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ABSTRACT: This Communication reports that needle-
like supercrystalline colloidal particles can be synthesized
through anisotropy-driven self-assembly of 1,12-dodecane-
diamine-functionalized CdSe/CdS core/shell nanorods.
The resulting superparticles exhibit both 1D lamellar and
2D hexagonal supercrystalline orders along directions
parallel and perpendicular to the long axis of constituent
nanorods, respectively. Our results show that the needle-
like superparticles can be unidirectionally aligned through
capillary forces on a patterned solid surface and further
transferred into macroscopic, uniform, freestanding
polymer films, which exhibit strong linear polarized PL
with an enhanced polarization ratio, and are useful as
energy down-conversion phosphors in polarized LEDs.

Self-assembly, driven by non-covalent interactions (e.g., van
der Waals, dipolar, entropic force, etc.), is the fundamental

mechanism behind the formation of cellular machineries that
perform essential functions of life.1 It has been found that
interaction anisotropy dictates the structural complexity and
functional specificity of naturally occurring cellular machine-
s.1a,b,2 This finding stimulates research efforts based on
anisotropy to design and control the self-assembly of nano-
particles into well-defined 2D and 3D complex structures, which
may provide a low-cost, programmable paradigm to synthesize
functional solid-state materials that are not easily accessible via
conventional methods.3 For example, these materials can exhibit
properties inherited from their individual nanoparticle constit-
uents as well as collective properties induced from the coupling
effects between their constituents.4 In the current literature, the
discovered collective properties of nanoparticle superlattices
include spin-dependent electron transport, vibrational coher-
ence, enhanced conductivity, tandem catalysis, reversible metal-
to-insulator transitions, enhanced ferro- and ferrimagnetism,
tunable magneto-transport, and efficient charge transport.5

To date, anisotropic nanoparticles have been used in the
design of directional bonding interactions on the nanometer
scale through crystal-face-specific functionalization of these
particles with recognition groups and/or through shape-induced
anisotropic interactions.6 Recently, we have reported that
anisotropy-driven self-assembly of CdSe/CdS semiconductor
core/shell nanorods can produce 3D colloidal superparticles
with multiple well-defined supercrystalline domains under
thermodynamic control, or yield needle-like superparticles with
a single supercrystalline domain through a kinetic process.7 This

kinetic process is dictated by kinetically induced anisotropic and
crystal-face-specific functionality of the nanorods, wherein their
bottom and top faces exhibit greater solvophobicity than their
side faces.7 However, in this process, the formation of needle-like
superparticles is sensitively dependent on the level of octylamine
ligands on the surface of CdSe/CdS nanorods, which requires a
surface treatment for incubating CdSe/CdS nanorods in a very
dilute octylamine/chloroform (0.1%, v/v) solution for 6−7
days.7 This requirement makes it very inconvenient to use this
kinetic approach for making needle-like superparticles.
To overcome this difficulty, here we report a new synthesis for

making needle-like CdSe/CdS supercrystals, which is based on
the preparation of CdSe/CdS nanorods exhibiting a static
structure with hydrophobic anisotropy through surface function-
alization with 1,12-dodecanediamine. Because 1,12-dodecanedi-
amine ligands are primarily functionalized onto the side faces of
CdSe/CdS nanorods, their bottom and top faces exhibit more
hydrophobicity than their side faces due to the hydrophilicity of
amine groups. Therefore, the hydrophobic anisotropy of the
resultant nanorods leads to the formation of needle-like
superparticles through a process of self-assembly of these
nanorods. Significantly, the surface treatment of 1,12-dodecane-
diamine requires only 10 min, and the quality of the resulting
needle-like superparticles is comparable to that of those made
using octylamine treatment for 6−7 days. In addition, because
the 1,12-dodecanediamine functionalized nanorods exhibit a
static hydrophobicity-anisotropic structure, the synthesis here
can yield needle-like superparticles with diameters of (2.00 ±
0.43) × 100 nm, which is about 5 times narrower than those
needle-like superparticles (1.1 ± 0.3) × 1000 nmmade using the
octylamine treatment. These narrower superparticles are
important in their applications as energy down-conversion
light-emitting diodes (LEDs) because a narrower size can
minimize the light loss caused by Rayleigh scattering, which is
important for their use as energy down-conversion phosphors in
manufacturing polarized LEDs.
In this study, colloidal CdSe/CdS superparticles were

prepared using a previously developed approach, in which
superparticles are made through controlled induction of
solvophobic interactions (CIS).7,8 The CIS approach includes
two major steps: (i) synthesis of water-soluble nanorod micelles;
and (ii) growth of superparticles from nanorod micelles in an
aqueous solution of ethylene glycol. We synthesized highly
fluorescent CdSe/CdS nanorods (77 ± 2.1 nm in length and 4.5
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± 0.3 nm in diameter, see Figure S1) primarily capped with
octylamine and octadecylphosphonic acid (ODPA) according to
a literature method,9 functionalized the nanorods with 1,12-
dodecanediamine, and used them to prepare nanorod micelles
(vide inf ra). Because the surface of CdSe/CdS nanorods exhibit
atomic packing factor anisotropy, their bottom and top {0001}
faces have a higher ligand packing density than their side faces,
such as {101̅0} and {112 ̅0} (Figure S2).7 This ligand-packing
density anisotropy allows for the preferential attachment of 1,12-
dodecanediamine onto the side faces of CdSe/CdS nanorods
under appropriate conditions, thus resulting in the solvopho-
bicity anisotropy of the resulting nanorods, whose side faces are
less hydrophobic (or solvophobic herein) than their bottom and
top faces (Scheme 1).
In a typical superparticle synthesis, 1,12-dodecanediamine (0.2

μL) was mixed with a chloroform solution containing CdSe/CdS
nanorods (10 mg/mL, 1 mL), and the mixture solution was
stirred for 10 min. Then the resulting nanorod solution was
mixed with a dodecyltrimethylammonium bromide (DTAB)
solution (20 mg/mL, 1 mL) using a vortex mixer. A clear, yellow
nanorod-micelle aqueous solution was obtained by evaporating
chloroform from the mixture solution via bubbling Ar at 40 °C.
Under vigorous stirring, the nanorod-micelle aqueous solution
was injected into a three-neck flask with ethylene glycol (5.0
mL), causing the decomposition of nanorod micelles due to the
loss of DTAB molecules into the growth solution, which, in turn,
induce solvophobic interactions between the nanorod surfaces
and solvent molecules (i.e., water and ethylene glycol). This
process leads to the aggregation of nanorods, ormation of
superparticle embryos in the aqueous ethylene glycol solution,
and subsequent formation of superparticles through the colloidal

crystallization of nanorods inside the embryos (Figure S3). After
10 min of stirring, an aqueous solution of dithiol-functionalized
Tween-20 (0.1 mM, 1.0 mL, see Supporting Information) was
added into the growth solution to stabilize the superparticles.7,8c

The resulting superparticles were isolated and purified twice by
centrifugation (3300 rpm, 5 min). As-prepared superparticles are
highly dispersible in polar solvents, and indefinitely stable in
solvents with strong polarity such as water and ethanol.
Low-magnification scanning electron microscopy (SEM,

Figure 1a) shows that the resulting superparticles exhibit a
needle-like shape with a diameter of (2.00± 0.43) × 100 nm and
a length of (1.30 ± 0.49) × 1000 nm. A higher magnification
transmission electron microscopy (TEM, Figure 1b) image show
that a typical needle-like superparticle has a lamellar structure
that comprises stacked multilayer discs formed from closely
packed nanorods lying parallel to the superparticle long axis. The
TEM observation is consistent with selected-area electron
diffraction (SAED) measurements, which also provide structural
information of nanorod packing inside the superparticle. A wide-
angle SAED pattern (Figure 1c) of the needle-like superparticle
is composed of a set of strong [101 ̅0]-zone diffraction dots and a
set of weak [211 ̅0]-zone dots. This SAED pattern indicates that
although the alignment of nanorods in the superparticle is not
perfect at the atomic level (largely due to the rotational freedom
around their long axes), the long axes of the nanorod
constituents are parallel to each other as well as to the long
axis of the superparticle.7,8c In addition, the small-angle SAED
measurements show that the superparticle exhibits a 1D lamellar
structure with a lattice constant (l) of 80.2 nm, which, together
with the value of nanorod length measured using TEM,

Scheme 1. Formation of (a) Needle-likea and (b) a Double-
Domed Cylinderb Superparticles from CdSe/CdS Nanorods:
(i) Nanorod Micelle and (ii) Superparticle Formation

aProposed model for the process of forming needle-like superparticles:
(a1) a CdSe/CdS nanorod functionalized with ODPA, 1,12-
dodecanediamine, and octylamine, (a2) a nanorod micelle prepared
using DTAB, and (a3) a needle-like superparticle. bProposed model
for the progress of forming DDC superparticles: (b1) a CdSe/CdS
nanorod functionalized with ODPA and octylamine, (b2) a nanorod
micelle prepared using DTAB, and (b3) a DDC superparticle.

Figure 1. (a) SEM and (b) TEM images of needle-like superparticles.
(c) Wide-angle and (d) small-angle ED patterns of needle-like
superparticles shown in (b). (e) SEM and (f) TEM images of DDC
superparticles. (g) Integrated data of the SAXS pattern of needle-like
(top) and DDC (bottom) superparticles. (h) Model for the 2D
hexagonally packed structure (top, in blue) and 1D lamellar structure
(bottom, in red). q = (4π/λ) sin θ.
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determines that the end-to-end distance between neighboring
constituent nanorods is 3.2 nm (Figure 1d,h).
The supercrystalline structure of needle-like superparticles was

further characterized using synchrotron-based small-angle X-ray
scattering (SAXS, Figure 1g). The peaks in the SAXS pattern can
be indexed into the (10), (11), and (20) Bragg diffractions of a
hexagonal lattice with a unit cell constant (a) of 6.7 ± 0.1 nm
(Figure 1g,h). This datum, together with the value of rod
diameter determined from TEM observation, suggests that the
side-by-side distance of neighboring rods is 2.2 ± 0.5 nm. This
distance is substantially shorter than twice the length of an
ODPA ligand (∼3.4 nm),10 suggesting that the long chains of
ODPA ligands are intercalated between neighboring nanorods at
the side faces of the nanorods. The side-by-side interparticle
distance (2.2 ± 0.5 nm) is shorter than the end-to-end distance
(3.2 nm), which is consistent with the anisotropic surface
functionalization of the nanorods (vide supra).
The formation of needle-like supercrystalline particles is in

agreement with the solvophobicity anisotropy of the 1,12-
dodecanediamine-functionalized CdSe/CdS nanorods, whose
side faces are less solvophobic than their bottom and top faces
(Scheme 1).7 In solution, the solvophobicity anisotropy of the
nanorods leads to the anisotropy of the specific Gibbs free energy
of their faces: their bottom and top faces exhibit a higher specific
Gibbs free energy than their side faces.1d Thus, during the
synthesis of supercrystalline particles, minimizing the Gibbs free
energy of maturing superparticles leads to rapid growth of
supercrystalline domains along the long axes of constituent
nanorods during colloidal crystallization, which forms needle-like
superparticles.7

In contrast, a control experiment using CdSe/CdS nanorods
treated with an identical amount of octylamine for an identical
treatment time formed superparticles with a morphology of
double-domed cylinders (DDCs) with a diameter of (3.50 ±
0.63) × 100 nm and a length of (4.30 ± 0.76) × 100 nm, whose
formation has been identified to be the consequence of
minimizing the Gibbs free energy of maturing superparticles
made from CdSe/CdS nanorods without solvophobicity
anisotropy.7 The SAXS pattern of these DDC superparticles
shows that they exhibit a hexagonal superlattice with a unit cell
constant of 6.5 ± 0.1 nm (Figure 1g,h), suggesting that the side-
by-side distance of neighboring rods in DDC superparticles is 2.0
± 0.5 nm, slightly shorter than in the needle-like superparticles
(2.2 ± 0.5 nm), indicating that the presence of 1,12-
dodecanediamine slightly increases the interparticle distance in
the needle-like superparticles (Figure 1g,h). Another control
experiment using CdSe/CdS nanorods treated with dodecyl-
amine in an identical procedure again only yielded DDC
superparticles (Figure S5), which further confirms the
importance of 1,12-dodecanediamine treatment in the synthesis
of needle-like superparticles. Note that the type of micelle-
forming surfactant is important to the formation of super-
particles. For example, when cetyltrimethylammonium bromide
(CTAB) was used as the surfactant, no superparticle was formed
because CTAB−nanorod micelles cannot be decomposed in
ethylene glycol aqueous solutions under our experimental
conditions.8b

Moreover, the resulting needle-like superparticles made from
unoptimized synthesis exhibit a photoluminescence (PL)
quantum yield of ∼40%. These superparticles have a diffusion
coefficient two or more orders of magnitude smaller than that of
individual nanorods. Such a small diffusion coefficient sub-
stantially suppresses the Brownian-motion induced disordering

and enables template-directed assembly of superparticles into
macroscopic structures with microscopic uniformity.11 In
addition, because of their mesoscopic size, these needle-like
superparticles are easily aligned into unidirectional line patterns
on Si3N4 substrates through capillary forces (Figure 2).12 The
aligned superparticles can be readily transferred into uniform and
removable thin films of polydimethylsiloxane (PDMS) with sizes
of 2.5 cm × 5.0 cm (Figure 2a). Importantly, the resulting
superparticle−PDMS composite thin films are highly transparent
and exhibit strong linearly polarized PL at 600 nm with a typical
emission polarization ratio [ρ = (I∥ − I⊥)/(I∥ + I⊥)] of 0.89,
where I∥ and I⊥ are the PL intensities parallel and perpendicular
to the nanorod long axis, respectively (Figure 3). This ratio is
substantially larger than the typical emission polarization ratio of
individual single CdSe/CdS nanorods (0.75).13 We attribute this
PL anisotropy enhancement to a combination of two effects
among the CdSe/CdS nanorods inside the elongated needle-like
superparticles embedded in PDMS films: (1) dielectric effects
and (2) collective electric-dipole coupling effects.7,14

Moreover, to demonstrate the usefulness of the superparticle-
PDMS composite thin films (Figure 3), we built a light panel

Figure 2. (a) Schematic illustration of process for the preparation of
freestanding PDMS thin films embedded with unidirectionally aligned
needle-like CdSe/CdS superparticles: (i) flow-assisted unidirectional
alignment of needle-line CdSe/CdS superparticles, (ii) formation of
PDMS film, and (iii) detachment of PDMS film from a template. (b)
SEM image of laterally aligned needle-like superparticles on a Si3N4
pattern made via photolithography. (c) SEM and (d) optical
fluorescence images of a PDMS thin film embedded with unidirection-
ally aligned needle-like superparticles.

Figure 3. (a) Photograph of a light panel consisting of 10 LEDs, covered
with two pieces of superparticle-embedded PDMS films. (b) Scheme for
the measurements of polarized lights from the LED panel. (c) PL
intensity as a function of polarization angle under an excitation
wavelength of 380 nm. Optical images of a light panel as energy down-
conversion phosphors taken with a polarizer at angles (d) 0°, (e) 30°, (f)
60°, and (g) 90°. The LEDs emit 600 nm red light with a bandwidth of
40 nm and a polarization ratio of ∼0.89.
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consisting of ten LEDs (λ = 380 nm, P = 20 mW, Super Bright
LEDs, Inc., St. Louis, MO), which is covered with two pieces of
superparticle−PDMS composite thin films with nanorod-
alignment directions at a 90° angle. Under the backlighting of
LEDs and through a 500-nm cutoff filter, the light panel showed
orange emission dots, which can be seen by the naked eye
(Figure 3d−g). Through a polarizer at different angles, the light
panel displayed patterns of orange dots consistent with the
nanorod-alignment directions in the two superparticle−PDMS
composite thin films, which confirms that the thin films exhibit
linearly polarized PL. All together, these results show that it is
feasible to use superparticle−PDMS composite thin films as
energy down-conversion phosphors to build polarized LEDs.
In conclusion, we report that needle-like supercrystalline

colloidal particles can be synthesized through anisotropy-driven
self-assembly of 1,12-dodecanediamine-functionalized CdSe/
CdS core/shell nanorods. The resulting superparticles exhibit
both 1D lamellar and 2D hexagonal supercrystalline orders along
directions parallel and perpendicular to the long axis of
constituent nanorods, respectively. In addition, the needle-like
superparticles can be unidirectionally aligned through capillary
forces on a patterned solid surface and further transferred into
macroscopic, uniform, freestanding polymer films, which exhibit
strong linearly polarized PL with an enhanced polarization ratio,
and are useful as energy down-conversion phosphors in polarized
LEDs. With further optimizations in the synthesis of core/shell
nanorods with higher PL quantum yields and higher PL
polarization ratios (e.g., high-quality CdSe/CdS rod-in-rod
nanocrystals13a), we expect that the fluorescent superparticle-
based polarized LEDs can potentially overcome the limit of 50%
energy loss caused by conventional optical polarizers used in
current liquid-crystal display devices,15 which is important for
applications such as large panel displays.
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