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Hierarchical assembly of CdS nanoparticles in
polymer particles with phase separation structures

Hiroshi Yabu1,2, Ayako Endo1, Kazutaka Koike1, Kiwamu Motoyoshi1, Takeshi Higuchi3 and
Masatsugu Shimomura1,3

The preparation of size-controlled CdS nanoparticles in block copolymer micelles and formation of composite particles of CdS

nanoparticles and polymers are described in this paper. Uniformly sized CdS nanoparticles with different emission wavelengths

were successfully synthesized. In addition, composite Janus particles, unidirectionally stacked lamellae particles and onion

particles were formed by combining CdS nanoparticles and polymer blend or block copolymer systems. This approach provides

a simple route for the preparation of functional organic/inorganic composite particles.
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INTRODUCTION

Inorganic polymer composite nanoparticles have attracted consider-
able interest because of their potential applications in photonics,
electronics and biotechnology.1,2 By using the high conductivity,
reflectivity and mechanical stability of inorganic materials, polymer
particles have been functionalized by nanoscale hybridization with
inorganic materials. Among the various inorganic nanomaterials,
semiconductor nanoparticles are attractive because of their unique
absorption and fluorescence properties, which are based on their
quantum size effect.3 These quantum dots (QDs) show strong
fluorescence, and their absorption and fluorescence profiles can be
controlled by changing their sizes.4–7 These properties allow for a wide
variety of practical applications, including imaging probes,8 sensors9

and solar cells.10 Recently, precise control of QD arrangements has
attracted considerable interest because periodically arranged QDs can
be used as a QD laser,11 which functions with a pumping light of very
low threshold power.

Several processes have been demonstrated for the introduction of
QDs into photonic crystals, which is one of the most promising ways
to realize QD lasers. Some studies have shown that QDs can be
electrochemically deposited within the voids of assembled colloidal
crystals.12–15 Alternatively, QDs have been incorporated into submi-
cron spheres using layer-by-layer assembly.16,17 In these examples, the
coupling between QD emission and photonic crystal band gaps has
been demonstrated. Recently, Moffitt and co-workers showed that
multistep self-assembly of QDs and block copolymers enables the
preparation of submicron-sized particles containing QDs and the

creation of hierarchically structured photonic crystals.18 This process
has advantages on the processability and applicability of various
materials. However, the QD–QD interparticle distances and the
three-dimensional arrangement of QDs in individual submicron
particles cannot yet be precisely controlled, and these parameters
will strongly affect the optical properties of photonic materials.

We have reported that polymer particles with phase-separation
structures can be prepared by evaporating a good solvent from a
solution of block copolymers or polymer blends that also contain a
poor solvent (self-organized precipitation method).19 Polymer parti-
cles with unique nanostructures have been prepared by this simple
evaporation method, including one-dimensionally stacked lamellar,
onion, Janus and core-shell structures.20–25 Recently, it was reported
that the inner structure of polymer blend particles could be controlled
by the hydrophobicity of blended polymers.26 We have also found
that block copolymer-stabilized Au nanoparticles can be introduced
into polymer blend particles by the self-organized precipitation
method.27,28

In this report, we describe the control of a special arrangement of
CdS nanoparticles in submicron-sized polymer particles by using the
self-assembly of polymer blends and block copolymers. The CdS
nanoparticles were successfully synthesized in amphiphilic block
copolymer micelle templates, and CdS nanoparticles and polymer
composite nanoparticles with various phase separation structures were
prepared by the self-organized precipitation method. The control of
the inner structure of the CdS QD–polymer composite particles is
discussed.
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EXPERIMENTAL PROCEDURE
The polymers used in this experiment are listed in Table 1. All polymers were

purchased from Polymer Source, Inc (Quebec, Canada). Cadmium acetate mono-

hydrate and sodium sulfide were purchased from Aldrich, St Louis, MO, USA.

CdS nanoparticles can be simply synthesized in block copolymer micelles.

Koh et al.29 have reported that poly(styrene-block-2-vinylpyridine) (PS-b-

P2VP) forms micelles in a toluene solution; thus, CdS nanoparticles were

synthesized by the simple addition of Cd ions and a sulfur source (Scheme 1i).

PS-b-P2VP was dissolved in anhydrous toluene to prepare a 5.0-mg ml�1

solution in a three-necked flask equipped with a shrenk tube and septa.

Cadmium acetate monohydrate was added to the toluene solution of PS-b-

P2VP micelles, and the solution was then stirred for 2 h to load the Cd ions into

PS-b-P2VP micelles. Sodium sulfide was dissolved in Millipore membrane-

filtered water (MilliQ, Millipore, Billerica, MA, USA) to prepare a saturated

aqueous solution. The aqueous solution of sodium sulfide was added to the

toluene solution of Cd-ion-loaded PS-b-P2VP micelles. The molar ratio of

cadmium acetate to sodium sulfide is shown in Table 2. After 24 h of stirring,

the solution was centrifuged (3000 r.p.m., 30 min) to remove water and large

precipitates, and the toluene phase was corrected.

Toluene was evaporated from the nanoparticle dispersion, and a 0.1 mg ml�1

tetrahydrofuran (THF) dispersion of the nanoparticles was prepared. Poly-

styrene (PS), polyisoprene (PI) and poly(styrene-block-isoprene) (PS-b-PI)

were dissolved in THF at a concentration of 0.1 mg ml�1. The THF dispersion

of nanoparticles and the THF solution of polymers were mixed, and 1 ml of

water was slowly added to 1 ml of the mixed solution in a glass test tube

(Scheme 1ii). THF was evaporated from the sample solution in a test tube at

25 1C placed in a water bath for 2 days. After complete evaporation of the

THF, 400ml of a 0.2% aqueous solution of OsO4 was added to the same

amount of the resultant aqueous dispersion of composite particles in an

Eppendorf tube to stain and crosslink the PI moieties. After 2 h of incubation,

the stained particles were purified by three cycles of ultracentrifugation

(12 000 r.p.m., 5 1C, 15 min), the supernatant removed and the particles

washed with MilliQ water. The synthesized nanoparticles and composite

particles were observed using a transmission electron microscope (H-7650,

Hitachi, Hitachinaka, Japan). For transmission electron microscope observa-

tion, a sample was prepared by casting a 1-ml dispersion of nanoparticles onto a

Cu grid with a ultraviolet–O3-treated elastic carbon membrane. Micelles were

observed using a field emission scanning electron microscope (S-5200, Hitachi)

after depositing the micelles onto a Si substrate and sputtering Os onto the

sample. Elemental analysis of the nanoparticles was performed using an X-ray

photoelectron spectrometer (JPS-9200, JEOL, Tokyo, Japan; Al Ka X-rays with

an energy of 1486.6 eV were used with a pass energy of 10 eV.). After casting the

dispersion of nanoparticles on a silicon substrate, the sample was calcined at

400 1C for 3 h to remove organic compounds. The optical properties of the

Table 1 Polymers used in this experiment

Polymers Mn(A) (kg mol�1) Mn(B) (kg mol�1) Mw/Mn

PS-b-P2VP 44 8.4 1.12

PS-b-PI-1 141.5 80.6 1.07

PS-b-PI-2 318 512 1.15

PS 131 — 1.05

PI — 18.5 1.03

Abbreviations: PI, polyisoprene; PS, polystyrene; PS-b-PI, poly(styrene-block-isoprene); PS-b-
P2VP, poly(styrene-block-2-vinylpyridine).
Mn(A) and Mn(B) are the number average molecular weights of poly(A-block-B) in the case of
the block-copolymers.
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Scheme 1 Schematic illustration of the synthesis of CdS nanoparticles in block copolymer micelles (i) and preparation of composite particles (ii). PI,

polyisoprene; PS, polystyrene; PS-b-P2VP, poly(styrene-block-2-vinylpyridine); THF, tetrahydrofuran.

Table 2 Conditions for the CdS nanoparticle preparation and

nanoparticle sizes

Entry Cd(Oac)2 unita Na2S unit a Size (nm)b Spectra in Figure 2

1 1 1 3.5 a, d

2 0.5 1 2.0 b

3 0.1 1 1.5 c

4 1 5 3.3 e

5 1 10 2.7 f

aMolar ratio against total poly(2-vinylpyridine) monomer unit of PS-b-P2VP.
bMeasured from transmission electron microscope images of CdS nanoparticles.
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nanoparticles were measured using an ultraviolet–vis spectrometer and a

fluorescence spectrometer.

RESULTS AND DISCUSSION

Figure 1A shows a typical transmission electron microscope image of
CdS nanoparticles prepared in PS-b-P2VP micelles. A densely packed
and uniformly sized CdS nanoparticle array was observed. The size of
the PS-b-P2VP micelle is determined by the spacing between the CdS
nanoparticles in the transmission electron microscope image; thus, the
average diameter of the PS-b-P2VP micelles is 40 nm. The size of
micelles is also checked by field emission scanning electron micro-
scope (see Supplementary Information). The average size of the CdS
nanoparticles was 3.5 nm, and the size distribution was o20% in all
cases. Figure 1B shows the X-ray photoelectron spectra of CdS
nanoparticles prepared in PS-b-P2VP micelles for both wide and
narrow scans. In the wide-scan spectrum, clear peaks attributed to the
C 1s, N 1s and O 1s of PS-b-P2VP and the native oxide of the Si
substrate are observed at 300, 420 and 520 eV, respectively. In the
narrow scan spectrum, peaks attributed to the Cd 3d3/2 and 3d5/2 of
the CdS nanoparticles are observed at 416 and 409 eV, respectively.
These results indicate that Cd is successfully incorporated into PS-b-
P2VP micelles.

It has been reported that CdS nanoparticles emit in the visible
wavelength range when they are excited by ultraviolet light. As shown
in Figure 2Aa, strong emission around l¼600 nm was observed from
the toluene solution of the B3.5-nm-diameter CdS QDs described in
the previous paragraph. The size of CdS nanoparticles can be
controlled by changing the amount of Cd source (Table 2) that is
added during synthesis. The nanoparticle size decreased from 3.5 to
2.5 nm with a decrease in the cadmium acetate concentration, and the
emission peaks of the CdS nanoparticles also blue-shifted from yellow
to whitish blue with decreasing particle size (Figures 2Ab and Ac, and
inset photographs). Figure 2B shows spectra of the CdS nanoparticles
prepared by changing the concentration of sodium sulfide. The same
spectral and size changes of the nanoparticles were observed when the
concentration of sodium sulfide was changed. The particle diameters
changed from 2.7 to 3.5 nm with the increase in sodium sulfide
concentration.

There are three main factors governing the emission spectra of CdS
nanoparticles: the quantum size effect, interband recombination and
defect bands.30 It is well known that emission spectra of nanosized

semiconductor particles blue-shift as the size decreases because of the
quantum size effect. These experimental results suggest that the
quantum size effect of CdS nanoparticles makes the emission peak
shift. The smaller particles (Figures 2Ac and Bf) show multiple
emission peaks, which are attributed to the three different band
types of CdS nanoparticles: a higher energy interband recombination

Figure 1 A typical transmission electron microscope image of CdS nanoparticles (A) and X-ray photoelectron spectrometer spectra of the CdS

nanoparticles (B).

Figure 2 Emission spectra from CdS nanoparticles prepared by changing the

Cd acetate concentration (A) and sodium sulfide concentration (B) (Ex. at

l¼350 nm). The inset images are photographs of fluoresence from a toluene

solution of CdS nanoparticles.
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and two types of lower energy defect bands.31 Figure 2Ac shows only
the emission from defect bands, and Figure 2Bf shows emission from
the above-mentioned three bands. These results also support the
formation of CdS nanoparticles in PS-b-P2VP micelles.

Figure 3 shows three examples of composite particles containing
CdS nanoparticles. Figure 3a shows composite particles of PS-b-P2VP-
stabilized CdS nanoparticles, PS and PI. The darker region of the
particle indicates PI moieties stained with OsO4, and the lighter region

is attributed to PS moieties. A clear Janus structure is observed. As
shown in a previous report,26 PS and PI have similar solubility
parameters; thus, these two polymers simultaneously precipitate as
blend particles into the poor solvent. After precipitation, a Janus-type
phase separation structure spontaneously forms to minimize the
interface between the two phases. In this experiment, black dots,
which are CdS nanoparticles, were observed only in the light PS region
(red arrows). Because CdS nanoparticles were encapsulated in PS-b-
P2VP micelles, the CdS nanoparticles were selectively introduced into
the PS phase.

Two types of composite particles were observed in the PS-b-PI
block copolymer and PS-b-P2VP-stabilized CdS nanoparticles: one is
a unidirectionally stacked lamellae structure and the other is an onion-
like structure (Figures 3b and c). Because PS-b-PI-1 and PS-b-PI-2 are
symmetric diblock copolymers, they form a lamellar structure in their
bulk states.32 The unidirectionally stacked lamellae and onion-like
structures are types of ‘isomers’ based on the lamellar structure of the
nanoparticles. As we reported previously,20–25,33 these two structures
can be controlled by changing the solution concentration and by
thermal annealing. Moreover, the periodicity of the phase separation
can be controlled by changing the molecular weights of block
copolymers within particles. In this experiment, the average periodi-
cities between the PS–PS phases of PS-b-PI-1 and PS-b-PI-2 are
45 and 60 nm, respectively. In these two cases, CdS nanoparticles
are selectively introduced only into the PS phase (red arrows). As a
result, the interparticle distances and arrangement of CdS nanoparti-
cles are controlled by the periodicities and morphologies of the phase
separation structures formed in the particles. From these results, it is
clear that hierarchic composite particles of CdS nanoparticles and
polymers were successfully prepared.

CONCLUSION

We show the preparation of size-controlled CdS nanoparticles in block
copolymer micelles and the formation of composite particles of CdS
nanoparticles and polymers. The emission spectra of the CdS nano-
particles were controlled by changing the particle sizes. Composite
Janus, unidirectionally stacked lamellae and onion particles were
formed by a combination of CdS nanoparticles and polymer blend
or CdS nanoparticles and block copolymer systems.

These results indicate that novel functional composite particles with
hierarchically assembled structures can be prepared by a simple
mixing and evaporation process. These particles can be used in a
wide variety of practical applications in the fields of photonics and
electronics.
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