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ABSTRACT: The tuning of interfacial properties at selective
and desired locations on the particles is of great importance to
create the novel structured particles by breaking the symmetry
of their surface property. Herein, a dramatic transition of both
the external shape and internal morphology of the particles of
polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP) was induced
by precise positioning of size-controlled Au nanoparticle
surfactants (Au NPs). The size-dependent assembly of the
Au NPs was localized preferentially at the interface between the P4VP domain at the particle surface and the surrounding water,
which generated a balanced interfacial interaction between two different PS/P4VP domains of the BCP particles and water,
producing unique convex lens-shaped BCP particles. In addition, the neutralized interfacial interaction, in combination with the
directionality of the solvent-induced ordering of the BCP domains from the interface of the particle/water, generated defect-free,
vertically ordered porous channels within the particles. The mechanism for the formation of these novel nanostructures was
investigated systemically by varying the size and the volume fraction of the Au NPs. Furthermore, these convex lens-shaped
particles with highly ordered channels can be used as a microlens, in which the light can be concentrated toward the focal point
with enhanced near-field signals. And, these particles can possess additional optical properties such as unique distribution of light
scattering as a result of the well-ordered Au cylinders that filled into the channels, which hold great promise for use in optical,
biological-sensing, and imaging applications.

■ INTRODUCTION

Three-dimensional confinement is a powerful tool for breaking
the symmetry of a structure, thus creating novel structured
materials that are not available in bulk.1−4 Self-assembly of
block copolymers (BCPs) confined in a small droplet can
generate nanostructured particles with tunable internal
structures, shapes, and surface properties, thus giving rise to
potential applications in a particle-based technologies such as
photonic bandgap materials,5 optochemical sensing devices,6

and catalytic supports.7,8 The control of the interfacial
interactions between the BCP particles and the surrounding
media is critical in determining the morphology within this
confined geometry. In addition, the mobile interfacial boundary
of the emulsion particle, which is controlled by the nature of
the surfactants, can further expand the richness of their
morphological behavior.2,9−12 For example, Yang et al.
developed an elegant route of using mixed surfactants to
control the dynamics of the mobile interface between the BCP
particles and the surrounding medium, producing unique
structured BCP particles.9 Recently, Jang et al. demonstrated
that the interfacial interactions at the surface of BCP particle
can be modulated by addition of polymer-coated nanoparticles

(NPs), producing very interesting structures of ellipsoidal
particles of symmetric BCPs.11 The development of such
anisotropic structures of the particles requires precise tuning in
the dynamics of the interfacial boundary, but it is extremely
challenging to control the interfacial properties at different
locations of the particle independently. The precise positioning
of two different surfactants at selective and desirable locations
on the particle surface can be a key technique to address these
issues.
For the coassembly of functional inorganic NPs and BCPs,

nanostructured BCP domains act as a scaffold that directs not
only the position of NPs but also their orientation and three-
dimensional arrangement,13−24 which can be achieved by
controlling the interplay of enthalpic interactions between the
NPs and BCPs and entropy loss of the chains wrapping the
NPs.25−27 Conversely, if the location of the NPs can be
precisely controlled within the polymeric domain, they can
affect the morphological behavior of the polymers, producing
novel structured materials with enhanced properties.28−31 For
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instance, when the NPs are segregated at the interface between
the two different polymer domains, they can function as
surfactants, thereby improving the interfacial properties and
inducing dramatic morphological transition.32−38 Thus, the
NPs in the BCPs can be effective surfactants for tailoring both
the shape and the inner structure of the BCP particles with high
stability, driven by their quasi-irreversible adsorption to the
interface.35,39−41 Particularly, the role of the NP surfactants
should be emphasized in determining the shape and inner
morphology of the BCP particles as the interfacial interactions
are greatly magnified by the high surface area of the emulsion
particles relative to their volume. However, examples of precise
positioning of the NP arrays in the BCP particles are very
limited.11

Herein, we report a novel and powerful strategy of using size-
controlled NP surfactants to control the internal morphology as
well as the overall shape of the BCP particles. The
nonconventional structure of the convex lens-shaped particles
(CL particles) with highly ordered and oriented nanoporous
channels were generated through the combination of confined
geometry by emulsion templation and interfacial modulation
using Au NPs as surfactants. The key to the successful
generation of these novel structures is the use of size-controlled
Au NPs, in which the relative size ratio of Au NPs (d) over the
Au NP-hosting domain (L), i.e. d/L, was critical for their
precise positioning to determine their ability to function as
surfactants in emulsions.13,26,42,43 The size-dependent assembly
of the Au NPs was localized preferentially at the interface
between one block domain (P4VP) of the BCPs at the particle
surface and the surrounding water, which enabled the
modulation of the interfacial properties at selective locations
on the BCP particles. Unlike the previous pure BCP particles
with anisotropic shapes,9,44−50 these CL particles had the
unprecedented, convex lens shaped structures. Also, they had
regularly ordered channels that can provide a functional space
in which a variety of materials can be loaded (e.g., metals and
dyes), thereby significantly increasing the versatility of the CL
particles for various practical applications. For example, CL
particles with highly ordered Au rods were prepared by filling
the channels with Au, exhibiting the unique optical property as
a microlens, which was well matched with the finite-difference
time domain (FDTD) simulation.

■ RESULTS AND DISCUSSION
Scheme 1 illustrates the creation of CL particles from the
mixture of polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP)
BCPs and oleylamine-capped Au NPs using the ‘emulsion-
encapsulation and evaporation process’. In order to generate
strong favorable interaction between the NPs and the BCP
chains, we introduced 3-n-pentadecylphenol (PDP) as the
small-molecule linkers with the P4VP block of the PS-b-P4VP
chains, the pyridine group of which is known to interact with
the phenol group of the PDP via hydrogen bonds, forming a
PS-b-P4VP(PDP) comb-like supramolecule.24,51 First, PS-b-
P4VP BCPs were dissolved in chloroform to produce a 1 wt %
polymer solution. Then, the PDP molecules in chloroform were
added to the PS-b-P4VP solution with 0.5 feed ratio of 4VP to
PDP units (PS-b-P4VP(PDP)0.5). After adding Au NPs with
various volume fractions (ϕAu) of the NPs,52 the PS-b-
P4VP(PDP)0.5 solutions were emulsified in deionized water
containing 0.5 wt % of cetyltrimethylammonium bromide
(CTAB) using a homogenizer in order to produce BCP
particles with Au NPs.

Images a and b of Figure 1 show scanning electron
microscopy (SEM) images and transmission electron micros-
copy (TEM) images of PS27k-b-P4VP7k(PDP)0.5 particles
without Au NPs. The spherical BCP particles with cylindrical
internal morphology were formed with preferential wetting of
the PS layer to the particle surface because of the strong,
nonfavorable interaction of the P4VP(PDP)0.5 domains with
the CTAB surfactants at the particle surface. Surprisingly, the
addition of a small amount of Au NPs (diameter (d) = 4 nm,
feed volume fraction of Au NPs (ϕAu) = 0.02) led to an
interesting change in the overall shape of the BCP particles
from spherical to a convex lens shape with hexagonally packed
dimples on the both the top and bottom surfaces (SEM image
of Figure 1c). The internal morphology of the CL particles was
characterized by TEM images (Figure 1d). For all of the
particles, the dark P4VP(PDP)0.5 annulus domains were
arranged hexagonally, which indicated that the standing-up
cylindrical channels were developed inside the particle.
To gain deeper insight into the morphology of the CL

particles and the spatial distribution of Au NPs, the CL particles
were characterized by tilted TEM images. As shown in Figure
2a, the mean diameter of the pores, the P4VP(PDP)0.5 annulus,

Scheme 1. Schematic Illustration of the Fabrication of
Convex Lens-Like BCP Particles with Highly-Ordered
Porous Channels Driven by Size-Controlled Au NPs; When
Size-Controlled Au NPs (d = 1.9 to 8.1 nm) Were Added to
the PS50k-b-P4VP13k(PDP)0.5 Solution (L = 22.3 nm), only
the Large Au NPs Moved to the Outer Surface of the BCP
Particle during Emulsification, Inducing the Morphological
Transition
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and the center-to-center distance between pores were measured
at 6.1 ± 0.4 nm, 21.6 ± 1.7 nm, and 42.3 ± 3.4 nm,
respectively. It is notable that the cylinders with pores were
well-oriented and highly ordered within the BCP particles. This
feature is evidently shown in the Voronoi diagram in Figure 2d,
in which the center of every domain has six nearest neighbors,
and this high degree of lateral order was found to extend over
the entire area of all of the particles. In addition, when the CL
particles were tilted at an angle of 25°, it was clearly observed
that the segregation of Au NPs were only at the P4VP(PDP)0.5
domain on their surfaces. The regularly ordered, dimple
structures were observed at the surface of the particles, and
the Au NPs were preferentially located at the interface between
the P4VP domain of the particle and the surrounding medium
of the particle (water). When the CL particles were tilted at 60°
(Figure 2c), the vertical cylinders were overlapped; thus, the
axially stacked morphology of PS and P4VP(PDP)0.5 was
observed. (The entire tomography TEM movie of the CL

particles being tilted from −30° to +60° is in the Supporting
Information (SI).) Thus, the porous cylinders were highly
oriented, ordered, and persisted throughout the entire thickness
of the BCP particles. Additional evidence of the segregation of
the Au NPs at the border of the CL particles was provided by
the cross-sectional TEM images (SI Figure S2a and b).
Scheme 2 illustrates the hypothetical mechanism by which

the CL particles are formed by the Au NP surfactants. During
the emulsification step, large Au NPs moved to the BCP
emulsion/water interface. Therefore, the BCP particles are
stabilized by dual surfactants of Au NPs and CTAB molecules
(Scheme 2a). It is well-known that the Au NPs have strong
favorable interactions with the P4VP(PDP) domain of the
BCPs, while the CTAB molecules interact preferably with the
PS chains of the BCPs.11,15,24 Thus, the Au NPs and CTAB
surfactants, which are mobile at the emulsion/water interface,
rearrange themselves to phase separate by interacting two
different domains of the PS-b-P4VP(PDP), respectively, at the

Figure 1. (a) SEM and (b) TEM images of PS27k-b-P4VP7k(PDP)0.5 BCP particles without Au NPs. The BCP particles were spherical in shape and
had cylindrical internal morphology. (c) SEM and (d) TEM images of PS27k-b-P4VP7k(PDP)0.5 particles including 4 nm size Au NPs at ϕAu = 0.02.
Convex lens-shaped particles (CL particles) with regular porous structures were fabricated. The PS domains are the gray parts, and the P4VP
domains appeared as darker rings after staining with iodine vapor.

Figure 2. TEM images of PS27k-b-P4VP7k(PDP)0.5 BCP particles with the Au NPs tilted at angles of (a) 0°, (b) 25°, and (c) 60°. Regularly arranged
dimple structures were observed at the surface of the particles, and the Au NPs were located around the dark gray ring (P4VP domain) of the surface
of the BCP particles. (d) Voronoi diagram constructed from the locations of the P4VP domain center in the CL particle.
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emulsion surface.9 This could generate a balanced interfacial
interaction between the two different PS/P4VP domains of the
BCP particles and surrounding water,11 leading to the
nucleation of PS-b-P4VP(PDP) from the particle surface
(Scheme 2b). When the solvent (chloroform) evaporates, the
particles are still dispersed in water, so the hydrophilic P4VP
chains strongly interact with the surrounding water. Thus,
because of both strong unfavorable interactions between the PS
and P4VP blocks, and preferential interaction between P4VP
and water, the defects in the hexagonal packing of the
cylindrical microdomains are rapidly removed. Consequently,
long-range lateral order of the hexagonal BCP morphology is
achieved in the particle.49,53−55 During further evaporation of
the chloroform, the BCP particles shrink in the vertical
direction due to the enthalpic penalty associated with the
migration of the BCP chains through the immiscible domains.
Also, for the system of hexagonal phase with orientation
perpendicular to the boundaries, lower free energy is expected
when the particles have a convex lens shape rather than a
spherical one.44,45 When all of the water, which once swelled
the P4VP(PDP)0.5 cylinders, has been removed, small PDP
molecules are extracted with water by disassembly from P4VP
domain, followed by surface reconstruction of P4VP domains.
This process produces cylindrical pores inside the P4VP
domains of the particles (Scheme 2c).10 The interfacial activity

of Au NP surfactants at the emulsion/water is critical for the
generation of the CL particles.
Precise positioning of Au NPs within the BCP particles (i.e.,

segregation of Au NPs to the border of the particles) can be
achieved by tuning the relative size-ratio of Au NPs to the Au
NP-hosting domain (d/L).13,26,42,43 To quantitatively inves-
tigate the effect of d/L value on the morphology of the BCP
particles, we increased the P4VP domain size by using higher-
molecular weight PS50k-b-P4VP13k polymers, and we varied the
size of the Au NPs from 3 nm (d/L = 0.14) to 8 nm (d/L =
0.36). Parts a−f in Figure 3 are TEM and SEM images of PS50k-

b-P4VP13k BCP particles mixed with Au NPs that had the same
ϕAu value of 0.02 but different sizes of 3 and 8 nm, respectively.
The 3 nm Au NPs were incorporated and well dispersed within
the P4VP(PDP)0.5 domain, and the spherical shape of the
particles was well maintained, because in this case, CTAB
molecule is a sole surfactant to produce the BCP particles. In
contrast, for the 8 nm Au NPs with the same ϕAu value of 0.02,
CL particles were fabricated with the decoration of the Au NPs
at the particle surface. When P4VP(PDP)0.5 domain was large
enough (low d/L value), the Au NPs were incorporated into
the P4VP(PDP)0.5 domain due to the strong favorable
interaction between the aliphatic chain of PDP and the
oleylamine ligands on the surface of the Au NPs.10,24 In
contrast, for the addition of the larger 8 nm Au NPs (high d/L
value), the entropic penalty associated with the stretching of
BCP chains to host large-sized Au NPs became the dominant
factor in determining the location of the Au NPs, thus driving
them to be excluded from the P4VP(PDP)0.5 domain. Also, the
oleylamine ligands at the less-curved surface of the larger Au
NPs are expected to be more densely packed, which could
reduce their favorable interaction with the PDP molecules and
lead to steric exclusion of the Au NPs from the P4VP(PDP)
domain. These phenomena can be well predicted on the basis
of the results previously observed in the bulk system56 and the
thin film.26,57 For instance, Xu et al. reported size-dependent
assemblies of NP mixtures including one-dimensional chain and
three-dimensional array in BCP thin films by tuning the d/L
ratio.26 In our case, the Au NPs were segregated at the outer
surface of the BCP particles, thereby modulating the interfacial
interactions by attracting P4VP to the emulsion/water
interface.

Scheme 2. Schematic Illustration of the Formation
Mechanism of BCP CL Particles from an Emulsion Droplet
of Chloroform

Figure 3. TEM and SEM images of PS50k-b-P4VP13k(PDP)0.5 particles
including Au NPs with different sizes of 3 nm (a, b, and c) and 8 nm
(d, e, and f). ϕAu value was fixed at 0.02. For the 3 nm Au NPs, the Au
NPs were incorporated in the P4VP domain, which maintained its
overall spherical shape. In contrast, for the 8 nm Au NPs with the same
ϕAu, the CL particles were fabricated.
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When the surface properties and the size of the Au NPs were
precisely controlled, the NP volume fraction, ϕAu had
significant influence on the distribution of the NP location
within the BCP domain; thus, ϕAu can drive the morphological
transition of the BCP particles.56,58 With that in mind, we fixed
the size of the Au NPs at 4 nm but varied ϕAu from 0 to 0.172.
At low ϕAu values (≤0.02), the BCP particles remained
spherical, and most of the Au NPs were located within the
P4VP(PDP) domain inside the BCP particles (a and b of
Figure 4). In contrast, at the high ϕAu value of 0.111, all of the

BCP particles had convex lens-like shape with porous cylinder
channels (Figure 4e and f). Again, the porous structures
showed a remarkably high degree of lateral order without any
defects. It is worthwhile to note that in this case (d/L = 0.19),
the critical ϕAu value ((ϕAu)c) required to produce the
morphological transition to CL particles was found to be a
much higher ϕAu value. As shown in Figure 4, a (ϕAu)c value of
0.111 was required, whereas a (ϕAu)c value of only 0.02 was
required in the previous system in which a larger d/L of 0.36
was used (Figure 3d). At the regime with intermediate values of
ϕAu, we observed an interesting morphological behavior of the
BCP particles. When the ϕAu value increased greater than 0.02,
the shape of BCP particles started to deform to an ellipsoidal
shape (Figure 4c). Moreover, the BCP particles included a
mixture of radially and axially ordered cylinders (Figure 4d),
which was very different from the disordered internal structures
of the BCP particles at very low ϕAu values. For the BCP
particles that had the mixed morphologies, some Au NPs were
observed at the surfaces of the particles, but the quantities of
the Au NP surfactants segregated at the surface of the BCP
particles were not sufficient to produce CL particles.

The morphological behavior of PS50k-b-P4VP13k(PDP)0.5
particles containing Au NPs is summarized in Figure 5 in

terms of d/L and ϕAu values. In the phase diagram, the red-
filled circles indicate the formation of CL particles. For
example, when the d/L value was fixed at 0.19, the transition
window to form CL particles was 0.094 ≤ (ϕAu)c ≤ 0.111. For
comparison, at a larger d/L value (∼0.36), a tiny amount of Au
NPs ((ϕAu)c < 0.02) are sufficient to induce the morphological
transition to the CL particles, because all of the Au NPs were
segregated to the outer interface between the BCP particles and
water, where they acted as a surfactant. In contrast, at the small
d/L value of ∼0.1, no morphological transition of the BCP
particles was observed even at very large ϕAu values exceeding
0.18 (SI Figure S3). It is evident from these results that the d/L
value determines both the internal morphology and the shape
of the BCP particles.
These CL particles can possess interesting optical properties

by themselves, such as strong light scattering due to their
convex lens-like shape. Thus, they can be applicable as a
microlens in which light can be concentrated toward the focal
point. When we performed finite-difference time-domain
(FDTD) simulation to calculate the near-field signals around
the CL particle as a collimated beam was injected to the
particle, it was found that the intensity of the electric field was
focused at one point above the particle. (SI Figure S5a)
Moreover, the highly ordered porous channels in the CL
particles can provide interesting opportunities for adding
versatility to their practical applications. For example, the
channels potentially could be utilized as a directed-release drug
delivery system, which would function by the diffusion of the
drug thorough the nanometer-sized channel. Also, they can be
used as the nanoreactors for generating a variety of inorganic
nano-objects (i.e., uniformly shaped, rod-type NPs), because
the nitrogen−metal ion complexes in the P4VP chains could
serve as nucleation sites for the growth of NPs.59−63 To this
end, various metal precursors, including Au, Ag, and Pt, were
loaded within the CL particles, producing the hybrid CL
particles containing highly ordered metal-containing cylinders
in order to significantly increase the versatility of the hybrid CL
particles and explore the full potential of their defect-free hybrid

Figure 4. TEM images of PS50k-b-P4VP13k(PDP)0.5 BCP particles
including Au NPs (d = 4 nm) with various ϕAu values of (a) 0, (b)
0.020, (c) 0.049, (d) 0.094, (e) 0.111, and (f) 0.172. The size of the
Au NPs was fixed at 4 nm. The scale bar is 100 nm. By increasing the
volume fraction of the Au NPs, the morphology was transformed from
spherical to a mixed morphology. Finally, CL particles with vertically
highly ordered cylinders were obtained at ϕAu values greater than
0.111.

Figure 5. Summary of the morphological transition of PS50k-b-
P4VP13k(PDP)0.5 BCP particles plotted by d/L value vs ϕAu, where d is
the diameter of Au NPs, and L is size of the P4VP domain: (red ●)
CL particle; (green ▲) mixed morphology; and (blue ○) spherical
particle.
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channel structures. Figure 6 shows the hybrid CL particle with
highly ordered Au NP-containing cylinders. Au precursors were

incorporated by the in situ method, and the P4VP channels
were selectively loaded with Au, as shown in Figure 6a. Energy-
dispersive X-ray spectroscopy (EDX) measurements confirmed
that the Au atoms were present only within the P4VP domains.
The TEM image (Figure 6b) and corresponding electron
mapping image (Figure 6c) of Au NP-containing CL particles
revealed the selective incorporation of Au into the P4VP chains.
By tilting the particles at an angle of 45°, the incorporation of
Au precursors inside the channels of all of the P4VP cylinders
was evidently observed, as shown in d−f of Figure 6. In a
similar manner, Figure S4 in the SI shows the successful
incorporation of other precursors, such as Ag and Pt, into the
P4VP channels of the BCP particles.
Metallic nanostructures, such as Au and Ag, can manipulate

light beyond the optical diffraction limit due to the collective
electron oscillations known as surface plasmons.64−66 The
combination of the plasmonic property of metals and a well-
ordered BCP geometry can exhibit a unique optical property
for organic/inorganic hybrid material. In particular, when the
metal has well-defined geometry with high ordering as CL
particles, the electromagnetic fields can be concentrated into a
deep subwavelength-scale area, and these highly localized fields
can provide extreme enhancement in the light intensity.66,67 We
experimentally investigated the plasmonic property of the
particles with a near-field scanning optical microscope
(NSOM), and made a comparison with FDTD simulations
theoretically by calculating the distributions of near-field signals
at the surface of CL particles. An AFM topography image of
single CL particle and the corresponding near-field signal
distribution are shown in parts a and b of Figure 7, respectively.
It should be noted that stronger near-field signals were clearly
observed both at the edge of the particle and at the center of
the surface plane. This unique near-field signal could be
understood by FDTD simulation. In the simulation, Au was
modeled with the Drude-critical points model, and a
monochromatic plane wave (λ = 532 nm) was incident from
the bottom SiO2 substrate where the incident light was linearly
polarized along the x-axis. Parts c and d of Figure 7 show the
calculated electric field distribution of the scattering signal from
the individual CL particle along the z-axis and 40 nm away from
the surface of CL particle, respectively. Comparing the NSOM
signal in Figure 7b with the simulation result by cross
sectioning along the dashed line in Figure 7c, both showed

the greater intensities at the edge and the center. Interestingly,
in contrast to the hybrid CL particle containing cylindrical Au,
the convex lens-shaped pristine polymer particle did not show
any unique near-field distribution at the surface of the particle
(SI Figure S5). Therefore, the bright center and ring indicate
the enhanced intensity of the signal, which arises from the array
of the vertically ordered Au-containing cylinders.

■ CONCLUSION
A simple, yet powerful, strategy of using size-controlled NPs
was developed in order to control both the external shape and
the internal nanoscale morphology of colloidal particles.
Convex lens-shaped BCP particles with defect-free, porous
channels were created by tuning the interfacial properties at
selective locations on the particles using size-dependent
assemblies of the Au NP surfactants. The power of using
size-controlled Au NPs as surfactants is apparent as the internal
morphology and the shape of the BCP particles could be
characterized by tilted and cross-sectional TEM images and a
tomographic movie. The size-induced segregation of the Au NP
surfactants at the mobile boundary of the BCP particle/water
interface produced vertically highly ordered, porous P4VP
cylinders inside the CL particles. Moreover, CL particles
including metal-containing rods could be fabricated by loading
various metal precursors into the highly ordered channels in the
P4VP cylinders. Well-ordered Au rods within the CL particle
made it possible to concentrate light toward the focused point
above the particle, as well as possess a unique distribution of
electromagnetic field at the particle surface, allowing superb
applications of such particles in the nano-optical sensing and
imaging fields.

■ ASSOCIATED CONTENT
*S Supporting Information
Full experimental procedures. Additional TEM images and
FDTD simulation results, and the tomography movie of BCP
particles with Au NPs. This material is available free of charge
via the Internet at http://pubs.acs.org.

Figure 6. TEM images of PS27k-b-P4VP7k(PDP)0.5 CL particles after
loading Au in the P4VP channels, tilted at angles of 0° (a and b), and
45° (d and e). EDX mapping of Au (c and f).

Figure 7. Optical properties of the hybrid PS27k-b-P4VP7k(PDP)0.5 CL
particle containing highly ordered Au NP-containing cylinders. (a)
AFM image of individual CL particle; (b) near-field distribution at the
surface of the particle observed by NSOM, which corresponds to the
AFM image in (a); and calculated electric field intensity distribution by
FDTD simulation along (c) z-axis, and (d) 40 nm away from the
surface of the particle (dashed line in c). The scale bars are 300 nm.
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