Chapter 2
Methods and Structures for Self-assembly
of Anisotropic 1D Nanocrystals

Shuang-Yuan Zhang, Kwok Wei Shah and Ming-Yong Han

Abstract In the nanoscience and nanotechnology, the study of nanocrystal self-
assembly has been regarded as a key technology in leading future industrial
development. The colloidal self-assembly techniques, particularly for one-dimen-
sional (1D) building blocks, have been widely adopted for the systematic fabrica-
tion of functional nanocrystals and received an extensive research attention.
However, the increase in the building blocks’ anisotropy, e.g. from sphere to rod/
wire, has dramatically leveled up the difficulty in organizing them into ordered
structures. To realize tailored 1D nanocrystal self-assembled structures, a profound
understanding and detailed design of self-assembly mechanism and procedures are
much needed. Here, a thorough review over 1D nanocrystal self-assembly methods
and alignments are present to achieve large-scale functional structures. Through
different techniques, such as evaporation, template, electric field, Langmuir-
Blodgett film and chemical bonding, nanocrystals with various shapes can be self-
assembled on substrates, at interfaces and in solutions. These assembled structures
that have been achieved so far, can exhibit different degrees of alignments, such as
stripe pattern as non-close-packed structure, horizontal, vertical alignments as
close-packed monolayers, nematic, semectic alignments, AB stacking of vertical
alignments, three-dimensional (3D) assembly as close-packed multilayers. In gen-
eral, these self-assembly techniques can reach much small dimension and create
microstructures that possess unique properties different from their individual
building blocks.
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2.1 Introduction

The past few decades have witnessed an enormous explosion in the research efforts
in the nanoscience and nanotechnology: from synthesizing new nanomaterials to
characterizing [1-9], understanding their unique chemical, physical, biological
properties [10-18], and more recently to self-assembling these individual compo-
nents into larger systems and structures [19-25]. The self-assembly of individual
nanocrystals has provided a bottom-up method that reaches much smaller dimen-
sion. It is able to align, pattern, integrate nanocrystals into ordered and functional
microscale structures that is inaccessible from top-down methods, e.g. lithography,
nano imprinting [26-28]. The colloidal route of nanocrystal self-assembly is an
alternative means of nanofabrication to develop efficient micro-sized devices in a
simple and versatile manner [29]. More importantly, it offers an inexpensive
approach to build up large structures with new functions that differ from their initial
building blocks. These new collective properties of assembled structures are tunable
upon varying size, morphology and composition of these building blocks as well as
the packing order [30]. A variety of nanomaterials including metals [31-37],
semiconductors [38, 39], oxides [40—42], inorganic salts [28, 43], and polymers
[38, 44] have been achieved to be self-assembled into larger, ordered structures
with new properties. These assembled structures provide new perspectives for the
application in the photonics [45-50], plasmonics [51-53], SERS [54-59], devices
and deliver revolutionary solutions for magnetics [16, 41, 60, 61], electronic/pho-
tovoltaic devices [62—-64], catalysis and energy storage [65]. Many of these
applications are based not only on individual nano-objects but also on assemblies in
which these nano-objects interact with one another and organize in dedicated ways.
Therefore, the ability to self-assemble various nanocrystals into large ordered
structures with desired size, shape and orientation has become crucial in solving
new challenges and problems in nanoscience and nanotechnology research.

The building blocks for ordered self-assembled structures, which have been
achieved so far, are priced restrictive requirements to be mono-dispersed [66, 67].
Individual nanocrystals, often terms as “artificial atoms” can assemble into large,
microscale supercrystal or ordered solid structure in a dynamic equilibrium process
when prepared with high uniformity. Traditionally, the building blocks of most
assemblies are limited to spherical nanoparticles, and are studied extensively using
simple drop-casting method [68—73]. The face-centered cubic (fcc) or hexagonal
close-packed (hcp) packing pattern are usually observed when drop-casting and
drying the uniform spherical nanoparticle dispersion onto a flat surface. Recent
advances put emphasis to improve drop-casting method, with careful control over the
evaporation rate and the choice of carrier solution, to enable the near-spherical
nanoparticles, e.g. cubic, octahedral to form close-packed assembled structures.
However, the increase in the building blocks’ anisotropy is found dramatically level
up the difficulties to assemble such nanocrystals into long-ranged ordered
structure [74-76], and the conventional drop-casting method face complexities in
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self-assembling one-dimensional (1D) high anisotropic nanostructures, such as
nanorods, nanowires [74].

In addition, when the self-assembly building blocks become assorted, especially
ID anisotropic nanocrystals are used to assemble ordered structures, the crystal
orientations (facet orientation) of these nanocrystals within the assembled structure
become a prominent issue and of fundamental and practical research interest.
Unlike spherical nanocrystals fitting into fcc or hcp pattern with a random crystal
facet orientation, some 1D anisotropic nanocrystals assemble into more complicated
packing patterns with both positional and orientational orders that otherwise
unattainable using spherical nanocrystals [20, 22, 74—77]. This is particularly sig-
nificant for certain applications as assemblies consisting of anisotropic nanocrystals
possess unique properties due to their anisotropic nature [78]. Therefore, a signif-
icant research attention is diverted to this field and different self-assembly
approaches, e.g. evaporation-mediated method, electric-field-assisted assembly, and
template-assisted assembly [26, 27, 79-85] have been developed to assemble 1D
anisotropic nanocrystals into ordered structures.

In this chapter, we focus on self-assemblies using 1D nanoscale building blocks
and assess various assembling methods and different packing structures. The recent
approaches that achieve self-assemblies on substrates, at interfaces, and in solutions
are categorized and illustrated with detailed working mechanisms and actual setups.
The different packing structures, such as stripes, monolayers, and multilayers that
are fabricated from 1D nanocrystals are listed in the following section, with the
emphases on the internal organization and unique properties. The challenges that
faced by the current research works are also discussed, hoping to offer an outlook
into future development. The ultimate goal is to provide a channel to fine tune 1D
nanocrystals self-assembly into desired structures that is both functional and
accessible for microscale applications.

2.2 Self-assembly Methods

Monodispersed colloidal nanocrystals with uniform size and shape distribution can
self-assemble into large and ordered structures in a dynamic process on substrate or
at interface or even in the colloidal solutions via different approaches. The for-
mation of ordered structures depends on the building blocks and assembly
approaches. The 1D anisotropic nanocrystals are particularly difficult to self-
assemble due to their anisotropic structure properties and therefore require specific
techniques and external facilitations. Here we summarize the approaches that have
been developed so far to assemble 1D colloidal nanocrystals especially nanorods
and nanowires into ordered structures.
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2.2.1 Self-assembly on Substrates

2.2.1.1 Evaporation-Mediated Assembly

The controlled evaporation-mediated assembly is derived from simple drop-casting
method that has been widely used in self-assembling spherical and non-isotropic
colloidal nanocrystals [86, 87] on solid substrates. The formation of ordered self-
assembled nanostructures was first observed using TEM by drop-casting the
ferrofluid (Fe,;—,Cy) solution on a TEM grid [88]. In general, when a drop of
nanocrystals suspension is withdrawn to deposit onto a flat substrate, as the carrier
solvent is slowly evaporated, the nanocrystals self-assembled into ordered structure
on the substrate surface to minimize the free energy (Fig. 2.1a) [89]. The relatively
weak attraction forces (electrostatic interaction, Van Der Waals force, capping
ligands interaction, hydrophobic interaction, capillary force [29] among nanocrys-
tals in the suspension gain importance when the solvent is slowly evaporated,
forcing nanocrystals to organize [82]. This aggregation process is also well
explained using thermodynamics [90] and phase segregation model [91, 92], where
the formation of final ordered structure depends on temperature, concentration,
choices of solvent, nanoparticles sizes and thermodynamic state. Therefore, when
the simple drop-casting method faces difficulty in self-assembling 1D anisotropic
nanocrystals, different approaches that control the evaporation parameters such
suspension concentration, choice of carrier solvent, evaporation rate have been
proposed and demonstrated in anisotropic nanocrystals assembly.

To self-assemble 1D nanocrystals into ordered structures, the as-prepared
nanocrystals are usually first subjected to a post-reaction treatment to narrow the
size distribution. Most often, a non-solvent is added into stock solution with stirring
until the initially homogeneous solution become turbid [81]. The large nanocrystals
aggregate and precipitate at low centrifugation speed while the small sized nano-
crystals remain in the supernatant. To further screening nanocrystals, additional
non-solvent is added into the supernatant and another size selection can be carried
out with a higher centrifugation speed. The above process is repeated until desired
size distribution is reached. The size selection can also be carried out using filtration
instead of centrifugation.

For the preparation of nanocrystal self-assemblies via controlled evaporation, the
resulting uniform nanocrystals are dispersed into appropriate solvent with desired
nanocrystal concentration. The concentration and choice of stabilizing surfactant
can be adjusted by centrifugation, re-dispersion and ligand-exchange to avoid
disordered aggregation [93, 94]. The surfactant concentration in the nanocrystal
dispersions has to be larger than a critical value for the formation of ordered
superstructures. This critical concentration appears to correspond to the amount of
surfactant required to form a bilayer on the nanocrystal surface. Au nanorods
without the surfactant bilayer coating tend to aggregate in a disordered manner
because of the large van der Waals attraction (Au—Au Hamaker constant
A ~ 1.95 eV) [95]. A minimum surfactant concentration is therefore required to



2 Methods and Structures for Self-assembly ... 31

N, in
nanorod solution
N, out
(c) Copper grid (d) Coppereri¢ (e)
y. Evaporation Deposited NRs
# of solution

Fig. 2.1 Evaporation-mediated assembly. a Schematics showing the progression of evaporation-
mediated assembly: the initial random distribution of nanorods, self-assembly during evaporation,
formation of small assemblies, and final deposition of large-area assembled structures. Reproduced
with permission from [89]. b Schematic diagram of an evaporation-mediated assembly setup. The
substrate is placed in the bottom of a short-walled container, which is filled with 1D nanocrystal
solution. This container is set on a hotplate, and placed inside a small Teflon evaporation chamber.
A controlled flow rate of dry nitrogen through the small atmosphere of the chamber enables control
of solvent evaporation rate. Reproduced with permission from [93]. c—e Schematics of the
deposition method in evaporation-mediated assembly. ¢ A TEM grid is inserted about 1/4 of the
diameter into the Au nanorod solution. A thin film of solution is formed due to the capillary action.
d Evaporation of water from the thin film causes influx of water and nanorods. e The accumulation
of nanocrystals leads to the formation of self-assembled structures. Reproduced with permission
from [96]

maintain the balance between the entropic depletion potential and electrostatic
repulsion potential for the formation of nanorod superstructures [94].

A typical setup for controlled evaporation is shown in Fig. 2.1b, in which the
solvent was evaporated with a fine control. A drop (5—10 mL) of 1D nanocrystal
dispersion was placed onto a clean flat substrate, e.g. silicon, silicon nitride. The
droplet was kept undisturbed at a particular temperature (usually 30-60 °C depends
on the chosen solvent’s boiling point and desired evaporation rate) for a constant
evaporation rate. Higher temperature above 60 °C was reported to cause disordered
assemblies as the evaporation was too fast for the nanorods to attain their equi-
librium positions. The humidity of the evaporation chamber was also under
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carefully control for a constant evaporation rate. In often cases, approximately 60 %
humidity caused by water or solvent was maintained during the evaporation [94].
Very slow evaporation rate which took several hours was usually adopted in self-
assembling 1D nanocrystals and found helpful to increase packing order and
assembled structure size. The evaporation chamber could also be supplied with a
controlled flow of dry nitrogen either under atmosphere or under reduced pressure.
The final assembled structures were shown related to concentration of 1D nano-
crystal dispersions. Different nanorod concentrations were tested. The use of rela-
tively concentrated solutions resulted in well-ordered nanorod assemblies, whereas
the use of dilute solutions did not favor the formation of ordered assemblies.

The evaporation can also be controlled by capillary action in a much simple
setup. The capillary force is able to induce a flow (solvent and nanocrystal) from
solution to the substrate and create a thin film on the substrate. The solvent flux
compensates the evaporated solvent from the film; while the nanocrystal flux causes
nanocrystal accumulation and results in the self-assembled structures. El-Sayed and
co-workers [96] have described an immersion method in controlling the evapora-
tion so as to grow self-assembled structures from Au nanorods. In a general sce-
nario, a flat substrate (a carbon-coated copper gird for instance) was vertically
inserted partially into Au nanorod solution with the bottom part of gird immersed in
the solution (Fig. 2.1c—e). Drying of the colloidal solution over 8 h led to the
formation of reproducible self-assembled structures in most regions of the substrate.
The immersion of substrate in colloidal solution first created a thin film on the
substrate. The gentle evaporation of solvent from the thin film increased the lateral
capillary forces between nanorods and built up a pressure gradient. This caused the
influx of water and nanorods, and finally led to the packing of nanorods at the
contact interface of the solution and substrate. It was shown that the immersion
method could produce self-assemblies with high quality and factors such as the rate
of water evaporation, the ionic strength, the surfactant concentration, and the par-
ticle size and shape distributions were important in this process.

2.2.1.2 Electric-Field-Assisted Assembly

In colloidal system, the external electric field has long been found to induce or
strengthen the interactions between the nanocrystals and/or their capping ligands
[97]. For 1D nanocrystals (including their capping ligands) carrying free electrons
or with strong dipole moment, the electric field is a perfect stimulus in directing
their assembly into a desire pattern and orientation [48, 76, 98—104]. These 1D
nanocrystals are usually polarized along their longitudinal axes and experienced
forces exerted by the electric field in the field streamline direction. When the
electric-field-induced interactions are sufficiently strong to overcome Brownian
motion, 1D nanocrystals can move along the electric field streamline and form a
well-ordered structures with little defects and increased symmetry [102, 105].
A simple model can be established by considering thermal energy to evaluate
the energy input in order to align 1D nanocrystals into ordered structures.
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The electric-field-induced alignment energy are required to overcome thermal
energy at room temperature kgT = 26 meV (kg is the Boltzmann constant) that
would otherwise randomize the orientation of the 1D nanocrystals [100, 101]. On
the basis of this, the minimum external electric field strength, lower bound of free
electron density or dipole moment magnitude of nanocrystals can be determined
when assembling the 1D nanocrystals.

In general, both direct current (DC) and alternating current (AC) electric field
can be used as the external field in assisting 1D nanocrystals assembly. The
nanorods or nanowires are able to be aligned uniformly over areas on the scale of
several tens of square micrometers by following the electric field streamlines. In the
case of DC electric-field-assisted assembly, a non-conducting flat surface, e.g.
Si3Ny, is used as the substrate and a pair of electrodes are placed either on the two
sides of the substrate (left-right manner, Fig. 2.2a) or in a top-down manner
(Fig. 2.2b). The placement of the electrodes determines the electric field direction
and thus decides the assembled 1D nanocrystals orientation: perpendicular (top-
down manner) or parallel (left-right manner) to the substrate. A drop of colloidal 1D
nanocrystals solution is deposited on the substrate for a slow evaporation over a
period of several hours that depends on the solvent vapor pressure and environment.
A direct voltage V is applied simultaneously during the solvent evaporation, the
magnitude of which has to produce alignment energy larger than thermal energy at
room temperature (kgT) as discussed above. The DC electric-field-assisted is a
voltage-magnitude-dependent process and forces a high concentration of 1D
nanocrystals inside the gap between two electrodes. In fact, the 1D nanocrystals
concentration distribution contour strongly resembles that of electric field strength,
where the nanocrystals concentration is highest around the electrodes [101].

The AC electric-field-assisted assembly shares a similar setup as that of DC
electric field, with the change of alternating voltage applied at the electrodes. An
electrically insulated electrode structure that consists of multiple interdigitated
fingers pattern can be used to scale-up the assembly ability (Fig. 2.2c—e). The
interdigitated electrode structures are fabricated by optical lithography and sub-
sequent metal evaporation onto a Si/SiO, substrate with sizes and spacings in the
order of a few microns [48, 76, 98]. The use of the AC electric field for the self-
assembly avoids charging effect and excessive accumulation of the 1D nanocrystals
around the electrodes [48]. Besides, it prevents the interference of electro-osmotic
and electro-chemical effects that present in the DC system [82]. Different from the
DC electric-field-assisted assembly, in which the applied voltage magnitude is the
major parameter in controlling the assembly; in the case of AC circuit, the fre-
quency of the alternating voltage also plays a role in assembling the 1D nano-
crystals. In general, as the frequency of the AC circuit increases, the assembling
time to form order assembled structure decreases. The high frequency prevents the
polar molecules in the solvent to reorient in the rapidly changed electric filed
because of their long relaxation times. This results in greater net polarization of the
1D nanocrystals and stronger alignment forces and thus shorter assembling
time [106].
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Fig. 2.2 External-field-assisted assembly. a, b Schematic representations of the experimental set-
ups used in the assembly of colloidal cadmium chalcogenide nanorods under DC electric fields.
a When the parallel electrodes (Au) are arranged in a coplanar manner, the nanorods are aligned in
the plane of the substrate. The TEM image shows CdSe nanorods (shown as red bars) aligned
along the electric field streamlines (shown in yellow). Reproduced with permission from [101].
b A top-down arrangement of the electrodes results in nanorods that are oriented perpendicular to
the substrate. The TEM image shows perpendicularly aligned CdS nanorods. Reproduced with
permission from [102]. ¢ Top and d cross-sectional views of the multiple electrode structures used
in the AC electric-field-assisted assembly. The interdigitated electrode fingers are placed on the
SiO,/Si substrate and covered with Si;N, layer to prevent short circuit. Reproduced with
permission from [98]. € SEM image showing nanorods accumulate in the region of strongest
electric field and aligned along the electric field streamlines. Reproduced with permission
from [48]
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2.2.1.3 Template-Assisted Assembly

For colloidal nanocrystal self-assembling with a template, the template geometry
and surface chemistry play an important role by incorporating active sites for
nanocrystal selective deposition [107—111]. Modulating the geometry and surface
chemistry of templates therefore offers a convenient tool in assisting 1D nanocrystal
assembly. These templates can serve as hosts to accommodate 1D nanocrystals and
allow the creation of ordered structures [75, 112—-116]. For instance, conventional
photo lithography permits patterning a substrate’s surface with precise spatial and
chemical control. This surface-modified substrate contains geometrically con-
strained sites and/or chemically active groups that induce the selective deposition of
nanocrystals onto substrate with desired pattern. It shall be noted that other than the
surface-modified substrates, biological molecules, e.g. DNA, peptides [117-123],
microstructures, e.g. carbon nanotubes [124] or block copolymers [125-128], can
also be considered as template in a broad sense. These molecules or structures
provide a platform onto which nanocrystals are aligned into ordered structures that
is complementary to themselves, through the covalent or non-covalent interactions.

The geometrically constrained template is a straightforward method that can
create different assembly patterns. The pattern feature size and morphology put
strict restrictions on how 1D nanocrystal deposit onto the surface. Due to the
anisotropic nature of 1D nanocrystals, only certain orientations are accessible for
their deposition (Fig. 2.3a—c). These templates need to be designed in accordance
with building blocks. An excessive large feature sizes lead to disordered structures
while a small feature sizes prevent the deposition of nanocrystals onto the template.
The pattern feature sizes are generally in the same order of building blocks
dimensions. For the case shown in Fig. 2.3a—c, to assembly CdSe nanorods with
dimension around 35 x 7.5 nm into horizontal line alignment, a channel width of
30 nm can be used to selectively align these nanorods [114].

Other than geometrically constrained template, 1D nanocrystals can also be
aligned on chemically active template. For instance, thiol groups tend to form
colvent Au-S bonding with Au nanocrystals and deposition of such dispersion
results in preferential anchoring of Au nanocrystals onto thiol-patterned surface
[109]. However, this type of assembling is applicable only to specific binding
combination. A more generic method is making using of the wettability of the
template surface. The substrate surface is patterned with hydrophobic and hydro-
philic regions (Fig. 2.3d—g). Any 1D nanocrystals that are dispersed in the water are
able to remain in the hydrophilic patterns when the excess suspension is withdrawn
by pipette. Once the water is evaporated, the 1D nanocrystals are confined within
the designed hydrophilic regions [113]. The orientation of 1D nanocrystals inside
the hydrophilic regions can be further controlled by narrowing the width of
hydrophilic region. When the width of hydrophilic region is less than the length
of nanorods or nanowires, these nanocrystals align along the longitudinal axis of
hydrophilic region.
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<« Fig. 2.3 Template-assisted assembly. a—c¢ Schematics of template-assisted assembly process via
geometric confinement: a flotation of template onto aqueous solution of PEO-covered CdSe
nanorods; b CdSe nanorods within the channels and on the template surface; ¢ CdSe nanorods
isolated in the channels following rinsing of the template. Reproduced with permission from [114].
d-g Schematics of template-assisted assembly process via chemical interaction: d a nanowire
suspension is drop-casted on substrates with hydrophilic and hydrophobic patterns; e settling of
nanowires onto substrates; f formation of discrete droplets during the removal of the nanowire
suspension; g patterned nanowires on substrates. Reproduced with permission from [113]

2.2.2 Self-assembly at Interfaces

Self-assembly at the interface has been observed and studied for more than a
century. A well-known example is Pickering emulsions, in which solid particles
adsorb at the paraffin-water interface to stabilize the emulsion droplets from coa-
lescence [129, 130]. This phenomenon has been extended to self-assemble colloidal
micron-sized particles and later on nanocrystals between two immiscible phases.
The alignment of particles at the interface can cause a reduction of total interfacial
energy and it is the dominant force in driving such self-assembly. If the decrease of
the interfacial energy is larger than the thermal energy that causes fluctuations, the
colloidal particles can be aligned at the interface. In general, the interfacial energy is
related to the particle size by Pieranski’s theoretical calculation [131-134]. The
total decrease of interfacial energy is smaller for small particles and therefore,
interfacial assembly originally only targets micro-sized particles. Nevertheless,
recent studies have successfully demonstrated 1D nanocrystals self-assembly at
interface, offering a flexible pathway for bottom-up assembly of nanorods or
nanowires into organized structures [135-138].

The Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) techniques are the
most widely used and developed methods in achieving 1D nanocrystal assembly at
interface. The nanorods or nanowires are required to be protected with hydrophobic
capping ligands [54] and spread evenly on the water surface. At the air-water
interface, the randomly orientated nanocrystals are compressed slowly using a
barrier with the surface pressure monitored (Fig. 2.4a—c). At different stages of
compression, a horizontally aligned monolayer or nematic, smectic aligned multi-
layer nanocrystals assemblies can be observed and collected onto desirable sub-
strate using either vertical (LB technique) or horizontal (LS technique) deposition
procedure [62]. The assembled 1D nanocrystals exhibit remarkable alignment
parallel to the barrier. Providing suitable surface passivation chemistry, this inter-
face-based method is applicable to various 1D building blocks, and the assembled
structure size, packing order and inter-nanocrystal spacing can be controlled
independently with engineering precision [135].

Deposition at the oil/water interface is another extensively studied technique in
directing self-assembly of 1D nanocrystals. The purified 1D nanocrystals are first
dispersed in organic solvent that is immiscible with water and has a low vapor
pressure. A small amount of such dispersion is drop-casted carefully onto the water
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Fig. 2.4 Self-assembly at interfaces. a—¢ Schematics of Langmuir-Blodgett nanorod assembly at
the air-water interface. a Random distribution of nanorods at air-water interface. b Organization of
nanorods as the barrier compressing the nanorods. ¢ Assembled structures when barrier reaches
final compression stage. d—g Schematics of nanorod assembly at water-toluene interface. d CdSe/
CdS nanorods in toluene are spread dropwise on water surface. e After the toluene evaporation, the
floating film is harvested by liftoff of a PDMS stamp pad. The zoomed image shows a TEM image
of self-assembled CdSe/CdS nanorods. f The inked PDMS is brought into contact with the organic
layer by a gentle pressure. g The self-assembled is transferred onto organic surface after PDMS
stamp is removed. The zoomed image shows a SEM image of self-assembled CdSe/CdS nanorods.
Reproduced with permission from [49]

surface. The 1D nanocrystals are able to aggregate and align at the oil/water
interface while the organic solvent is allowed to evaporate slowly over a period of
several hours (Fig. 2.4d—g). The in-plane compression, interfacial tension and the
capillary force mediate the assembly of 1D nanocrystals. The ordered structures are
then harvested by a contact printing technique with a hydrophobic substrate, e.g.
polydimethylsiloxane (PDMS) stamp pad and eventually transfer to a device [49].
These individual 1D nanocrystals assembled at the interface maximize the inter-
facial coverage per nanocrystal and minimize the Helmholtz free energy of the
whole system. Due to its anisotropic nature, the 1D nanocrystals aligned parallel to
the interface generally cover more surface area and possess much lower interfacial
energy than those oriented perpendicular to the interface [132]. However, the
nanorods orientated perpendicular to the interface are still observed when the
concentration of nanorods reach a critical value [30, 133]. The interfacial energy
between liquids and nanocrystals, the aspect ratio and concentration are the major
parameters in controlling the orientation and structures of 1D nanocrystals inter-
facial assembly.
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2.2.3 Self-assembly in Solutions

Solution based assembly is perhaps the most simple while complicated method in
achieving 1D nanocrystals self-assembly. It is simple as it involves little or no
external facilitations (e.g. electric-filed, template), while enables the nanorods or
nanowires spontaneously assembled within the solution [58, 137, 139-143]. It is
complicated as it engages a variety of chemical interactions, e.g. hydrogen bond,
chemical bonding, electrostatic force [144—151], among the whole spectrum of
nano-entities inside the solution. Each of the interaction works in a unique way and
is very specific towards different combinations of nanocrystals, capping ligands and
solvent. In that sense, the solution-based assembly is a complicated method requires
dedicated design of the whole solution system.

Although the driving forces vary for different solution based assemblies, this
type of assemblies, however, shares a similar process. At first glance, small self-
assemblies are formed randomly in the solution due to the chemical interactions and
collisions caused by the Brownian motion. These small self-assemblies, serve as
nucleation sites, subsequently draw neighboring building blocks together and grow
into ordered microscale structures [152—155]. The assembly process is closely
related to the concentration and temperature of the stocking solution. In general, as
the concentration of 1D nanocrystals and temperature increase, the collisions
between the nanocrystals are more frequent and thus the assembling of collided
nanocrystals become easier and faster [156]. A selective change of solvent quality
can trigger or facilitate the above process, by causing the destabilization of a well-
dispersed nanocrystal solution [74, 138, 155, 157].

Making use of the hydrogen bond of capping ligand is one frequently used
method in directing solution-based assembly. Bifunctional molecules such as cys-
teine, glutathione, 3-mercaptopropionic acid, 11-mercaptoundecanoic acid, and
a,w-alkanedithiols which carries thiol group are shown selectively bind to the end
or side surface of Au nanorods via hydrogen bonds [145, 148, 156-158]. This
hydrogen bonding can be controlled by the variation of the pH value of the solution,
which enables the Au nanorods assembled in a side-by-side (Fig. 2.5a) or end-to-
end (Fig. 2.5b) pattern or disassembled back to random alignment. The pH value of
solvent close to these bifunctional molecules PK, value favors the assembly while
the pH value away from the PK, value favors the disassembly, which agrees with
the hydrogen-bonding theory. Other than hydrogen bond between the capping
ligands, the chemical bonding is another useful force in assembling 1D nano-
crystals. Zhang et al. have reported chemical bond driven self-assembly of CoP
nanowires when aging them in the reaction solution for 120 min [159]. The capping
ligands adsorbed/desorbed from CoP nanowires dynamically in the mother reaction
solution, and their controlled removal led to direct interaction between adjacent
nanowires to form Co-P chemical binding. As shown in Fig. 2.6a, b, this chemical
bond was direction-specific, forcing nanowires position in a particular facet, thus
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Fig. 2.5 Self-assembly in solutions. a Schematics of the side-by-side self-assembly of Au-tipped
CdSe nanorods via hydrogen bonds. The Au tips are ligand-exchanged with 11-mercaptoundeca-
noic acid and cross-linked via hydrogen bonds between their carboxylic groups. Reproduced with
permission from [157]. b Schematics of the end-to-end self-assembly of Au nanorods via hydrogen
bonds. (Step 1) The Au tips are capped with a,w-alkanedithiols. (Step 2a) Above a critical
concentration of a,w-alkanedithiols, nanorods form dimmers and (Step 2b) subsequently chain
structure via hydrogen bonds between their thiol groups. Reproduced with permission from [148]

provided both positional and orientational order. In addition, electrostatic force
[160], depletion attraction (Fig. 2.6¢c—f) [161] and avidin-biotin recognition [144,
162] have also been demonstrated successfully in self-assembling nanorods or
nanowires at specific locations to form ordered close-packed or non-close-packed
structures.
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<« Fig. 2.6 Self-assembly in solutions. a—b Schematics of solution-based self-assembly of CoP
nanowires via chemical bonds. a The CoP nanowires are aligned along (200) facet and b allow the
irreversible formation of chemical bonds between Co and P atoms from neighboring nanowires.
Reproduced with permission from [159]. ¢—f Schematics of solution-based self-assembly of CdS,
CdSe, CdS/CdSe nanorods via depletion attraction. ¢ Nanorods coated with hydrophobic
surfactant are dispersed in organic solvent. d Assembly is triggered by introducing additive
(macromolecule) into the solvent. e An osmotic pressure (depletion attraction) is developed and
drive nanorods aligned together when nanorods approach each other and create a volume
inaccessible to additive. f Final assembled structures. Reproduced with permission from [161]

2.3 Self-assembly Packing Structures

Other than various methods that have been demonstrated to self-assemble 1D
nanocrystals, numerous packing orders have also been achieved using these 1D
building blocks. Different from the fcc or hcp pattern that is typically formed by
isotropic nanocrystals, the anisotropic nature of 1D nanocrystals renders them great
possibility to be arranged into diverse packing orders, such as stripes, horizontal/
vertical monolayer, nematic/smectic multilayer, AB stacking of vertical alignments,
and 3D assemblies. The assembled structures from 1D nanocrystals usually possess
both positional and orientational orders that require precise alignment of building
blocks. The collective properties of these assembled structures differ from their
individual building blocks and vary upon the change of the packing order. In this
section, we review various alignments that have been achieved in self-assembling
1D nanocrystals with the emphasis on the nanorod and nanowire building blocks.

2.3.1 Non-close-Packed Structures

The non-close-packed structures formed by the 1D nanocrystals refer to the self-
assembled structures that are not continuously aligned over a large-scale area in at
least two directions, e.g. X, y directions in Cartesian coordinates. They are of low
surface coverage and generally in the form of networks of stripes pattern (also
called ribbons or chains in some literatures) with substantial amount of space in
between [163—-165]. Each stripe is a single layer structure, which can reach several
micrometers long. These stripes are usually placed independently with low level of
ordering (Fig. 2.7a—d). However, within the stripes, the building blocks are well
organized in two basic alignments: side-by-side or end-to-end. A single stripe
pattern can consist of either one of these alignments or a combination of both. In
general, the inter-nanorod/nanowire energetic forces such as van der Waals force,
dipole-dipole interaction favor side-by-side alignment due to the large contact area
when they are aligned along the longitudinal axis. This alignment is widely
observed in various stripe patterns. Nevertheless, in certain cases, such as a
kinetically limited self-assembly process [166], end-to-end structures can be the
dominated form in composing the stripes.
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Fig. 2.7 TEM images of side-by-side stripe pattern formed by a Nb,Os nanorods, b ZnO
nanorods. Reproduced with permission from [143]. ¢ TEM images of primarily end-to-end stripe
pattern formed by CdS nanorods. The inser shows an FFT of the region enclosed by an outlined
square. d Corresponding schematic diagram of primarily end-to-end stripe pattern. Within the
stripes, a few nanorods are packed side-by-side, an orientation favored by both antiparallel dipole
interactions (represented by the black arrows) and van der Waals attraction. Reproduced with
permission from [166]

One example of non-close-packed structures that are based on side-by-side
alignment is displayed in Fig. 2.7a, b, which has been reported by Yang and his co-
workers [143]. Nb,Os nanorods with diameter of 1.3—1.6 nm (Fig. 2.7a) and ZnO
nanorods with diameter of 1.1-1.4 nm (Fig. 2.7b) were demonstrated to be self-
assembled into well-defined, uniform, stripe structures that could reach 1.6 um in
the length with aspect ratio of ~ 80. The side-by-side arrangements here created the
largest contact area for the neighboring nanorods, and thus ensured the formation of
stripes through the interactions between surfactants and inorganic species. A range
of sub-2 nm (down to one unit cell) transition metal oxide (TiO,,) and rare earth
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oxides (Eu,Os, Sm,03, Er,O3, Y,03, Tb,O3, and Yb,O3) were also demonstrated
to be self-assembled into arrays of stripes.

The end-to-end alignment in the non-close-packed structures is mostly seen
when specific bindings, e.g. hydrogen bonding, exist at the tips of the nanorods/
nanowires, as the case we mentioned in solution based assembly (Fig. 2.5b). The
contact area of end-to-end alignment is much limited compared with side-by-side
configuration, and therefore it is not the preferred structures. Nevertheless, Korgel
and his co-workers showed in a kinetically limited self-assembly process, in which
the CdS nanorods formed primarily end-to-end alignments (Fig. 2.7c) when
evaporating a small amount of CdS colloidal solution at a low surface coverage.
The evaporation process promoted a kinetically limited structure (Fig. 2.7d) via the
spinodal decomposition. There was also a preferred orientation of the stripes as
shown by the fast Fourier transforms (FFT) image in Fig. 2.7¢ inset. The distances
specified by the linear spot positions in FFT corresponded to the distances between
stripes (center to center). However, when the FFT was taken at a large scale of
multiple domains of stripes, a diffuse ring instead of spots was observed, suggesting
the stripe pattern lacked long-range ordering [166].

The non-close-packed structures can also be constructed from a combination of
both side-by-side and end-to-end alignments. Each stripe pattern, for instance, is
able to consist of a few columns of nanorods that are aligned end-to-end.
Meanwhile, within each column, the nanorods are attached to each other via a side-
by-side alignment. Such structures require dedicated constrains in directing nano-
crystal alignment, and are usually achieved with the aid of external facilitation. The
internal organization of stripes such as the number of columns in a single stripe can
be further controlled by adjusting external facilitation. The competition between the
side-by-side and end-to-end alignments within the stripes is a destabilizing factor
that can lead to the disorganization of the self-assembly. Banin and his colleagues
have used a copolymer film as a template, to successfully self-assemble polysty-
rene-coated (PS-coated) CdSe nanorods into non-close-packed structures with both
side-by-side and end-to-end alignments (Fig. 2.8a—d) [125]. The copolymer film
was casted from polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) and
featured with alternating PS and PMMA domains. The PS-coated CdSe nanorods
were therefore selectively bound to the PS domains on the template. By aligning
perpendicular with respect to their hosting PS domains, the CdSe nanorods maxi-
mized attractive van der Waals interactions from neighboring nanorods, while
minimized the repulsive interactions from surrounding PMMA domains (Fig. 2.8b).
Via adjusting the ratio between the PS domain width and the nanorod length, the
CdSe could form multiple end-to-end aligned rows. However, this orientational
preference of nanorods in both side-by-side and end-to-end alignment diminished
for decreasing nanorod aspect ratio and gave way for adverse orientational entropy
effects [126]. The long nanorods with long copolymers template were preferred for
highly organized stripe patterns as short nanorods and/or short copolymers were
more prone to morphological defects.
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Fig. 2.8 a SEM images of non-close-packed structures formed by PS-coated CdSe nanorods on
PS-b-PMMA coated substrate, showing a coexistence of both side-by-side and end-to-end
alignments. b Schematic diagram showing the preferential alignment of the perpendicular
orientation over the parallel orientation with respect to their hosting PS domain. The attractive and
repulsive interactions depicted as green and red stripes, respectively; while PMMA domains are
colored orange, and PS domains underneath the nanorods are colored yellow. ¢ AFM micrograph
of non-close-packed structures formed by PS-protected CdSe nanorods on PS-b-PMMA coated
substrate. Height scale 10 nm. d AFM height profile corresponds to the black line, where
arrowheads mark crossed nanorod-filled PS domains. Reproduced with permission from [125]

2.3.2 Close-Packed Monolayers

2.3.2.1 Horizontal Alignment

Close-packed monolayers in horizontal alignment from 1D nanocrystals are simple
two-dimentional (2D) planar monolayer structures, with all building blocks closely
assembled and arranged horizontally with respect to the monolayers. In an ideal
scenario, the longitudinal axes of these building blocks are aligned parallel to one
common direction to maximize the attractive interactions while maintain the lowest
system energy. One typical example of such parallel structures is the Langmuir-
Blodgett film (Fig. 2.4a—c); in which all 1D nanocrystals’ longitudinal axes are
aligned parallel to the barrier when the barrier compresses the air-water interface
slowly. The alignment along the 1D nanocrystals’ transverse direction, however,
enjoys more degrees of freedom. As shown in Fig. 2.9a, the ZnS nanorods in the
transverse direction form zigzag staggered rows with neighboring nanorods
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Fig. 2.9 TEM images of horizontally aligned ZnS nanorod monolayer in a zigzag staggered
structures and b layered structures. Reproduced with permission from [137]. ¢ TEM and
d magnified TEM images of horizontally aligned CdSe nanorod monolayer in disclination
structures. The inset of ¢ gives the corresponding SAED pattern. The disclination structure
nucleates at the center and grows into six branches with angel discontinuity of 60°. Reproduced
with permission from [139]

overlapping with each other. This arrangement is sometimes termed as 2D nematic
phase (see nematic alignment in 2.3.3 close-packed multilayers for more details). In
addition to the zigzag-staggered structures, 1D nanocrystals in the transverse
direction can also form ordered rows without overlapping. Showing in Fig. 2.9b,
the ends of any ZnS nanorod are evenly spaced with the ends of other nanorods
either ahead or behind it [137]. This forms layered structures in the transverse
direction and is sometimes termed as 2D smectic phase (see smectic alignment in
2.3.3 close-packed multilayers for more details).
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Other than longitudinal axes aligned parallel to one common direction, the self-
assembly of 1D nanocrystals in the horizontal alignment can exhibit a disclination
structure. It is usually observed as a disruption towards the long-range parallel
structures, where the director of individual nanorods/nanowires changes continu-
ously about the center [135]. The disclination structure is initially thought ener-
getically unfavorable and should not occur for the monolayer system. However,
Alivisatos’s group [139] later observed a disclination structure in a vortex shape
with CdSe nanorods. Figure 2.9¢ showed an isolated vortex-shaped self-assembly,
the inset of which gave the corresponding selected area electron diffraction (SAED).
The hexagonal spot pattern from SAED indicated a sixfold symmetry of ordering.
A magnified image in Fig. 2.9d further revealed CdSe nanorods around the center
were separated into six branched, which agreed with SAED pattern. Within each
branch, the nanorods were arranged parallel to a common direction and formed a
distinct crystalline domain. In-between two adjacent branches, a discontinuity of
60° in nanorod orientation existed. The centers of disclination structures were
generally regarded as defects, which served as nucleation sites for the disclination
structure to grow.

In the horizontal alignment, the inter-nanocrystal spacing is an important
parameter that influences the collective property of the whole assembly. It is shown
this spacing affects the coupling between adjacent nanocrystals and therefore
coupled plasmon modes that give rise to coherent propagation of energy along the
array. When the spacing is well adjusted, the assembled monolayer is able to
propagate light along the nanorod—nanorod chain effectively [52, 167]. In general,
the inter-nanocrystal spacing remains the same within one horizontally aligned
monolayer, even for the 1D nanocrystals aligned differently at the ends. As illus-
trated in Fig. 2.10a, b [58, 142], two ends of neighboring Au nanorods were either
aligned perfectly along the same axis (eclipsed end-to-end, Fig. 2.10a), or had a
lateral displacement (staggered end-to-end, Fig. 2.10b). Though these two
arrangements were different in organizing the structure, the inter-nanorods spacing
between two ends of the Au nanorods were shown to be the same, ~ 8.5 nm. This
spacing also coincided with the distance between two sides of neighboring Au
nanorods. The inter-nanocrystal spacing generally remains constant for the same
monolayer, but varies for different monolayers. In the case of Langmuir-Blodgett
film, the inter-nanocrystal spacing can even be manually controlled through the
compression pressure.

Unlike the self-assembly structures from spherical nanocrystals, some horizon-
tally aligned monolayers have exhibited both positional and orientational orders due
to their anisotropic building blocks. Zhang et al. have reported a solution-based
self-assembly process in which horizontally aligned CoP nanowire monolayers
were assembled with the same facet orientation. The CoP nanowires with aspect
ratio greater than 40 were self-assembled into monolayers with horizontal align-
ment. As shown in the Fig. 2.10c, the CoP nanowires were aligned along their
longitudinal axes and close-packed with neighboring nanowires. The corresponding
FFT in Fig. 2.10d clearly indicated a linear spot diffraction pattern that signified
the parallel alignment and same inter-nanowire distance (center to center).
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Fig. 2.10 TEM images of horizontally aligned Au nanorod monolayer in a eclipsed end-to-end
and b staggered end-to-end patterns. Reproduced with permission from [142]. ¢ TEM and
d corresponding FFT images of horizontally aligned CoP nanowire monolayer. e HRTEM images
of six neighboring CoP nanowires, showing uniform lattice orientation from (200) planes.
Reproduced with permission from [159]

The HRTEM image revealed that all the (200) planes were parallel in the adjacent
CoP nanowires, indicating the oriented attachment of nanowires with the same
lattice orientation. This orientational order is particular important for the anisotropic
materials, as the collective properties are associated with their anisotropy, e.g.
magnetism, can be maintained and even strengthened.
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2.3.2.2 Vertical Alignment

Close-packed monolayers in vertical alignment from 1D nanocrystals are three-
dimentional (3D) block monolayer structures, with all building blocks closely
assembled and arranged vertically with respect to the monolayers. Vertical align-
ment of nanorods is of special interest because it helps to further minimize the size
below the lithographic limit and exhibit single transistor behavior [168]. For a
vertically aligned monolayer that perfectly aligned, it possesses a honeycomb
structure, as the case in Fig. 2.11a, b. When viewing from top of such monolayer,
(Fig. 2.11a), each of the 1D nanocrystals stands perpendicularly to the substrate and
is surrounded by six neighboring nanocrystals. These six nanocrystals form a
hexagonal pattern, which achieves the highest packing efficiency that is energeti-
cally favorable. The lateral arrangement of neighboring nanocrystals is similar to
those in horizontally aligned monolayers (Fig. 2.11b), in which the longitudinal
axes of these 1D building blocks are aligned parallel to one direction so as to
maximize the attractive interactions [157].

Similarly to the horizontally aligned monolayers, some vertically aligned
monolayers also possess both positional and orientational orders. Ryan’s group [75]
has observed the anisotropic CdS nanorods were aligned vertically in the hexagonal
shape on a substrate with uniform lattice orientation (Fig. 2.11c—e). The trans-
mission electron diffraction pattern of a single crystal (Fig. 2.11d) revealed its
perfect wurtzite crystal structure from [001] zone axis. Close analysis from the
HRTEM image in Fig. 2.11e indicated clearly a similar orientation of (100) planes
from the vertically aligned nanorods. Only a slight angular variation of +6 °C was
observed for (100) planes from neighboring nanorods that affirmed the orientational
ordering. A quantitative assessment of vertically aligned nanocrystals can be further
calculated based on the building blocks’ orientational ordering. Since the nano-
crystals are assembled with uniform lattice orientation, the information of the lattice
orientation can be transferred into the information of the nanocrystal orientation.
Alivisatos’s group has demonstrated an evaluation technique in assessing the per-
centage of vertically aligned CdS nanorods against entire nanorod population using
grazing-incidence wide-angle X-ray diffraction. The longitudinal axes of these
wurtzite CdS nanorods coincided with the c-axis [001] direction. When the nano-
rods were aligned vertically as shown in Fig. 2.11f, the diffraction pattern from
(002) planes (blue dashed line in Fig. 2.11g) reflected to the top of Bragg ring,
which corresponded to the ® direction at 0° (green arrow in Fig. 2.11g). Integrating
diffraction intensity of (002) planes as a function of ® gave the orientation distri-
bution, with the ® = 0° refer to the vertically aligned structures. In the case they
demonstrated, 75 % nanorods were self-assembled in the vertical alignment [93].

As the vertical and horizontal alignment share similar structure properties,
experiment has shown the coexistence of horizontally and vertically aligned
structures [30, 169]. A concentration correlation with the packing order has
been observed when drying colloidal water droplets containing CdSe nanorods
[100, 133]. At a high concentration region (e.g. the center of the droplet), the
nanorods are aligned vertically to the substrate. However, at a low concentration
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region (e.g. in between the center and periphery of the droplet), the nanorods are
aligned horizontally to the substrate. At the lowest concentration region (e.g. the
periphery of the droplet), a less-organized structure with nanorods in local ordering
is observed. In addition to the coexistence of horizontally and vertically aligned
structure, Zhang et al. have demonstrated a selective alignment at different aging
temperature. For example, at low aging temperature 0 °C, the CoP nanowires were
found to form horizontally aligned monolayers (Fig. 2.10c). While at high aging
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<« Fig. 2.11 a Dark field TEM image (top view) and b SEM image (side view) of vertically aligned
Au-tipped CdSe nanorod monolayer. The inset of a shows a magnified image and the scale bar
represents 50 nm. Reproduced with permission from [157]. ¢ TEM image of vertically aligned CdS
nanorod monolayer. d Single-crystal electron diffraction indexing of one CdS nanorod at [001]
zone axis. e HRTEM image of three neighboring CdS nanorods, showing uniform lattice
orientation from (100) planes. Reproduced with permission from [75]. f TEM image and g X-ray
diffraction pattern of vertically aligned CdS nanorod monolayer. The diffraction from (200) planes
is marked by blue dashed line. The green arrow at ® = 0° corresponds to vertically aligned
nanorods; the red arrow at @ = 0° corresponds to horizontally aligned nanorods. h Orientation
distribution of vertically aligned CdS nanorods obtained by plotting the diffraction intensity of
(002) planes in g as a function of . Reproduced with permission from [93]. i TEM and
j corresponding FFT images of vertically aligned CoP nanowire monolayer. Reproduced with
permission from [159]

temperature, i.e. room temperature, the CoP nanowires formed vertically aligned
monolayers (Fig. 2.11i). The inter-nanowire distance (center to center) given by the
FFT image (Fig. 2.11j) is ~7.0 nm, which was the same as the spacing in the
horizontal alignment, suggesting the basic unit of horizontal and vertical alignment
was similar.

2.3.3 Close-Packed Multilayers

2.3.3.1 Nematic Alignment

“Nematic” is a common term used primarily in describing the phase of liquid
crystals. It refers to the organization of liquid molecules with a long-range orien-
tational order in the longitudinal direction but no translational order. The liquid
molecules in nematic liquid crystals are free to flow and randomly distributed as
long as they keep the orientational order. Some of close-packed multilayer struc-
tures self-assembled from 1D building blocks resemble this ordering; and the term
“nematic” has been borrowed to describe such structures. As shown by the SEM
image in Fig. 2.12a, a nematic aligned multilayer structure has all longitudinal axes
of Au nanorods pointing in the same direction. However, in the transverse direction,
there is no periodicity observed for the Au nanorods. The FFT pattern of nematic
alignment (Fig. 2.12a inset) also reveals single-direction diffuse streaks, which
agrees with the long-range orientational order but no translation order. The nematic
alignment can be viewed as the 3D assembly of nanocrystals in two steps. The
nanorods/nanowires are first assembled together in an end-to-end pattern to form
stripes (chains). These stripes are then packed together, nearly parallel to each other,
into a 3D structure [94].

Similar to the liquid crystals, the nematic alignment of 1D nanocrystals is fre-
quently observed in the electric-field-assisted assembly. The anisotropic 1D
nanocrystals, especially metal, oxide, sulfide, can be polarized and behave like
liquid crystals in the electric filed. When an external electric field is applied to the
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Fig. 2.12 a SEM image of
Au nanorod multiplayers in
nematic alignment. The
corresponding FFT pattern in
the inset shows single-
direction diffuse streaks,
suggesting only the
orientational order but no
translational order.
Reproduced with permission
from [94]. b, ¢ SEM images
of CdSe@CdS nanorod
multiplayers in nematic
alignment which are self-

assembled in the electric field.

The red arrow in b indicates
the direction of the electric
field, and the red square
marks the region that is
displayed in ¢. Some rods in
b are highlighted in red as a
guide to the eye. Reproduced
with permission from [76]
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colloidal solution, these polarized 1D nanocrystals tend to orient themselves along
the direction of the field and form a nematic aligned structures. An example is
illustrated by Manna and his colleagues, where asymmetric core-shell CdSe@CdS
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nanorods were self-assembled in the electric field. The nanorods in between the
electrodes were aligned uniformly over areas on the scale of tens of micrometers by
following the field streamlines (Fig. 2.12b). The magnified view of a selected area
(Fig. 2.12c¢) further indicated the nematic alignment [76]. It has shown that, even
with a rather small dipole moment, the presence of sufficient anisotropy in the
nanocrystal morphology can induce the ordering in orientation [104].

2.3.3.2 Smectic Alignment

“Smectic” is another term used frequently in liquid crystal field to describing a
distinct ordered phase. Molecules in the smectic liquid crystals enjoy a general
orientational order in the longitudinal direction like the nematic liquid crystals. In
the transverse direction, they tend to organize into well-defined layers and exhibit a
translational order. These layers can slide over one another as one entity. However,
movement is restricted for molecules to cross the layers. Similar to the term
“nematic”, “smectic” has also been borrowed to describe some of close-packed
multilayer structures from 1D building blocks. The 1D nanocrystals show
remarkable similarity to the liquid modules and can be self-assembled into struc-
tures resembling smectic liquid crystals. A typical example of smectic aligned
nanorods is presented in Fig. 2.13a. The longitudinal axes of Au nanorods are
aligned roughly parallel to each other. In the transverse direction, the nanorods form
separated layers that positioned to one direction. There is twofold of ordering for
the smectic alignment as indicated by two-direction diffuse streaks in the FFT
pattern (Fig. 2.13a inset). The parallel alignment of Au nanorods in the longitudinal
direction is reflected by two diffuse streaks marked with arrow 3; while the layer-
by-layer stacking in the transverse direction is reflected by an orthogonal set of
streaks as marked with arrow 4 [94]. Talapin has further elucidated an antiparallel
organization for the smectic multilayer structure that based on the attractive dipole
interactions. For instance, the CdSe nanorods, which possessed large permanent
dipole along the longitudinal axes, were able to be close-packed into smectic
multilayers. The attractive dipole interactions were the driving forces and respon-
sible for such alignment. The pairing of dipole moments required an antiparallel
organization of neighboring nanorods within a layer and between adjacent layers
(Fig. 2.13b) [74]. The Monte Carlo simulations for hard spherocylinders show the
antiparallel organization is energetically favorable and can stabilize the smectic
alignment. The smectic alignment can also be considered as 3D assembly of
nanocrystals in two steps. The nanorods/nanowires are first assembled together in a
side-by-side pattern to form layers. These layers are then stacked together, nearly
parallel to each other, into a 3D structure.

The smectic alignment shares a lot of similarities with nematic alignment, and
often case, both alignments can be achieved with same materials upon a slight
change of experiment settings. According to the Onsager’s hard-rod model
[170, 171], 1D nanocrystals interacting with repulsive forces can display nematic
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Fig. 2.13 a SEM image of
Au nanorod multilayers in
smectic alignment. The
corresponding FFT pattern in
the inset shows two-direction
diffuse streaks, suggesting
both orientational and
translational order.
Reproduced with permission
from [94]. b TEM image of
CdSe nanorod multilayers in
smectic alignment. The
antiparallel organization of
nanorods in the inset shows a
possible energetically
favorable orientation to pair
dipole moments both within {100}
and across layers. Reproduced | {001}
with permission from [74] - {00 "l-}

alignment at low packing density. The anisotropic nanocrystals favor the parallel
ordering as it increases the translational entropy by minimizing the excluded vol-
ume from the adjacent 1D nanocrystals. The sacrifice of orientational entropy can
be compensated by the increase in the translational entropy. Frenkel’s later com-
puter simulation has demonstrated upon the increase of packing density, a ther-
modynamically stable smectic alignment is instead developed in the colloidal
system with predominantly repulsive interactions. Apart from the packing density,
the formation of nematic or smectic alignment is found experimentally aspect-ratio
dependent as well. Long 1D nanocrystals (aspect ratio >7) tend to form nematic
alignment while smectic alignment is favorable for short ones [78].
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2.3.3.3 AB Stacking of Vertical Alignments

The AB stacking of vertical alignments is a 3D close-packed organization, which is
composed of multiple vertically aligned layers that stacked in an end-to-end fash-
ion. The alternating layers in the AB stacking structures have exactly the same
organization within layers, however, with a rotational or lateral displacement across
layers. The self-assembly of AB stacking structures is considered to start with the
formation of individual vertically aligned monolayers. The vertically aligned
monolayers are usually in the form of honeycomb structures (see vertical alignment
for more details). When depositing such monolayers sequentially, a multilayer is
expected which results from the layer-by-layer stacking. The stacking of vertical
aligned monolayers maintains their original alignments, but creates diverse 3D
arrangements. Typically, 3D stacking of nanorods is routinely observed when the
concentration of 1D nanocrystals in solution is high [102]. A four-layer structure is
shown in the SEM image in Fig. 2.14. Each layer by itself is an individual con-
tinuous 2D planar structure and the rods at the edges are perfectly orthogonal to the
substrate, suggesting monolayers are preassembled before the multilayer structures
[89]. This is further evidenced in experiments as both monolayers and multilayers
are observed at the same time [172]. For AB stacking multilayers TEM images, a
typical interference pattern can be observed due to the superimposition from two
overlapping vertically aligned honeycomb structures. The AB stacking with a
misorientation angle and/or lateral displacement from the two layers is the primary
reason in causing such periodic effects when viewing two layers simultaneously in
transmission mode. This further manifests a rotational and/or translational move-
ment exist between the AB stacked layers [165].

Fig. 2.14 SEM image of a
four-layer CdS nanorod
structure by AB stacking of
vertical alignments.
Reproduced with permission
from [89]
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Many self-assembled multilayer structures are based on a close-packing of
building blocks, with the incoming building blocks filling the spaces between the
previous assembled ones. For instance, the fcc and hcp patterns for the spherical
nanocrystal self-assemblies are aligned upon one sheet of spheres arranged at the
interstices of triangular bases from the underlying sheet. The vertically aligned
monolayer, generally, is flat at the top and bottom surfaces and does not have
obvious spacing. The 3D stacking pattern of monolayers from 1D nanocrystals
therefore possesses more degrees of freedom than spherical building blocks. The
incoming layer is less restricted and able to have both rotational and translation
movements over the underlying base layer. The actual lateral displacement can be
determined from TEM images while the misorientation angle can be obtained with
the help from corresponding FFT or SAED patterns. There are generally two sets of
spots in the electron diffraction patterns that arise from different orientated layers;
and measuring the rotational deviation between them gives the misorientation
angle. For honeycomb structures, the hexagonal symmetry in the monolayer means
that every 30° rotation is a period. The exact structure of AB stacking of honey-
comb structures has been studied comprehensively by Ryan and coworkers using
STEM. When there was no offset in the overlapping layers, the TEM image
(Fig. 2.15a) remained as a typical honeycomb packing pattern. However, the moiré
fringe emerged when a misorientation angle existed between stacked layers
(Fig. 2.15b—d). The interference appeared as a repeating hexagonal motif, with the
size inversely proportional to the misorientation angle. As the angle offset increased
to 29°, near to one period of 30°, a 12-fold ordering was seen (Fig. 2.15d), sug-
gesting the rotational symmetry but no translational symmetry. A different inter-
ference pattern occured when a lateral displacement existed between the stacking
layers (Fig. 2.15e, f). Only one hexagonal pattern was seen in the FFT pattern
(Fig. 2.15¢e inset), suggesting the hexagonal symmetry of individual monolayer was
kept intact, and further confirming the monolayer was preassembled before the
stacking [173].

2.3.3.4 3D Assemblies

Other than nematic, smectic and AB stacking of vertical alignments, 1D nano-
crystals can be self-assembled into other close-pack multilayer structures, which are
termed as 3D assemblies here. 3D assemblies exist in many shapes, such as sphere,
cylinder, and are difficult to realize compared with other packing alignments. The
studies of complex 3D assemblies started from isotropic building blocks. Han’s
group has reported an oriented self-assembly of nanoparticles into uniform ellip-
soidal structure [174], in which all the building blocks were aligned in the same
facet orientation (identical crystallographic directions in all three dimensions). The
resultant self-assembly appeared as monocrystalline structure in SEAD and
HRTEM investigations. The facile desorption and exchange of capping ligands
facilitated direct interactions between nanoparticles and led to orientated attachment
of nanoparticle to form ellipsoidal structure.
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<« Fig. 2.15 TEM images, FFT and SAED patterns of CdS nanorod multiplayers by AB stacking of
vertical alignments. a TEM images showing honeycomb packing when two layers are stacked
perfectly. b-d DF-STEM images and corresponding FFT and SAED patterns (insets) showing
Moir¢ fringes when two layers are stacked at a misorientation angle: b ~9°, ¢ ~17°,d ~29°. e,
f TEM and HRTEM images showing interference when two layers are stacked with lateral
displacement. The FFT in e inset displays only one set of hexagonal diffraction spots. Reproduced
with permission from [173]

Hollow spherical assemblies, such as micelle and vesicle, are one of the common
3D assemblies from 1D building blocks. Kumacheva and coworkers have reported
a hollow spherical assembly by using Au nanorods. As shown in Fig. 2.16a, b, the
walls of these spheres were composed of a single layer of Au nanorods, and the
side-to-side spacing between the nanorods remained approximately at 5.3 nm. The
cylindrical surfaces of the Au nanorods were exposed to the surroundings while the
two ends were interconnected with neighboring nanorods. Similar to the isotropic
building blocks, the surface chemistry played an important role in self-assembling
such alignment. Showing in Fig. 2.16a, the cylindrical surfaces of Au nanorods
were coated with a double layer of cetyl trimethylammonium bromide (CTAB),
while the two ends of nanorods were anchored with thiol-terminated polystyrene
molecules. This ligands coating essentially formed a hydrophilic gold nanorod
tethered with a hydrophobic homopolymer at both ends. When adding water into
the stock solution and incubating, these amphiphilic nanorods tended to intercon-
nect at the ends to reduce the exposure of hydrophobic chain into water. By further
assembling into sphere, they could minimize such exposures and interfacial energy,
reaching a thermodynamically favored structure [138].

Recently, Cao’s group has reported solid self-assembled structures with multiple
well-defined supercrystalline domains, which open up new avenues for aligning 1D
nanocrystals into more complex structures. These multiple domains structures were
self-assembled in solution from highly fluorescent CdSe-CdS nanorods with their
configurations and sizes dependent on the total number (N) of constituent nanorods

LY
Polystyrene

Fig. 2.16 a Schematic diagram of polymer-tethered gold nanorods. b SEM image of the hollow
spherical self-assemblies obtained in the ternary dimethyl formamide/tetrahydrofuran/water
mixture. The inset shows corresponding schematic diagram of the nanorod assemblies.
Reproduced with permission from [138]
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inside each self-assembly. For a regular double-domed cylinder structure, N, needed
to be less than ~ 80,000. Different from above-mentioned self-assembled struc-
tures, this double-domed cylinder itself consisted of seven distinct domains: the
central cylinder, two domes at the top and bottom of cylinder, and four corners. The
cylinder and two domes were comprised of multiple layers in AB stacking of
vertical alignments, where the cylinder domain occupied a larger volume than that
of corresponding domes. The four corners had their constituent nanorods aligned
parallel to the electron beam and therefore these nanorods were seen as dots in the
TEM images. In general, the longitudinal axes of nanorods within each domain
were aligned parallel to each other, where the longitudinal axes of nanorods from
two neighboring domains were aligned perpendicular to each other. The building
blocks in this self-assembly possessed certain degrees of freedom (largely due to the
rotational freedom around the longitudinal axes) as the corresponding SAED data
showing ring or arc patterns. This internal organization of double-domed cylinders
was further affirmed by the SAXS data. Two types of peaks were identified and
corresponded to: (1) layer-to-layer periodicity from neighboring layers along rod
longitudinal direction, (2) rod-to-rod periodicity within the same layer perpendic-
ular to rod longitudinal direction. By varying incubating solvent, Cao’s group has
also demonstrated the formation of single-domain, needle-like self-assemblies [175,
176].

2.4 Summary and Outlook

In recent years, the self-assembly of 1D nanocrystals have become one of the most
prominent fields for the nanoscience research and applications. The ability to
organize and integrate small dimensional building blocks into large-area functional
assemblies is an indispensible piece in incorporating nanotechnology into practical
innovations. The self-assembled structures can possess unique properties that differ
from the original building blocks. Different applications based on the optical,
electronic, magnetic properties [82] of the self-assemblies are demonstrated. In
particular, 1D nanocrystals, due to anisotropic structural properties, exhibit both
challenges for self-assembling techniques as well as fascinating properties that
appeal broad research interest. 1D nanocrystals, especially nanorods and nanowires,
are shown here to be assembled via evaporation-mediated, electric-field-assisted
and template-assisted assemblies on substrates. The evaporation-mediated self-
assembly can strengthen the relatively weak attraction forces and help 1D nano-
crystals aggregate together to minimize the free energy. The electric-field-assisted
and template-assisted assembly is able to make use of external facilitations and
induce building blocks orientated according to electric fields or template constrains.
In the case of self-assembly at interfaces, the alignment of 1D nanocrystals leads to
a reduction of total interfacial energy and drives them into ordered structures. The
self-assembly in solutions is also demonstrated, which utilizes the chemical inter-
actions in between 1D nanocrystals, capping ligands and solvents. Distinct from
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isotropic building blocks, the self-assemblies of 1D nanocrystals display a number
of different assembled structures. The 1D nanocrystals can form non-close-packed
structures, such as stripes in both end-to-end and side-by-side alignments. The
close-packed structures, in the other hand, exist in the form of monolayers or
multilayers. A horizontal or vertical alignment is observed for the basic monolayer
assemblies; while nematic, smectic, AB stacking of vertical alignments, and 3D
assemblies are seen for the organization of 1D nanocrystals into multilayer struc-
tures. The self-assembly of 1D nanocrystals has gradually evolved into a versatile
tool that could ultimately form tailored structures using specific approaches.

Looking ahead, the self-assembly of 1D nanocrystals will be the next step of
nanofabrication for future technological innovations. It is a bottom up approach that
is inexpensive and operates at smaller dimensions than current lithography based
techniques. However, comparing to the patterned structures that built upon
lithography, the self-assembled structures are prone to defects and the sizes of most
assemblies are limited to micrometer range. The abilities to create centimeter-scale
and defect-free nanocrystals assemblies are crucial for the development of reliable
devices and shall be major focus in industrial applications. Meanwhile, the current
self-assembly methods require the building blocks to be mono-dispersed. The
restriction on the uniformity hinders the assembling of 1D nanocrystals with dif-
ferent sizes and shapes. The early attempts on binary 1D building blocks reported
so far, usually find a phase separation of binary mixture instead of blended self-
assembled patterns [94, 137, 177]. The fields that self-assemble two or more
components with different chemical compositions still remain unexplored. A pat-
terned structure with different chemical compositions now can only be obtained
from physical methods, e.g, lithography, nanoimprinting. In addition, self-assembly
of 1D nanocrystals utilizing magnetic field has seldom been reported. As a com-
parison, spherical nanoparticles are often demonstrated to be aligned in the external
magnetic field. The 1D nanocrystals, due to the shape anisotropy, actually induce
magnetic anisotropy that would open a new window to self-assemble 1D building
blocks. In general, the self-assembly of 1D nanocrystals is still at its early stage of
research and needs a better understanding towards the assembly mechanisms and
structure-property relationships. Further comprehensive studies are required to find
out simple and versatile methods that can create complicated, large-scale and
defect-free self-assembled functional hierarchical architectures.
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