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Nano- and micrometer-sized colloidal particles (CPs) with
shape anisotropy (e.g., rod-shaped particles) and chemical
heterogeneity (e.g., patchy particles) have attracted signifi-
cant attention owing to their fascinating optical, electronic,
and magnetic properties in materials sciences.[1–3] Self-assem-
bly of such colloidal building blocks as “atoms” or “mole-
cules” (so-called “colloidal molecules”) into novel architec-
tures or ordered ensembles provides new opportunities for
engineering materials and devices with otherwise unattain-
able properties.[4, 5] In particular, assembly of rodlike CPs with
two or multiple blocks can potentially produce a variety of
spectacular structures, which arise from the interplay and
competition of the structural asymmetry of rods, the orienta-
tion, and phase segregation of blocks.[1a,6] Currently, the
preparation of such segmented rodlike CPs mainly relies on
templated electrochemical deposition,[7] galvanic replace-
ment,[8] phase separation,[3f] chemical vapor deposition,[9]

hot coordinating solvents method,[10] and cation-exchange
reactions.[11] These approaches, however, are either limited to
crystalline or conductive materials, or they require the use of
templates. The synthesis of segmented rodlike particles from
amorphous materials (e.g., SiO2) still remains a challenge.

From the study of the assembly of colloidal molecules one
can fundamentally learn and understand the general princi-
ples of atomic and molecular interactions using CPs as model
systems,[1, 12] and one can practically use the strategy known
from the self-assembly of atoms or molecules as an inspiration
for the design of new functional materials of CPs, such as
nonconventional photonic crystals.[3d, 13] Anisotropic rodlike
CPs with hydrophilic and hydrophobic blocks are typical
models for the investigation of assembly behaviors and
molecular interactions of amphiphilic molecules (AMs).[8]

The Mirkin group reported an inspiring example of tem-
plate-directed assembly of two-segment gold-polypyrrole
(Au-PPy) rods prepared by a templating method.[7a] The
assembly of Au-PPy rods is driven by a delicate balance of

templates, capillary forces, adhesion and polymer hydration
effects; such rods, however, cannot self-assemble in selective
solvents.[7a,14]

Herein, we report a general strategy to design and
synthesize monodispersed amphiphilic silica rods (ASRs)
with two segmented components by using a simple wet-
chemical method. This template-free synthesis allows the
independent control over the aspect ratio of rods and the
length of each individual block. We also demonstrated the
molecular mimetic self-assembly of ASRs into various
structures including flower micelles, bundle micelles, star
micelles, planar monolayers, and reverse micelles in selective
solvents. This self-assembly is solely determined by the
properties and volume fraction of the constituent blocks of
rods and the nature of solvents. The diverse morphologies of
the self-assembled structures are a result of the dimension,
shape, and rigidity of the ASRs, and such structures cannot be
obtained from organic AMs.

The synthetic strategy we developed for the preparation
of ASRs was inspired by the recent work of Zhang et al. and
Kuijk et al.[15] The one-pot synthesis involves the consecutive
hydrolysis of two silica precursors, tetraethoxysilane (TEOS)
and hexadecyltrimethoxysilane (HDTMOS), in n-pentanol in
the presence of water/ethanol and structure-directing agent,
polyvinylpyrrolidone (Figure 1a). The hydrolysis and con-
densation of TEOS at the interface of water emulsions
favored the anisotropic growth of silica rods with one end
tightly bound to the surface of the emulsions.[15] The silica rods
could further propagate to form “diblock” rods by adding the
second silica precursor. As a demonstration of the synthesis of
ASRs, TEOS was initially introduced to grow a hydrophilic
block. Upon the addition of HDTMOS, the hydrophilic rods
served as seeds to grow the second block; the continuous
growth was initiated from the boundary of seed rod and water
emulsion. The representative TEM and SEM images of ASRs
in Figure 1 b–e clearly indicate two distinguished blocks of the
asymmetric “diblock” rods. The hydrophilic blocks are rigid
and solid, while the hydrophobic blocks are flexible and have
a hollow tail-like shape (Figure 1b–e). The hydrophobic tube-
like block has a wall thickness of approximately 5 nm (see the
Supporting Information). The introduction of hexadecyl
groups to one block leads to the chemical asymmetry of two
blocks. Energy-dispersive X-ray spectroscopy (EDX; Fig-
ure 1 f,g) shows the different chemical compositions of the
two ends of the ASRs. The relative carbon concentration
(compared with oxygen) of the hydrophobic block in ASR-4
is approximately 32 wt % (Figure 1g), which is two times
higher than that of the hydrophilic block owing to the
presence of long alkyl chains.[16] The chemical inhomogeneity
of ASRs was further confirmed by the preferential physical
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absorption of a hydrophilic dye (rhodamine B) onto the
hydrophilic block. Higher fluorescence intensity was
observed in the hydrophilic block owing to the presence of
more hydroxy groups in the hydrophilic block (see the
Supporting Information).

Time-dependent growth of the hydrophobic block reveals
a seed-mediated growth mechanism of segmented ASRs
(Figure 2a–d; see the Supporting Information for the growth
of the hydrophilic block).[15] The length of the hydrophobic
block gradually increased during the reaction with HDTMOS,
and reached up to approximately 1.8 mm in six hours. The
wide openings at the hydrophobic ends of ASRs (highlighted
by dashed cycles in Figure 2a) are believed to be the location
of water emulsion where the hydrolysis of silica precursors
occurred, as reported.[15b] The HDTMOS precursors cannot
enter the center of water emulsion owing to its poor solubility
in water. Therefore, the hydrolysis and condensation of
HDTMOS is mainly localized at the emulsion–silica interface
and results in the formation of hollow structures of the second
block. A similar mechanism was also commonly observed in

the growth of nanotubes (i.e., silica nanotubes) through
chemical vapor deposition.[17] We further studied the growth
kinetics of the hydrophobic block by monitoring the change in
the chemical composition of each end of ASRs as the reaction
proceeded. By using a confocal Raman microscope with
a sub-micrometer resolution, Raman spectra of two ends of
ASRs were recorded at different growth stages of the
hydrophobic block (Figure 2b–d). Before the growth of the
second block, Raman spectra of both ends were identical,
thereby indicating the chemical symmetry of seed rods
(Figure 2b). After the growth of the second block for 18 h,
the intensities of peaks located at 2939 (C�H stretching) and
1450 cm�1 (C�H deformation) of one end of the rod were
clearly higher than those of the other end. This intensity
increase on one end further confirmed the formation of
chemically asymmetric diblock structures (Figure 2 c and see
the Supporting Information). By using the peak of Si�O�Si
stretching at 803 cm�1 as an internal standard, the relative
intensity of the C�H stretching was calculated (see the
Supporting Information) and plotted as a function of reaction
time (Figure 2d).[18] The relative Raman intensity of C�H
stretching can be quantitatively correlated to the amount of
hexadecyl groups in individual rods, thus the approximate
length of the hydrophobic block. The intensity increased with
the increase of reaction time, thereby following a similar
trend as the evolution of the hydrophobic length.

The seed-mediated synthesis of segmented silica rods
allows us to independently tune the length of individual
blocks and the ratios of hydrophilic length (L1) to hydro-
phobic length (L2), L1/L2 by varying the relative amount of
silica precursors, TEOS and HDTMOS (Figure 2e). For
example, the length of the hydrophilic block can be tuned
from approximately 800 nm to 4 mm, and the length of the
hydrophobic block can be changed from approximately
200 nm to 2 mm (see the Supporting Information). The
optimal concentration range of HDTMOS was 20–80 mm, to
avoid the secondary nucleation of HDTMOS and to produce
monodispersed ASRs. The synthesized ASRs were used in all
experiments without performing intentional purification to
improve monodispersity. This method can be potentially
extended to synthesize segmented rods with multiple blocks
(see the Supporting Information) or with more complex
patterns of functionality. This extension, however, is not the
main focus of present work, and further research is currently
undergoing.

The variation in the hydrophobicity, which originates from
the chemical heterogeneity of individual blocks, enables the
self-assembly of ASRs in selective solvents. By using rods
denoted as ASR-1 to 4 (Table 1), we first studied the self-
assembly of ASRs in polar water/ethanol mixtures to
demonstrate the concept. The slow addition of water to
ASRs dispersed in ethanol reduced the solubility of hydro-
phobic blocks of ASRs, thus leading to their spontaneous
organization into various structures including flower micelles
(Figure 3a), bundle micelles (Figure 3b), and star micelles
(Figure 3c; see the Supporting Information for more SEM
images). Analogous to organic AMs, the self-assembly of
ASRs into micelles is mainly driven by the segregation of
hydrophobic blocks (owing to the unfavorable mixing

Figure 1. a) Schematic illustration of the synthesis of ASRs through
consecutive hydrolysis and condensation of TEOS and HDTMOS.
Hydrolysis of TEOS was first initiated at the surface of a water
emulsion to induce anisotropic growth of the hydrophilic block. Upon
the addition of HDTMOS, the growth of the hydrophobic second block
continued at one end of the seed block. b–e) Representative TEM
(b,c) and SEM (d,e) images of ASR-1 (b,d) and ASR-4 (c, e) show the
asymmetric structures of rods (see Table 1 for the dimensions of
ASR-1 and ASR-4). The arrow heads point at the hydrophobic ends of
ASRs. f, g) EDX analysis of hydrophilic (f) and hydrophobic (g) blocks
of ASR-4 indicates the chemical heterogeneity of ASRs.
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enthalpy).[19] Depending on the hydrophilic/hydrophobic
balance (L1/L2), ASRs underwent two morphology transi-
tions, varying their structures from flower micelles, to bundle
micelles, and eventually to star micelles.

With a high length ratio
of hydrophilic to hydropho-
bic blocks (L1 @ L2), ASR-
1 formed flower micelles
with a low average aggrega-
tion number (Nagg ca. 3; Fig-
ure 3 a). The aggregation
number Nagg is calculated
from Nagg ¼

P

i
xiNi=

P

i
xi,

where Ni is the aggregation
number in each assembled
unit and xi is number per-
centage. Dimers, trimers, and
tetramers are the energy-
favorable assemblies among
all the aggregates (see the
Supporting Information for
SEM and fluorescence
images). This preference is
presumably due to the small
enthalpy gain by aggregating
the short hydrophobic blocks,
and to the large steric effect
that is caused by crowding of
the rigid hydrophilic blocks
in the vicinity of the hydro-
phobic cores. With increasing
hydrophobic length, the
diblock rods favored the for-
mation of bundle micelles
with hydrophilic blocks
packed parallel to each
other, which is rarely
observed in organic AMs
(see Figure 3b and the Sup-
porting Information).[20] The
preferential formation of
bundle micelles is a result of
the interplay of 1) minimiz-
ing the interfacial energy
between the hydrophobic
block and solvent and mini-
mizing the elastic strain of

the hydrophobic block by packing the rods side by side, and
2) an entropic penalty incurred for packing the rods side by
side.[6, 21] Compared to flower micelles, the average Nagg of
bundle micelles is approximately 18. We have confirmed that
the bundle micelles are formed from the self-assembly of rods
in solution state rather than from the drying process, by using
optical microscopy (see the Supporting Information). With
the further increase of hydrophobic length, ASR-4 formed
star micelles with the flexible hydrophobic blocks in the
center of the micelle, while keeping the hydrophilic blocks in
maximal contact with the surrounding polar solvent (Fig-
ure 3c and see the Supporting Information). The rounded
interface can minimize the interfacial contact between the
hydrophobic block and solvent. The rigid hydrophilic blocks
were loosely packed around the hydrophobic core to form the
soluble rod corona stabilizing the star micelles. The formation

Figure 2. a) SEM images of the hydrophobic block of ASRs at different reaction times upon the addition of
HDTMOS. The hydrophilic rods with a length of (3.04�0.18) mm were used as seeds followed by addition of
HDTMOS (35 mL) for the growth of the second blocks. Dashed lines indicate the pathways of the
hydrophobic blocks. b, c) Typical confocal Raman spectra collected at two ends of ASRs 0 h (b) and 18 h (c)
after the addition of HDTMOS. The inset optical images (9 � 9 mm) show the positions for collecting Raman
spectra at each end of ASRs. The spectra were taken by focusing the laser beam (532 nm) with
a submicrometer resolution at each end of the rods. d) The plot of the average length of hydrophobic blocks
(~) and the relative Raman intensity (&) of C�H stretching at 2939 cm�1 (compared to Si�O�Si bending at
803 cm�1) of two ends of ASRs as a function of reaction time. Each point of the average length of
hydrophobic blocks was obtained by analyzing 50 rods. e) The dependence of the length of the hydrophilic
(*, left and bottom axes) and hydrophobic (~, right and top axes) blocks on the amount of TEOS and
HDTMOS, respectively. *: [HDTMOS] = 51 mm. ~: [TEOS]=90 mm.

Table 1: Dimensions of ASRs used for self-assembly.

L1 [mm][a] L2 [mm][a] d1 [mm][b] d2 [mm][b] L1/L2

ASR-1 1.81�0.19 0.25�0.04 0.21�0.03 0.19�0.05 7.2
ASR-2 1.01�0.16 0.21�0.03 0.36�0.15 0.26�0.09 4.8
ASR-3 2.25�0.19 0.90�0.23 0.30�0.06 0.12�0.03 2.5
ASR-4 2.40�0.19 1.27�0.16 0.34�0.08 0.14�0.05 1.9

[a] L1 and L2 are the average lengths of the hydrophilic and hydrophobic
blocks, respectively. [b] d1 and d2 are the average diameters of hydrophilic
and hydrophobic blocks, respectively. Diameter d2 was obtained by
averaging the diameters of the starting, middle, and end positions of
hydrophobic blocks.
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of similar structures was predicted in computer simulation of
the self-assembly of polymer-tethered nanorods in the
selective solvent.[6]

Systematic study of the self-assembly of ASRs in water/
ethanol is summarized in a phase-like diagram (Figure 3d).
There are two morphology transitions in the current window
of water concentration and L1/L2. By increasing water
concentration and hydrophobic length, micellar aggregates
of ASRs tend to transit from loose to dense packing, for
example, from flower micelles to bundle micelles of ASR-2.
However, this phase-like diagram does not cover regions in
which ASRs comprise much longer hydrophobic length,
owing to current synthetic challenge. The onset of ASR
assembly is largely dependent on the concentration of rods.[19]

For example, ASR-4 in water/ethanol (5:95, vol) mixture has
a critical micelle concentration (CMC) of approximately
0.35 mg mL�1 (see the Supporting Information).

Self-assembly of ASRs can also be driven by apolar
solvents. With the addition of apolar solvents, e.g., hexa-
decane, to ASRs in ethanol, ASRs self-assembled into 2D
planar monolayers and reverse spherical micelles (Figure 4).
In both cases, the hydrophilic blocks are densely packed to
maximally avoid interaction with surrounding apolar solvents.
ASR-1 and ASR-2 with short hydrophobic blocks formed 2D
planar monolayers with lateral alignment of rods, and their
hydrophobic ends pointed to the same direction (Fig-
ure 4a, b). The planar monolayer deposited onto various
substrates with the long axis of the ASRs aligned perpendic-
ular to the substrate. We observed that either side of the
planar monolayers could face up when they were deposited
on substrates, thereby indicating the formation of the self-
assembled structures in solutions. The lateral dimensions of
the planar monolayer ranged up to hundreds of micrometers.
The formation of such morphology can be explained by

minimization of the interfacial energy between the hydro-
philic blocks and solvent through lateral packing and aligning
of rods.[2e] We ascribe the formation of planar monolayers
rather than that of bilayers, which present lower interfacial
energy, to the limited contact between the rounded and rigid
ends of hydrophilic blocks. The large-area vertical arrays of
ASRs can be used as templates for the preparation of
electrode materials for lithium batteries.[21] For ASR-3 and
ASR-4 with long hydrophobic blocks, the hydrophilic blocks
are forced to squeeze together, and the hydrophobic blocks
are maximally exposed to the surrounding media to stabilize
the structures. Reverse micelles were therefore obtained
(Figure 4c,d). The extrusion of hydrophobic blocks of rods in
the micelles mimics the rough surface of sweet-gum seeds.
The diameter of reverse micelles ranged from 5 to 20 mm.

In summary, we developed a novel wet-chemical method
to synthesize amphiphilic silica rodlike particles with ration-
ally designed topologies and surface properties. This tech-
nique has at least three advantages over existing approaches:
1) it is a template-free method for synthesizing monodis-
persed rodlike particles with multiple segments; 2) it is
a simple, fast, and facile approach to producing samples on
a gram scale; and 3) this synthetic technique can potentially
be extended to produce a library of CPs with more complex
shapes and anisotropic functionalities as colloidal surfactants,
as cargos for drug and gene delivery, and as building blocks
for the construction of functional materials.[1,13] We further
demonstrated that ASRs could spontaneously organize into
diverse morphologies in solvents selective to constituent
blocks. To our knowledge, this is the first report of the
synthesis of the amphiphilic rodlike CPs by using a wet-
chemical method and the first exploration of their self-
assembly. The self-assembly of such ASRs could pave the way
for studying phase behavior and packing of anisotropic CPs,
and could serve as a new “visual” model for the dynamics of
micell formation or biomimetic principles of self-organization
observed in biological systems.[1, 12]

Figure 3. a–c) Typical SEM images of ASRs self-assembled in water/
ethanol (1:1, vol) at a rod concentration of 5 mgmL�1: a) ASR-1, flower
micelles; b) ASR-3, bundle micelles; and c) ASR-4, star micelles.
d) Phase-like diagram of the self-assembly of ASRs in water/ethanol by
varying the length ratio, L1/L2 of hydrophilic block to hydrophobic
block and water content. The dashed lines are drawn for eye guidance
only.

Figure 4. a–d) Typical SEM images of ASRs self-assembled in hexa-
decane/ethanol (8:2, vol) at a rod concentration of 10 mgmL�1.
a,b) Top (a) and side (b) view of planar monolayer assembled from
ASR-1. Hydrophobic ends are at the top of the monolayer. c, d) Low-
(c) and high- (d) magnification SEM images of reverse micelles
obtained from ASR-4. Hydrophobic ends are pointing to the outside of
the micelles.
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Experimental Section
ASRs were synthesized through consecutive hydrolysis of two silica
precursors. In a typical synthesis of rods with a hydrophilic length of
1.8 mm and a hydrophobic length of 0.2 mm, the detailed synthetic
procedure is as follows. In a 20 mL glass vial, 1 g of polyvinylpyrro-
lidone (PVP, molecular weight 40 kgmol�1) was dissolved in n-
pentanol (10 mL) under sonication. Subsequently, deionized water
(0.28 mL), anhydrous ethanol (1 mL), sodium citrate solution
(0.1 mL, 180 mm in water), and ammonium hydroxide solution
(0.17 mL, 28 wt %) were added to the above solution. The reaction
mixture was vortexed for one minute to mix all the components. After
the mixture was left standing for five minutes to release the gas
bubbles, TEOS (0.06 mL) was added, and the solution was then gently
shaken for 30 s. The hydrolysis of TEOS was allowed to proceed
overnight at room temperature. After that, the hydrophobic mono-
mer HDTMOS (0.03 mL) was added, and the mixture was again
gently shaken. The hydrolysis of HDTMOS continued for another
12 h. The solution was then centrifuged at 6000 rpm for ten minutes,
and the particles were washed five times with ethanol.

The self-assemblies of ASRs were imaged by using a Hitachi SU-
70 Schottky field emission gun scanning electron microscope at an
operation voltage of 5 kV. Samples for SEM were prepared by two
methods: 1) casting ASR solution (10 mL) on silicon wafers, and
2) placing the silicon wafers at the bottom of a vial containing ASR
solution for several minutes, then removing the silica wafers. The
wafers were dried in air at room temperature. We did not observe
obvious differences between samples prepared by these two
approaches. TEM images were taken by using a JEOL 2100 LaB6
transmission electron microscope at an operation voltage of 200 kV.
The Raman spectra and images of ASRs were recorded using
a Horiba Yvon Lab Ram spectrometer equipped with a 532 nm laser.
The spatial resolution (or the laser beam diameter) is down to sub-
micrometer range.
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