to CdS nucleation and subsequent growth, leading to the
formation of single helical CdS structures.

Figure 6 TEM images of the as-fabricated helical by (a) Al,Os;, (b)
SiO,, (c) TiO,, and (d) ZnAl,0, by ALD the oxides on the surface of
helical CNFs.® Reprinted with permission from Ref. 65. Copyright
2010 from Wiley-VCH.

The assembly of inorganic NPs or nanocrystals on organic
double-helical fibers to form inorganic double-helical nanostructures
was achieved mainly due to the strong electrostatic interactions
between the inorganic materials and the surface of the organic fibers.
When it applies to inorganic templates, things are quite different,
which mainly involves adsorption interaction. Double-helical
inorganic structures that exhibit strong affinity to other organic
materials and are facile to be removed. They can also be employed
as templates for the NP assembly to fabricate other kinds of
inorganic double-helical structures. Due to their much better thermal
and chemical stability, harsher conditions were applied on the
inorganic templates compared with those using organic templates.

Carbon nanofibers (CNFs) with double helical structure are the
mostly studied and adopted inorganic templates for the NP assembly
to fabricate inorganic double helical nanostructures due to their
strong adsorption ability of salts and the easiness of removal through
oxidation process. The Ueda group successfully demonstrated that
oxide nanotubes (ZrO,, Al,Os, SiO,) can be available using helical
CNFs as the templates through infiltrating the precursor solution into
the free space of the fibrous structure.®® A thin oxide and hydroxide
film coating on the surface of the helical CNF templates can be
obtained after hydrolyzing the absorbed precursors by the water
vapor in air. The CNF templates were then removed by calcination
in air at high temperatures, leaving the helical oxide nanotubes as the
products. The shape of the as-fabricated oxide nanotubes was well
controlled upon replicating the surface morphology of the CNF
templates, and the oxide nanotubes with double helical morphology
can be fabricated. Using the atomic layer deposition technique, Qin
et al. also achieved the fabrication of various double-helical oxide
nanotubes (Al,Os, SiO,, TiO,, HfO,, and ZnAl,0,) using double
helical CNFs as the templates (Figure 6).** The double helical
morphology of the templates was well transcribed in the as-
fabricated double helical nanotubes, which were with well-controlled
thickness and excellent conformity.

If organic compounds that afforded strong interaction with the
NPs or nanocrystals to alter their growth kinetic were added into the

6 | Nanoscale, 2014, 00, x-x
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reaction system, staggered stacking or anisotropic growth mode of
the inorganic materials was achieved to form a helical and even
double helical morphology.® ¢ Zhu et al. firstly reported that the
preparation of distinctive BaCO3; nanofibers with double-stranded
helical ~structures was achieved through the biomimetic
mineralization process on an organosilane-coated substrate via
crystallization and controlled by a phosphonated block co-polymer.”
The double-stranded helices were as long as several millimeters and
were visible under an optical microscope. They were composed of
pairs of single helices overlapped each other closely as a single
helical coiling, most of which were 20-50 um in length and 0.2-2 pm
in diameter. It was demonstrated that there were two droplet-like
growth points at the tip of the double-stranded helical nanofibers.
During the growth of the BaCO; fibers, the negative phosphonated
block co-polymer preferentially deposits on to the positive (110)
face of the primary building blocks. As a result, the formation of the
double helical superstructures relied on two processes: (a) the
exclusive polymer absorption onto favorable (110) faces that led to a
staggered arrangement of aggregating NPs; (b) in the perpendicular
direction, a particle approaching an aggregate also rendered
favorable and unfavorable adsorption sites, and the change from a
(020)-(020) to a (011)-(011) aggregate led to a helical coiling in the
particle aggregation. An overlay of these two processes led to the
formation of double helices.

2.1.3 Physical confinement
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Figure 7 (a) Representative TEM images of mesostructures formed
inside PAA nanochannels with differing confinement dimensions; (b)
Summary of the experimentally observed confined mesostructural
evolution with varying alumina nanochannel diameters.”? Reprinted
with permission from Ref. 72. Copyright 2004 from Nature
Publishing Group.

This journal is © The Royal Society of Chemistry 2014

Page 6 of 16



Page 7 of 16

It is well known that when forcing a wire into a cylinder, it always
comes to the situation that the external force drives the axial
contraction of the wire, causing it to pack and form a helix.’
Similarly, in a physically confined environment, interfacial
interactions, symmetry breaking, structural frustration, and
confinement-induced entropy loss can play dominant roles in
determining molecular or atoms organization, which is possible to
lead to a micro/nanoscale double helical configuration. Porous
anodic alumina (PAA) is a template which provides ideal physical
confining environment with well-controlled size. Wu et al. presented
a systematic study of the confined assembly of silica-surfactant
composite mesostructures within cylindrical nanochannels of PAA
with varying diameters.”> A variety of helical mesoporous silica
structures were obtained after the removal of the surfactant and PAA
substrate, and their morphologies were dominantly depended on the
diameter of the PAA channels (Figure 7). When the diameter of the
channels was above 34 nm, coaxial multi-layered straight cylinders,
helices, and parallel stacked rings were available, among which
mesoporous silica with a double helical configuration can be
observed at the outer layer. When the diameter of the PAA channels
decreased to ca. 31 nm, unique single-layered double helical silica
structures were obtained. Further decrease of the diameter of the
PAA channels led to the formation of double- or single-line silica
spheres.

CNTs are another kind of material that can provide ideal
physically confining environment for the helical configuration of
atoms or chemical compounds. The field in the area of research on
CNT-based hybrid nanomaterials after atom, molecule or chemical
compound filling of CNTs has attracted extensive attentions.”> "
Using molecular dynamics simulations, Lv et al. predicted that a
DNA-like double helix of two poly(acetylene) chains was available
inside single-walled CNTs.” The physical confinement of the inner
cavity of single-walled CNTs allowed the self-assembled polymer
chains to adopt a helical configuration in a single-walled CNT
through the combined action of the van der Waals potential well and
the m-m stacking interaction between the polymer and the inner
surface of single-walled CNTs. This work shed a light on the
fabrication of helical structures using the inner cavity of CNTSs. Later
on, the Khlobystov group reported the synthesis of helically twisting
graphene nanoribbons from small sulfur-containing molecules by
heat treatment or electron beam in CNTs with internal diameters
between 1 and 2 nm, indicating inorganic atoms can also adopt a
helical configuration under the physical confinement in CNTs.”
Recently, Fujimori et al. successfully achieved the production of
covalently bonded selenium double helices with in the narrow cavity
inside DWCNTS with a typical inner diameter of ~1 nm by exposing
open-ended DWCNTs to sublimed elemental Se (Figure 8)."
Although the formation mechanism was not well-addressed, it was
demonstrated that the diameter of the inner cavity of the CNTs
played dominant roles in the successful double helical organization
of the Se atoms.

This journal is © The Royal Society of Chemistry 2014
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Figure 8 (a) High-resolution TEM image revealing the Se double-
helix structure with a pitch length of ~2 nm inside a DWCNT; (b)
The optimized structure of a free-standing double-helix structure of
selenium inside the (5,5) CNT.”* Reprinted with permission from Ref.
74. Copyright 2013 from American Chemical Society.

2.1.4 Catalytic deposition

The catalytic chemical vapor deposition (CVD) growth of
nanostructures is a huge field for material synthesis beyond
solutions.”®”® A wide variety of structural features involving many
types of materials can be fabricated by tuning the reaction
parameters, such as temperature, pressure, composition of gases and
their flow rate, during the CVD. In most cases, catalyst particles are
used to catalyze the direct growth of inorganic materials, the shape
and anisotropic reactivity of which play an important role in
determining the final morphology of the as-fabricated nanostructures.
Therefore, it is not surprised to obtain helical nanostructures by the
catalytic deposition methods. In particular, when two wires or stands
grow from different sides of individual catalyst nanoparticle, double
helical structures can be expected.

2.1.4.1 Carbon fiber double helices

As a typical one-dimensional carbon material, carbon fibers with
helical configurations are probably among the first inorganic double-
helical materials that have been extensively investigated. Catalytic
CVD methods are one of the mostly used strategies for the growth of
carbon fibers. In terms of tuning the composition and shape of the
catalyst particles and the reaction parameters during CVD, the
structural geometry of the as-grown carbon fibers can be well
controlled. Generally, the anisotropic growth of carbon fibers from a
catalyst particle would induce the formation of double helical
configuration.” ™

As early as 1970s, Baker et al. reported the catalytic growth of
double helical carbon fibers using Sn/Fe alloy as the catalysts by
decomposition of acetylene.® It was found that on each catalyst
particle, it always came to the situation that two carbon fibers would
grow with identical rates by opposite chirality of the helices, which
resulted in the formation of double helical structure. The most
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influential works about the double helical carbon fibers, including
their  preparation conditions, morphology, and extension
characteristics, were carried out by the Motojima groups.’® 8% |n
most cases, the preparation of the double helical carbon fibers was
carried out upon the decomposition of acetylene on Ni catalyst
particles. Carbon fibers or carbon nanofibers (CNFs) grew
simultaneously from the catalyst particles and then coiled into
double helical structures, in which the shape of Ni particles played a
paramount important role in the final morphology of the as-grown
CNFs. For instance, the two-dimensional Ni catalyst plates would
lead to the formation of double helical flat CNFs, whereas the
diamond-shaped Ni catalyst particles always led to the formation of
double helical circular CNFs (Figure 9a-c).®: 2 It should be noted
that an equal number of left and right handedness were always
observed, indicating that the as-prepared double helical CNFs
exhibited no handedness selectivity. The helical pitches are usually
uniform in each individual fiber, but dissimilar among different
fibers. It was proposed that the helical organization of an individual
CNF can be attributed to the presence of catalytic anisotropy
between different crystal faces of one catalyst particle (Figure 9d).%*
% However, the mechanism for the twisting of two helical CNFs
grown oppositely from an individual catalyst particle into a double
helix was not well addressed yet.

Figure 9 Representative enlarged views of double helical (a) circular
CNFs and (b) flat CNFs; (c) Enlarged view of the tip of the as-grown
helical CNF (arrow indicates a Ni catalyst grain); (d) Schematic
image of growth mechanism of the helical CNFs.® Reprinted with
permission from Ref. 85. Copyright 1999 from American Institute of
Physics.

Further investigations revealed that the introduction of S into the
reaction system can resulted in the significant anisotropic reactivity
of catalyst particles, which led the double helical morphology of the
as-fabricated CNFs much more preferable. For instance,
Mukhopadhyay et al. found that the addition of thirphene into the
acetylene can significantly improve the yield and purity of the
double helical CNFs.® On the other hand, the Hanus group
demonstrated that the growth pattern and surface morphology of

8 | Nanoscale, 2014, 00, x-x

CNFs can be significantly changed upon the modification of
polycrystalline Ni catalyst particles by H,S, which gave rise to a
unique twisted CNFs composed of four intertwined helical strands.®’
This indicated that the direct modification of the catalyst particles by
S-containing compounds was also expected to promote the formation
of double helical CNFs.

Other carbon precursors (e.g. methane and acetone) and other
transition metal particles (including Fe, Cu, and their alloys) have
also demonstrated to be effective for the growth of double helical
CNFs.%°! Both the diameter and the yield of the as-obtained double
helical CNFs varied a lot. This indicated that the growth of double
helical CNFs from the catalytic deposition of carbon sources on
metal particles was a general phenomenon. A different kind of
catalyst for the catalytic growth of double helical CNFs was reported
by Zhang et al. They found that the catalytic CVD of acetylene over
NiCuMgAl-layered double hydroxides (LDHSs), double micro-coiled
carbon fibers can be available.®? However, twist-shaped nanocoiled
carbon fibers were obtained when using Mg-free NiCuAl LDHs as
the catalyst. The LDHs which consist of positively charged layers
and charge-balancing interlayer anions are a class of brucite-like
layered materials. Most metal cations, including Mg?*, AI**, Fe**,
Co?, Ni?*, Cu?*, and Zn?*, can be well arranged into the positive
layers of the LDHs with controlled compositions at an atomic
level.”® % % Therefore, the use of LDHs as the catalyst for the
growth of double helical CNFs greatly extended the catalyst family
and made the structure of the as-obtained double-helical CNFs much
more controllable.

2.1.4.2 Carbon nanotube double helices

Carbon nanotubes (CNTSs) have been extensively investigated since
their discovery due to their ultrahigh aspect ratio, extraordinary
strength and unique electrical properties. The structure and geometry
of CNTs play an important role in their properties. Soon after the
discovery of CNTs, the presence of single helical CNTs was
predicted theoretically by physicists based on the molecular-
dynamics simulations involving the pentagons and heptagons in the
structure of CNTs.% ® The experimental observation and synthesis
of individual helical CNTs have been extensively reported. " 79 9710

However, the fabrication of CNTs with double helical
configuration was rarely reported until the very recent works carried
out by the Wei group that the lamellar transition metal-containing
LDHs can effectively catalyze the growth of CNT-array double
helices upon the decomposition of carbon sources.”? After the
calcination and reduction of the LDH flakes, catalyst NPs with high
density, small size, and extraordinary thermal stability can be
produced on both sides of the resulted layered double oxide (LDO)
flakes, which will catalyze the synchronous growth of aligned CNTs
on bhoth sides of the LDO flakes after the introduction of a carbon
source at high temperature (Figure 10a).*> % The as-grown aligned
CNTs on the opposite sides of the LDOs were then self-organized
into a unique double helical morphology. The as-fabricated CNT-
array double helices exhibited a closely packed nanostructure with a
catalyst flake on the tip, which connected the two helical CNT stands
on both sides of the flake (Figure 10b). The length of the CNT-array

This journal is © The Royal Society of Chemistry 2014
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double helices can be up to tens of micrometers with a diameter of
several micrometers, which was controllable depending on the
lateral size of the LDH flakes. Further study revealed that the
introduction of Mo element into the LDHs would significantly
reduce the size of the catalyst NPs embedded on the LDOs while
improve their density due to the pinning effect of Mo around metal
NPs, which was important for the growth of CNTs with smaller
diameter and less wall number.®® The Mo-containing LDHs were
demonstrated to be effective for the fabrication of single-walled
CNT (SWCNT)-array double helices (Figure 10c-e).'1%® As a
result, the wall number of CNTs in the as-grown CNT-array double
helices can be well controlled using LDHs with different
compositions, including SWCNTs 1% double-walled CNTs
(DWCNTSs),*2 and multi-walled CNTs*2. Furthermore, it needs to be
highlighted that the self-organization of N-doped CNT-array double
helices were achieved using the FeMgAIl LDH catalyst with the co-
feeding of the carbon source (C,H,) and the nitrogen source (CH;CN)
(Figure 10f).* The as-fabricated N-doped CNT-array double
helices were with a length of 10-36 um, a screw pitch of 1-2um, a
CNT diameter of 6-10 nm, and a N-content of 2.59 at.%. It was
demonstrated that the co-feeding of C,H, and CH;CN was of
paramount importance for the successful organization of the N-
doped CNT-array double-helix structure. The organization of N-
doped CNTs in double helical configuration sees their potential
applications in the fields of catalysis, mechanic devices, and
electrochemical energy storage.

(@

Figure 10 (a) Scheme showing the formation process of the CNT-
array double helix; (b) Scanning electron microscope (SEM) image
of a typical double-walled CNT-array double helix;*2 (c) SEM image
of an as-grown SWCNT double helix from FeMoMgAl LDH flakes and
(d) its top section with a piece of LDO flake, as well as (e) the middle
section with the twisted SWCNT strands;'® (f) SEM images showing
a N-doped CNT-array double helix.’®* Reprinted with permission
from Ref. 12. Copyright 2010 from Wiley-VCH.Reprinted with
permission from Ref. 102. Copyright 2011 from Elsevier. Reprinted
with permission from Ref. 104. Copyright 2012 from Elsevier.
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The catalytic deposition of CNTs on a lamellar flake with high-
density catalyst NPs carried out by the Wei group provided a general
method for the fabrication of CNTs with double helical
configuration. For instance, the very recent report by Cervantes-Sodi
et al. demonstrated that CNT-array double helices can also be
available using lamellar SiOy particles-supported Fe NPs as the
catalyst flakes. % 1% However, it should be noted that it still remains
a challenge to synthesize a true CNT double helix in which each
backbone is one individual CNT with its own helicity rather than one
CNT array.

2.1.4.3 Formation mechanism of CNT double helices
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Figure 11 (a) The phase diagram of CNTs grown on flat/flake
substrates with different catalyst NP densities and sizes;107 SEM
image showing (b) a long CNT bundle with obvious rotation, (c) two
CNT bundles grown oppositely from a LDO flake with the same
right-handed rotation, and (d) the non-rotation of the CNT bundles
in the CNT-array double helix; (e-g) Photo images showing evolution
process of the self-organization of a twisted rubber band with a
node into a double-helical structure.'®® Reprinted with permission
from Ref. 103. Copyright 2012 from American Chemical Society.
Reprinted with permission from ref. 107. Copyright 2014 from Royal
Society of Chemistry.
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The investigation of the formation mechanism of the inorganic
double helical structure is the prerequisite for the fundamental
studies of their controllable synthesis and properties. Detailed
investigations have been carried out to address the essentials and the
driven force for the formation of the CNT-array double helices.

First, it was demonstrated that the size and areal density of the
catalyst NPs on LDO flakes played an important role in the
formation of CNT-array double helices (Figure 11a).*” A spectrum
of FeMgAl LDHs with different Fe contents was synthesized to
obtain ultra-dispersed catalyst NPs with controllable size and areal
density. It was found that when the areal density of catalyst NPs was
low, only randomly entangled CNTs were obtained. With the
increase of the areal density, short aligned CNTs became
available.”” This can be attributed from the synchronous growth of
CNTs from the high-density catalyst NPs. With the further increase
of the areal density of the catalyst NPs, it was noticed that the as-
grown aligned CNTs were self-organized into a double helical
structure. Furthermore, the smaller the size of the catalyst NPs was,
the higher areal density would be required for the morphology
transformation.

Through directly observing their formation process from
individual LDH flake under SEM, the space confinement and
rotation stress induced self-organization mechanism of the CNT-
array double helices (Figure 11b-g) has been proposed.’®® It was
found that the space confinement was the most important extrinsic
factor for the formation of CNT-array double helical structure.
Synchronous growth of CNT arrays oppositely from LDH flakes
with space confinement on both sides at the same time was
considered to be essential for the growth CNT-array double helices,
which provided a propulsive force to lift up the LDO flakes. Coiling
of the two aligned CNTs on both sides of the LDO flake then
preceded with self-organization, tending to the most stable
morphology in order to release their internal rotation stress, leading
to the formation of double-helix structure (Figure 7a-c).

A rubber band with a node was taken as an example to further
demonstrate such mechanism (Figure 11e-g). It was further noticed
that the self-organization of two fibers with left-handed self-rotation
connected by a node led to the formation of a double-helix structure
with two right-handed helices. On the contrast, the self-organization
of two fibers with right-handed self-rotation connected by a node led
to the formation of a double-helix with two left-handed helices. This
indicated that the chirality of the self-organized double helices
depended on the self-rotation direction of the two original fibers,
which might contribute to the handedness selective synthesis of
inorganic double helical structures. The rotation stress-releasing
formation mechanism can commendably explain why only catalyst
NPs with very high density can induce the formation of CNT-array
double helices. It is because that the density of metal NP catalysts
plays a key role for the self-assembly of aligned CNTs into double-
helix structure due to the fact that internal rotation stress contributed
from a large number of growing CNTs should be over a critical
value before it can be self released.

10 | Nanoscale, 2014, 00, x-x

The original of the internal rotation stress of the as-grown aligned
CNTs on both sides of the LDO flakes is disputable. On one hand, it
was proposed to be resulted by the fact that the intrinsic rotation of
individual CNTs was impeded by neighboring CNTs.2% 1% On the
other hand, theoretical calculations based on an adhesion-based
model demonstrated that the interfacial adhesion among the CNTs
could be the driven force for the self-rotation of the as-grown
aligned CNTs.1® However, the rotation stress-releasing mechanism
can still be used to explain the self-organization of other kinds of
double helical structures, such as the self-assembly of the two helical
CNFs grown oppositely from a catalyst particle into a double-helix
structure 82 and the formation of Ag-Au double helical nanowires
8 Therefore, it is believed that this rotation stress-releasing
mechanism could provide a basic principle for the fabrication of
inorganic double-helical structures.

(a)\/\/ Pd** (or Pt2*/Au®)
—_—
Au-Ag Nanowire  Ascorbic Acid Double helix
. (d)
20 nm
——1
(e
20nm

Figure 12 (a) Schematics illustrating the formation of double helix
by growing a metal layer on Au-Ag alloy nanowire; TEM images of
the (b, c) (Au-Ag)@Pd and (d, e) (Au-Ag)@Au double helices.
Reprinted with permission from Ref. 13. Copyright 2011 from
American Chemical Society.

2.2 Top-down strategy

2.2.1 Nanoscale chemical modification

As mentioned previously, the external stimuli plays an important
role in the successful self-organization of double helical structures.
Therefore, it is expected that the changing of the external
environment or the surface properties of the previously prepared
fibers could lead to their organization into double helical structures.
Maeda et al. synthesized two complementary homopolymers of
chiral amidines and achiral carboxylic acids with m-terphenyl-based
backbones. Upon mixing in THF, it was found that the
homopolymer fibers assembled into a preferred-handed double helix
through interstrand amidinium-carboxylate salt bridges.*'® However,
only an interpolymer complex with an imperfect double helical
structure containing a randomly hybridized cross-linked structure
was formed when mixed in less polar solvents, such as chloroform.
It was interesting to found that such primary complex could be
rearranged into the fully double helical structure by treatment with a
strong acid followed by neutralization with an amine. However, the
basic principle of this morphology transformation was not well
addressed yet. With the pre-synthesized Au-Ag alloy nanowires with
the helical arrangement of Au and Ag atoms, Want et al. reported the
unprecedented chiral transformation of the single Au-Ag nanowires
to a double-helix structure upon growth of an additional metal layer
(Pd, Pt, or Au) by a chemical method in solution (Figure 12).** TEM

This journal is © The Royal Society of Chemistry 2014
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images showed that the helices were made from the self-winding of

a single nanowire, rather than the intertwining of multiple nanowires.

It was demonstrated that the rate of metal deposition was a critical
factor in inducing the winding of single nanowires into double
helical morphologies. The formation of the double helices was
proposed to be the consequence of the untwisting of the single
nanowires due to their tendency to release the strain originated from
the coating of a metal layer on the Au-Ag alloy nanowires. It is
worthy to note that the rotation stress-releasing mechanism discussed
in Section 2.1.4.3 can also be invoked herein to explain such a
phenomenon.

2.2.2 Microscale transformation under capillary force

Capillary force is also considered as an effective driven force for the
fabrication of double helical structures since it has been
demonstrated that spontaneous helicity can be induced in soft
nanopillars under the capillary force. For instance, Pokroy et al.
carried out the study of immersing a polymer nanopillar array
prepared using lithographic methods in liquid and then dried it in
air. It was interesting to found that the capillary force induced by
the evaporation of the liquid forced the neighboring nanopillars to
tilt towards each other, leading to the formation of helical bundles.
The parameters of the nanopillar arrays can be tuned to achieve
various different helical patterns, and double helical structures can
be formed when applying this process onto an array of ordered
helical pairs. One of the most interesting characteristics was that the
handedness of the as-fabricated helical bundles can be well
controlled through setting the initial tilting direction. Using
inorganic materials, the Hart group reported the formation of
helically twisted CNT bundles.!*? Vertical CNT cylinders prepared
using ring-shaped catalysts were first immersed into liquid. The
CNTs within the individual cylinders formed twisted helices under
the generated capillary force upon evaporation of the liquid in order
to maximize their mutual stacking (Figure 13a). A single
handedness can also be obtained by well controlling the pattern of
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Figure 13 (a) CNT micro-helices with deterministic handedness and

pitch made by capillary forming;112 (b) Proposed formation

mechanism of double-helical Si microtubes; (c) SEM micrographs of
the double-helical Si microtubes prepared by heating the Zintl
compound Nasi.*! Reprinted with permission from Ref. 11 and 112.
Copyright 2010 from Wiley-VCH.
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the ring-shaped catalyst. However, the formation of double helical
CNT bundles was not reported in this work. A rather unique work on
the fabrication of double helical silicon microtubes was reported
recently by Morito et al.!! Typically, a disk of compact Zintl
compound NaSi powder was used as the starting material, which was
heated to 800 °C in a temperature-gradient reactor and kept for 12 h
to induce the evaporation of Na from the NaSi disk. As a result, a
large number of double helical Si microtubes with a diameter of 10-
50 um and a length of several hundred micrometers to 2.5 mm were
obtained on the disk surface (Figure 13b and c). It was proposed
that the Si microtubes were extruded from the melted NaSi powder
because of the trapping of the evaporated Na and Ar gas (Figure
13b). The formation of the double helical Si microtubes was caused
by the leaking of the evaporated Na and Ar gas, which probably
generated the capillary forces to induce the helical configuration.

2.2.3 Macroscopic processing

The development of nanotechnology and techniques has allowed
much better manipulation of micro/nanomaterials to control their
morphologies. The Cao group succeeded in the fabrication of a high
twisted CNT yarn-derived double-helix structure by a conventional
twist-spinning process. Typically, a straight CNT yarn was
fabricated firstly using a CNT film with two ends fixed on an electric
motor and a metal block fixer. Then, the straight yarn was spun into
a helical yarn by continued over-twisting, which was transformed
into a double-helix configuration through applying a small force to
the middle point of the helical CNT yarn. The as-fabricated CNT
double helix consisting of two single-helical CNT yarn segments is
with its diameter and pitch controllable in the range of tens of
micrometers.

In addition, direct laser writing (DLW) is one of the mostly used
techniques to create different kinds of three-dimensional polymer
structures. A regular array of helical air voids in the polymer
structure via an approach based on DLW into a positive-tone
photoresist was fabricated by Gansel et al., which was then used as
the template for the fabrication of helical Au arrays. ' It should be
noted that only those regions that are sufficiently exposed by light
are removed in the development process for positive-tone
photoresists. On the other hand, only the sufficiently exposed
regions remain after the development process for negative-tone
photoresists. ' Therefore, the DLW method could be expected to be
effective for creating the double helical organic nanostructures.
Besides, other macroscopic techniques that allows precise
micro/nanoscale processing, such as reactive ion etching and
especially the newly developed 3D printing techniques, could also be
expected for the fabrication of double helical micro/nanostructures
with much more precisely controlled morphology.

3. Promising properties of double helical structures

Materials with double helical structures could be with promising and
excellent mechanical, electromagnetic, and optical properties.
However, characterizing or measuring the properties of the double
helical structures has always been a great challenge due to their
micro/nanoscale size, which makes it difficult to observe and
manipulate the double helices to measure their properties. Besides,
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in the as-established strategies for the fabrication of double helical
structures, there are always large quantities of by-products, such as
single helical structures and non-coiled one-dimensional fibers. The
preparation of double helical structures with high purity and
selectivity still remains a challenge, which also hinders the
investigation on their properties. Therefore, studies of the specific
double helicity-induced property for micro/nanomaterials are still in
exploration stage.
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Figure 14 (a) lllustration of a spinning process starting from a
straight CNT yarn; (b) llustration of the double-helix CNT yarns
consisting of two single-helical yarns twisted together; (c) Close
view of the top end which is the initiation position for the double-
helix CNT yarns. (d) SEM image of the middle section showing two
helical yarns twisted tightly; (e) Illustration of the tensile testing
process including two stages where two yarns sustain the force (F)
together during stage | until one of the yarns fractures, and after
that the remaining yarn is stretched during stage Il until complete
fracture; (f) The stressBstrain curves by the load divided by the sum
of cross-sectional area of the two yarns for stage |, and the load
divided by the cross-sectional area of the remaining yarn for stage
ne Reprinted with permission from Ref. 15. Copyright 2013 from
American Chemical Society.

The most promising property for the double helical materials is
their mechanical property due to their similarities with springs. Some
in situ manipulators, such as atomic force microscopy and SEM,
have been employed to investigate the mechanical properties of the
micro/nanoscale double helical structures. Early in 1990s, the
Motojima group have found that the double helical CNFs can be
extended and contracted by about three to fifteen times of their
original length, and then recovered.®” The self-organized CNT-array
double helices can also be stretched, which were able to return to
their original form if the stretching was performed under the limited
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value of elastic deformation.'® 1°2 The quantitative characterization
of the mechanical properties of a highly twisted CNT yarns with
double-helix structure was carried out by the Cao group (Figure
14a-d)." It was demonstrated that the as-fabricated multifunctional
double-helix CNT yarns were elastic within a certain strain range (&
< 20%), and could recover to initial morphology without permanent
deformation. Cyclic stress-strain curves measured on the double-
helix yarns at a series of increasing maximum strains showed linear
loading and unloading curves with a hysteresis loop and similar
modulus during the repeated loading. During the mechanical tests,
one of the CNT yarns broke early under tension due to the highly
twisted state, however, the second CNT yarn produced much larger
tensile strain and significantly prolonged the process until ultimate
fracture (Figure 14e and f). In most cases, the first yarn broke at a
relatively small strain (¢ < 100%) while the second yarn broke at a
much large strain (¢ < 150%). The overall toughnesses of the two
stages were calculated to be 7-15 and 17-26 J/g, respectively.

It is well-known that when passing an electrical current through
a conductive helix, magnetic field will be generated, which makes
the double helical structures a starting point for the study of
electromagnetic phenomena at the micro/nanoscale. Up to now,
several conductive helices, including double helical CNFs, CNT
arrays, and Au-Ag nanowires, have been strongly considered.*? 31
These conductive helices can be considered as solenoids and
excellent electromagnetic properties at micro/nanoscale can be
expected. However, the experimental investigation on the induced
magnetic field is difficult due to the measurement of magnetic
properties at the micro/nanoscale still faces great challenges. For
instance, Zhang et al. applied parallel and inverse current to each
“backbone” of the CNT-array double helices inside a SEM at room
temperature by using a nanoprobe system.*? Current densities as high
as 2.9x10” A cm™ were loaded onto the CNT arrays. However, the
magnetic field was estimated to be about 1x10™ T (current: 1 mA),
which was too weak to induce the movement of CNT stands in the
double helix. On the other hand, it was found that the helical
arrangement of conductive materials could significantly influence
their electrical properties. Motojima et al. reported that the electrical
resistivity, inductance, and capacitance of double helical CNFs were
all influenced by the motions of extension and contraction, which
made them a promising candidate for tactile sensors.’® In addition,
Shang et al. demonstrated that the as-fabricated conductive double-
helix CNT yarns showed simultaneous and reversible resistance
change in response to applied stains or stresses, light illumination,
and environmental temperature, indicating the promising
applications of the double-helix structures as strain sensors, photo
detectors, and thermocouple-like devices.™ The use of twisted CNT
yarns as a wire device that can be easily woven into textiles or other
structures to provide active sites for charge storage was recently
explored by Peng’s group.’” It is highly expected that double helical
nanocarbon based/derived structures offer highly electrochemical
activity for microsupercapacitors, microbatteries, as well as micro-
solar cells.

Because the helical nanostructures are always uniaxial which
associates them with birefringence, the responses to light can relate
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to both reflection and absorption.”® '° Good light absorption
properties can be expected for helical nanostructures built up with
conductive materials. For example, Tang et al. reported the good
absorption properties of microwave for double helical CNFs.!*® They
supposed that such good absorption property was ascribed to
dielectric rather than magnetic loss by measuring the permeability,
permittivity, and loss tangent spectra. It was also reported that
composites containing the double helical CNFs and paraffin
exhibited very strong microwave absorption performance in a
frequency range of 2 to 18 GHz. It indicated the possibility of
wideband absorption when a double-layered absorber made of two
composites of different thickness or double-helical CNF content was
utilized. This also facilitates the potential applications of double
helical structures in stealth materials to prevent radar from
microwave radiation disturbances.

4, Conclusions and outlook

The recent research progress on the fabrication of materials with a
double helical morphology has been reviewed. A variety of different
strategies and synthetic methods have been explored to fabricate
double helical structures, including both the “bottom-up” and “top-
down” strategies. The self-organization of double helical organic
micro/nanomaterials has been well achieved through the self-
assembly of amphiphilic molecules. The template assembly of
inorganic molecules and NPs using the double helical organic
structures as the templates can lead to well-defined inorganic double
helical structures. However, the template-free synthesis process is
much more attractive due to the fact that it always involves the self-
organization of atoms and crystal growth, which give rises to double
helical materials with much better crystallization, purity, and better
properties. Solution based reactions that involve the staggered
stacking of building blocks under the anisotropic growth mode can
also lead to the formation of inorganic double helical structures.
Both the theoretical simulation and experimental results revealed
that the self-organization of nanoscale fibers or even atoms under the
physical confinement effect will lead to the formation of a double
helical configuration to achieve their most stable state. The catalytic
deposition of the self-organized double helical carbon fibers and
CNTs under anisotropic growth mode has been extensively
investigated. The proposed rotation stress-releasing formation
mechanism can not only be used to the explain the formation process
of CNT-array double helices, but also work for other kinds of
inorganic double helical structures in which the two helical
backbones are connected at a node. For the “top-down” strategy,
multiscale methods, such as the nanoscale chemical modification,
microscale self-transformation, and macroscopic processing
techniques, have been explored to induce the double-helical
morphology for micro/nanomaterials.

It has to be admitted that the investigations on the preparation of
double helices are still at the preliminary stage. Some issues are still
to be addressed before the practical applications of double helical
materials, such as the high yield and high purity synthesis of double
helical structures, how to differentiate left handedness from right
handedness as nature and organic materials did, and better control
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over the pitches of double helical structures. These structure features
are directly linked to properties and potential applications of double
helical structures. The well-controlled and large scale synthesis of
double helical structures is the first step towards their practical
applications. The selective preparation of organic double helical
structures with single handedness can be achieved using chiral
building blocks, which are able to direct the template growth of
inorganic replicates with selective handedness. However, the basic
principle for the handedness selective or even separation for self-
assembled inorganic double helical materials is still to be further
understood.

There are many candidates as the building blocks for the double
helical nanostructures. The DNA, copolymers, chiral dimer, as well
as nanocarbon (e.g. CNTs, graphene fibers, carbon-inorganic hybrids)
are promising single helices. The property of the single helices can
be well tuned by the composition and structure, which brings novel
potential applications for advanced energy storage, environmental
protection, healthcare, and information technology. The matching
between the two congruent single helices in the double helical
structure provides possibility to record and replicate information,
which is a potential DNA-like synthetic nanostructures.

Due to the difficulty in achieving double helical materials with
high purity and handling them at the micro/nanoscale, very few
studies on the properties of double helical structure are able to be
carried out up to now. Such investigations are the prerequisite and
can direct the practical use of the inorganic double helices.
Techniques for handling and manipulating the micro/nanostructured
double helical materials are to be further developed. In addition,
more efforts are to be devoted on the integration and regularity of
double helices due to their ability to bridge the nanostructures to
meso- or macro-properties. Promising properties of the double
helical structures towards their applications in the fields of
mechanical and electromagnetic devices, catalysis, information
storage, and intelligent drug delivery etc. are to be further
investigated.

Up to now, the family of the double helical materials is still
limited, and more micro/nanomaterials in double helical
configuration are emerging. For instance, Ivanov et al. theoretically
predicted the existence of double-helix structures in the series of
Li,P, (x = 5-9) cluster and in an infinite LiP chain.’® The nature of
bonding in these double helices was also theoretically analyzed to
find out the origin of the stabilization of such Li,P, inorganic double
helices.™" It was surprising to discover the double helical structures
in such rather simple species consisting of lithium and phosphorus.
Experimental synthesis of this simple double-helix inorganic
material is to be carried out. In general, more strategies, formation
mechanisms, and even theoretical studies are required to further
understand and direct the fabrication to enlarge the family of double
helical structures.
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