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ABSTRACT: The design and assembly of novel colloidal
particles are of both academic and technological interest.
We developed a wet-chemical route to synthesize
monodisperse bent rigid silica rods by controlled
perturbation of emulsion-templated growth. The bending
angle of the rods can be tuned in a range of 0−50° by
varying the strength of perturbation in the reaction
temperature or pH in the course of rod growth. The
length of each arm of the bent rods can be individually
controlled by adjusting the reaction time. For the first time
we demonstrated that the bent silica rods resemble
banana-shaped liquid-crystal molecules and assemble into
ordered structures with a typical smectic B2 phase. The
bent silica rods could serve as a visualizable mesoscopic
model for exploiting the phase behaviors of bent molecules
which represent a typical class of liquid-crystal molecules.

Colloidal particles are of particular interest because of their
broad applications, e.g., in coating, sensing, and photonic

crystals.1 Assembly of colloidal particles into ordered architec-
tures2 is essential for engineering new functional materials3 and
devices.4 Owing to their unique dimension (from hundreds of
nanometers to micrometer scale), colloidal particles can often be
directly visualized under an optical microscope. This makes them
idealmodels for studying the assembly or phase behavior of atoms
andmolecules that are otherwise not easy to observe directly.5 For
instance, spherical colloids are frequently used to understand the
packing and dynamics of atoms.6 To achieve new insight into the
interaction and self-assembly of molecules in general, colloidal
particles with nonspherical shapes (e.g., platelets, bowls, and
rods) will be required, given the geometric diversity of organic
molecules.7 In particular, colloidal rods are considered as a
prominent model for rodlike small molecules.8 The orientational
and positional ordering phases of rods are strongly dependent on
the aspect ratio and density of rods.8a−e

Bent or banana-shaped molecules have attracted great
attention in, e.g., mesogenic materials and supramolecular
chemistry over the past decades.9 Because of the characteristic
packing and spontaneous polarization, several unconventional
liquid-crystal (LC) phases (e.g., chiral cholesteric phases, blue
phases, ferroelectric/antiferroelectric smectic and columnar
phases) are observed for bent rodlike molecules. They show
potential applications in electrooptic devices, nonlinear optics,
thermochromism, etc.10 Available colloidal analogues of organic
molecules are largely limited to spheres, platelets, bowls, or
cylindrical rods because of synthetic challenges.11 Bent colloidal

rods show promise in various fields, e.g., nanoantennas, split-ring
resonators, and biomimetic motion.12 To date, bent rods could
only be prepared by top-down approaches like templated
electrochemical deposition and electron-beam lithography.12,13

However, thesemethods are fairly expensive and time-consuming
and usually result in low yields. We are motivated to develop an
efficient low-costwet-chemical syntheticmethod to fabricate bent
colloidal rods and study their assembly behaviors.
Recently, a wet-chemical methodology was developed for the

controlled synthesis of highly monodispersed silica rods by
several groups, including ours.8a,f,14 In this synthesis, the
hydrolysis and condensation of tetraethoxysilane (TEOS) at
the interface of water emulsions lead to the anisotropic growth of
silica rods tightly bound to one side of the emulsion in the
presence of a structure-directing agent. Inspired by recent
research,8a,14b we present a novel synthetic strategy to produce
monodisperse bent silica rods (BSRs) with tunable bending angle
(α) and length (L) of each arm. This one-pot synthetic strategy
utilizes temperature or pH variation to perturb the emulsion
attached at one end of the rods and hence to induce the deviation
of otherwise straight growth of silica rods to generate BSRs
(Scheme 1a). The α of BSRs can be tuned in a range of 0−50° by
alternating the pH or reaction temperature during the growth of
the rods. For the first time, we demonstrate that the BSRs
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Scheme 1. (a) Synthesis of BSRs through Temperature or pH
Modulationa and (b) Assembly of BSRs into Smectic B2 Phase

aHydrolysis of TEOS is initiated at the surface of a water emulsion to
induce anisotropic growth of the first straight block of BSRs. Upon
heating or reducing pH, the perturbation of the emulsion droplets
results in a curved segment. Further hydrolysis at original temperature
or pH leads to the growth of the second straight block of BSRs.
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resemble banana-shaped molecules and self-assemble into LCs
with typical synclinic tilted antiferroelectric (AF) smectic bow
phase (SmCSPA) in B2 phase (Scheme 1b).15

The BSRs were synthesized by consecutive hydrolysis and
condensation of TEOS at alternating temperature or pH of the
reaction system. Taking temperature-induced formation of BSRs
as an example, a mixture of water, ethanol, sodium citrate, and
ammonia (NH3) was added into a solution of polyvinylpyrrol-
idone (PVP, structure-directing agent) in n-pentanol (see details
in Supporting Information). The solution was vigorously shaken
to form water-in-pentanol emulsions. The silica precursor of
TEOS was then added into the solution. Hydrolysis and
condensation of TEOS at 25 °C produced the first straight
block of BSRs. The diameter (D) of the first block was∼200−300
nm, the same as that of straight rods reported previously (Figure
S1).8a The matchstick-like structures may result from the rapid
hydrolysis and condensation of partially hydrolyzedTEOS.16The
length of the first block can be varied from 700 nm to 2 μm by
controlling the hydrolysis time (Figures S2 and S3). During the
growth, increasing the reaction temperature from 25 to >35 °C
produced a curved segment with D ≈ 130−180 nm at the end of
the first straight block. The reaction system was then cooled back
to room temperature for the further growth of the second straight
block to produce BSRs (Figure 1).
The bending angle of the rods can be tuned by controlling the

reaction temperature. The higher the temperature during the
perturbation period of time, the larger the α of the resulting rods
(Figures 1 and S3), due to the smaller emulsion droplets at higher
temperature. When the perturbation temperature was set at 65
°C, the average α was 45.9 ± 14.6° (Figure 1a,d). For a lower
perturbation temperature of 45 °C, the average α was reduced to
29.8 ± 12.2°, and the bending angles became more uniform
(Figure 1b,d). Further reducing the perturbation temperature to
35 °C led to rods with α = 18.9 ± 8.3° and further improved
homogeneity (Figure 1c,d). However, when the perturbation
temperaturewas >70 °C, the synthesis did not produce BSRswith
further increased α. Instead, the α distribution of the rods became
broader, presumably due to the fast hydrolysis and condensation
of TEOS at high temperature (Figure S4). Moreover, the
curvature of the BSRs’ corners (i.e., bending region) could be
increased by reducing the time of temperature perturbation
(Figures 1, S3, and S5). By gradually increasing the temperature,

banana-shaped curved rods can be obtained (Figure S6).
Lowering the reaction temperature back to 25 °C led to the
second straight block. The second straight block had the same D
as the first block since the water emulsions were restored to their
original size.
By changing the growth time of the second block, both

symmetric and asymmetric BSRs can be produced (Figure 2).
The growth condition for the first straight block of all BSRs was
set at 25 °C for 2 h, and the perturbation period was 20 min at 45
°C. In this case, the length ratios of the first straight block to the
second straight block (L1/L2) can be tuned from ∼4.0 to 0.3 by
manipulating the reaction time for L2. Particularly, symmetric
BSRs with two blocks of the same length can be obtained only
when the reaction time for L2 was 4 h, twice that for L1. Growth of
theL2 block stopped after 12 h, probably due to the loss of “living”
activity: further prolonging the reaction time for L2 could not
increase the length ratio of two blocks.
To understand the bending mechanism of BSRs, we explored

the growth kinetics of rods at different stages of the synthesis. A
close inspection of the process shows that the variation in
temperature perturbs the emulsion droplet, which serves as the
template for the anisotropic growth of rods.8a The ability to
visualize emulsion droplets by transmission electron microscopy
(TEM) under high vacuum can be attributed to a high
concentration ofPVP in the emulsiondroplets.Upon evaporation
of water, dried PVP serves as a staining agent to provide contrast
between emulsions and silica components. TEM images in Figure
3 show that, upon increasing the reaction temperature, the
emulsion droplet attached at one endof the rods shrank, as a result
of the dissolution of water emulsions in pentanol due to increased
solubility at elevated temperature.14b The temperature depend-
ence of emulsion size was further confirmed by dynamic light
scattering (DLS) analysis (Figure S7). DLS result shows that the
size of emulsions containing all reagents except TEOS decreased
with increasing temperature. Shrinkage of emulsion droplets
causes a deviation from the center of the rod end and hence the
formation of a curved segment. Formation of bent rods upon
adding molecular sieves further confirms that the curved growth
of silica rods is attributed to the shrinking of emulsion droplets
(Figure S8). In contrast, during the synthesis of straight rods, the
emulsion droplet maintains the same size and position
throughout the synthesis.
Formation of BSRs can be induced by perturbing the pH of the

reaction system also (Figure 4). After the growth of the first
straight block, acetic acid (AcOH) was added into the system to
lower the pH by neutralizing some of the NH3. The perturbation

Figure 1. Representative SEM images of BSRs with different bending
angles through temperature modulation. Perturbation conditions were
(a) 65 °C for 5min for BSR-1, (b) 45 °C for 20min for BSR-2, and (c) 35
°C for 30 min for BSR-3. Reaction conditions for growing two straight
blocks of all the BSRswere 25 °C for 2 h before temperature perturbation
and 25 °C for 4 h after temperature perturbation. (d) Bending angle
distribution of BSR-1, BSR-2, and BSR-3 is obtained by counting 200
rods for each sample.

Figure 2.Dependence of length ratio of the first straight block (L1) to the
second straight block (L2) of BSRs on reaction time for the second block.
The first blocks were all grown at 25 °C for 2 h, and the perturbations
were all at 45 °C for 20 min. Insets: Corresponding SEM images of
synthesized BSRs.
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on pH induced curving of the rigid silica rods. We presume that
this also arises from the shrinkage of emulsion droplets, which is
confirmed by DLS measurement (Figure S9).8a The original
reaction pH was restored for the further growth of the second
straight block to produce BSRs by supplementing moreNH3 into
the reaction system. Theα value of the rods is strongly dependent
on the strength of pH perturbation, that is, the amount of AcOH
added into the reaction system. The larger the amount of AcOH
added to induce perturbation (i.e., the lower the pH), the larger
the α of the resulting BSRs. When 25 μL (0.44 mmol) of AcOH
was added into∼7mL of total solution with 0.48mmol of NH3 to
perturb the reaction by reducing the pH from10.5 to 8.7,∼92%of
catalytic agent, NH3, was neutralized. In this case, the resulting
BSRs had an average α = 49.0 ± 15.8° (Figure 4a,d). When the
amount of AcOHwas reduced to 20 μL (0.35 mmol) and the pH
of the reaction system in the perturbation period of time was 8.9,
the average αwas reduced to 38.7± 12.5° (Figure 4b,d). Further
decreasing the amount (10μL, 0.18mmol) of addedAcOH(i.e., a
higher pH of 9.3) produced rods with an even smaller α = 20.6±

6.4° (Figure 4c,d). However, when the pH of the reaction was
below 8.6 upon the addition of excessive AcOH (27 μL, 0.48
mmol or more), most of the emulsion droplets were detached
from the rods, leading to the termination of the growth of rods
(Figure S10). TheD of the second block was often slightly larger
than that of the first block due to the addition of AcOH and NH3
into the reaction system, which increased the emulsion droplet
size (Figure 4a−c).When excessNH3was added for perturbation,
theD of the second block increased dramatically (Figure S11). As
temperature perturbation induced formation of BSRs, L of each
arm of BSRs could be readily manipulated by controlling the
incubation time during the growth of straight blocks. BSRs with
variable α = 0−50° were generated through the pH-mediated
strategy.
One of the most remarkable phenomena exhibited by colloidal

suspensions ofmonodisperse rod-like particles is the spontaneous
formation of smectic LCs.11a However, to our knowledge, the
phase behavior of bent colloidal particles has not previously been
explored theoretically or experimentally. We compared the LC
phase behaviors of symmetrically bending BSRs and straight silica
rods. A 30 vol% dispersion of BSRs or straight silica rods in
dimethyl sulfoxide was sealed in glass capillary. The capillary was
kept in a vertical position for 1 month to allow sedimentation.
Compared with straight rods, it is striking that BSRs with α = 35°
exhibit a typical synclinic tilted AF smectic bow phase (SmCSPA)
in B2 phase after their sedimentation (Figure 5a,b). Figure 5a
shows the representative scanning electron microscopy (SEM)
image of the mesoscopic domains, where the BSRs closely align
side-by-side, while the orientation direction (i.e., the polar
direction) alternates from layer to layer, designated as AF
structure. The tilting direction of the rodplanes is uniform inmost
adjacent layers. As a result of the two different orientations of two
segments of BSRs, the formation of SmCSPA phase is further
confirmed by typical stripes with alternate colors running parallel
to the layer planes in polarized opticalmicroscopy (POM) images
(Figures 5b and S12). The SmCSPA phase texture is in accordance
with that of banana-shaped molecules15 but has not previously
been observed for colloidal particles. We presume that the
SmCSPA phase can be explained by the macroscopic nonpolar
property of the overall phase as well as the interlayer fluctuation of
BSRs. In such a structure, driven by the excluded volume entropy,
the BSRs are ordered in sterically compact packing arrangements
on average, with the same bending directionality that restricts
rotational freedom of rods.17 Thus, there is an additional
orientational order within each smectic layers. This gives rise to
a spontaneous transverse polarization in the direction of the two-
fold symmetry axis of the layer. The synclinic AF organization of

Figure 3. (a) Schematic illustration of the bending mechanism of BSRs
based on the perturbation of emulsion droplet at elevated temperature.
(b−e) TEM images of the rods at different growth stages with emulsion
droplets attached at one end during the formation of BSRs: (b) rod
grown at 25 °C for 2 h before temperature perturbation, (c,d) rod upon
perturbation at 65 °C for (c) 1min and (d) 5min, and (e) rod in (d) that
was further grown at 25 °C for 10 min.

Figure 4. Representative SEM images of BSRs with different bending
angles through pHmodulation. Perturbation conditions were (a) pH 8.7
for 10min for BSR-4, (b) pH8.9 for 10min for BSR-5, and (c) pH9.3 for
20min for BSR-6. Reaction conditions for growing two straight blocks of
all the BSRswere pH10.5 for 2 h before pHperturbation and pH10.5 for
4 h after pH perturbation. (d) Bending angle distribution of BSR-4, BSR-
5, and BSR-6 is obtained by counting 200 rods for each sample.

Figure 5. SEM and POM images of (a,b) BSRs (L1 = 1500 nm, L2 = 1500
nm,D = 200 nm, α = 35°) and (c,d) straight rods (L = 2400 nm,D = 280
nm) after sedimentation. Insets: Enlarged POM images of assembled
BSRs (b) and straight rods (d), respectively.
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BSRs cancels the polarity between layers, thus leading to an
energetically stable nonpolar overall structure. It also allows an
easy out-of-plane interlayer fluctuation of the rods, stabilizing the
structure in an entropicway. In contrast, SEMandPOMimages in
Figure 5c,d reveal that straight rodswith an aspect ratio of 8.5 form
smectic C (SmC) phase after the slow sedimentation of rods
(Figures 5d and S13). In the smectic phase, the rods order in
periodic layers; on average, the long axes of the rods are tilted to
the layer planes. This observation is in good agreement with
previous report about the phase behavior of the silica rodswith the
aspect ratio of 8.8b

In summary, we developed a novel wet-chemical method to
synthesize BSRs with well-controlled bending angle by
introducing a temporary perturbation in temperature or pH
during the growth of rods. To our knowledge, this is the first
report of the synthesis of bending colloidal rods by using a wet-
chemical method. It is remarkable that the BSRs behave like
banana-shaped molecules to assemble into typical SmCSPA in B2
phase in the condensed phase, as a result of their specific bent
shape. BSRs could serve as a new visual model for understanding
the phase behavior of banana-shaped liquid crystals, and theymay
find applications in nonconventional photonic crystals or as
templates for fabricating structural materials.18
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