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Synthesis of Monodisperse CdS Nanospheres in an Inverse Microemulsion
System Formed with a Dendritic Polyether Copolymer
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Nanosized CdS spheres with diameters of about 25, 40, and
50 nm have been synthesized in three inverse microemul-
sions formed with a dendritic amphiphilic copolymer (H2O/
SD31/n-butanol/n-heptane) through the reaction of cadmium
chloride (CdCl2) with the S2– ions that were slowly released
from thioacetamide (TAA). X-ray powder diffraction (XRD),
transmission electron microscopy (TEM), and UV/Vis absorp-
tion and photoluminescence (PL) spectroscopy were used to
characterize the CdS nanospheres obtained. TEM and XRD
studies showed that monodisperse CdS nanospheres with the
zinc blende structure were produced, and the size of the CdS
spheres increased with increasing water-core size because of

Introduction

Nanocrystals have attracted broad attention from re-
searchers in various disciplines.[1] They exhibit size-depend-
ent characteristics and often display novel electronic, mag-
netic, optical, chemical, and mechanical properties that
cannot be obtained in their bulk counterparts. Among the
various nanocrystals, semiconductor nanocrystals, repre-
sented by Group II–IV nanocrystals with either zinc blende
or wurtzite structures, have been the most studied because
of their nonlinear optical and luminescence properties,
quantum size effect, and other important physical and
chemical features.[2,3] Altering the size of the particles
changes the degree of the confinement of the electrons and
affects the electronic structure of the solid, especially the
bandgap edges, which can be tuned by varying the particle
size. Chalcogenides such as CdS,[4–14] ZnS,[15–21] HgS,[22–24]

PdS,[25–29] and MnS,[30,31] have been intensively investigated.
Among these inorganic nanoparticles, CdS nanoparticles
have received great attention. CdS, as an important Group
II–IV semiconductor compound with a wide bandgap (en-
ergy = 2.53 eV), has attracted much research interest due to
its excellent properties of luminescence and photochemistry.

To date, various methods have been developed to synthe-
size nanoparticles of CdS semiconductors. Recently, solvo-
thermal or hydrothermal methods,[32] evaporation pro-
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the increasing [water]/[dendrimer] mass ratio (ω). The blue-
shift of the maxima in the UV/Vis absorption and PL spectra
indicated that the CdS spheres consisted of primary CdS
nanocrystals showing a quantum confinement effect. The
viscosities of the three microemulsions were also determined
by rheological measurements. The viscosity of the inverse
microemulsion system decreased as ω increased. The water
core of the inverse microemulsion provided a soft template
for the precipitation of CdS spheres.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

cesses,[33] mesoporous silica and monoliths,[34] and sol–gel
methods[35] have been utilized to prepare CdS. Other meth-
ods involve arrested precipitation from simple inorganic
ions using polyphosphate and low-molecular-weight thiols
as stabilizers.[36–38] Surfactants,[39] block copolymers,[40] and
dendrimers[41] have also been used as specific stabilizers and
soft templates for the synthesis of CdS nanoparticles in
solution. However, water-in-oil microemulsions with nano-
meter-sized water cores are well-suited for nanoparticles. As
the method that uses such microemulsions works in mild
and normal environments, it is advantageous and consid-
ered to have good viability. No special conditions of pres-
sure, irradiation, etc. are required.[42] Many kinds of CdS
nanoparticles have been synthesized by this method.[43] The
nanowater core acts as a nanoreactor, and the size of the
prepared nanoparticles can be controlled.[44]

In previous studies, microemulsions were generally com-
posed of low-molecular-weight surfactants. However, am-
phiphilic macromolecules, in particular amphiphilic dendri-
mers, can also be used to prepare microemulsions. Dendri-
mers are defined as macromolecules containing highly
branched and dimensional structures with a large number
of reactive terminal groups.[45] Water-soluble amphiphilic
dendrimers have attracted considerable attention due to
their unique properties and as new polymeric materials for
applications in many areas such as the preparation of mi-
celles, liquid crystals, microemulsions, and molecular encap-
sulation.[46,47] The synthesis of an amphiphilic dendritic
polyether copolymer and its demulsification on crude oil
were studied in our previous work.[48]
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In this article, we prepared water-in-oil microemulsions

with an amphiphilic dendritic polyether copolymer SD31 as
a microreactor to synthesize CdS nanoparticles and tested
the feasibility of this method. As a result, nanosized mono-
disperse CdS spheres with diameters of 25–50 nm were ob-
tained. The dimension of the CdS nanospheres encapsu-
lated in microemulsion droplets could be controlled by
varying the water-core size, i. e., varying the [water]/[den-
drimer] mass ratio (ω). The effects of the variation of ω on
the synthesis were carefully examined and found to shed
light on the mechanism of formation.

Results and Discussion

Typical TEM images of CdS spheres with different sizes
obtained in three different microemulsions are presented in
Figure 1, which shows that the shape of all the products is
spherical. However, the size is varied. The diameter of the
spheres synthesized in microemulsion A is around 25 nm
(Figure 1a and b), while the sphere diameters of other two
samples synthesized in microemulsions B and C are about
40 and 50 nm, respectively (Figure 1c and d, e and f). It
could be concluded that the size of the products increased
as the [water]/[dendrimer] mass ratio (ω) increased. The size
of w/o microemulsion droplets is highly dependent on the
concentration of each constituent in the microemulsion.
However, it is recognized that the water-core size is domi-
nantly characterized by the [water]/[surfactant] ratio, rather
than the actual concentration. The radius of the water core
is found to follow an approximately linear relationship with
the [water]/[surfactant] ratio,[49] because the size of the
water core of the microemulsion increases as ω increases.

Figure 1. TEM images of CdS spheres obtained in three micro-
emulsions with different [water]/[dendrimer] mass ratios (ω): (a and
b) products from microemulsion A (ω = 0.19); (c and d) products
from microemulsion B (ω = 0.21); (e and f) products from micro-
emulsion C (ω = 0.24).
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The larger water core acts as a nanoreactor that induces
larger particle growth.[50] These properties and their reasons
are discussed in detail below.

The wide-angle XRD patterns for the CdS nanospheres
prepared in the three microemulsions are shown in Fig-
ure 2. Diffraction peaks assigned to the (111), (200), (220),
and (311) planes of bulk cubic CdS are observed for sam-
ples produced from microemulsions B and C. For the small-
est sample produced from microemulsion A, the diffraction
peaks are not obvious except for that of the (111) plane,
which indicates incomplete crystallization of CdS and lat-
tice defects. The diffraction peaks are fairly broad. We esti-
mated roughly the average crystallite sizes of the primary
particles by line-width analysis of the (111) diffraction
peaks. Applying the Scherrer formula yielded particle sizes
of 1.2, 1.6, and 2.7 nm for syntheses carried out in micro-
emulsions A, B, and C, respectively.

Figure 2. XRD patterns of CdS spheres obtained in the three mi-
croemulsion systems.

Figure 3 shows the intensities and wavelengths of the
UV/Vis absorption peaks of the CdS spheres at various
times during the process of formation. After addition of
TAA, the mixture was kept at constant temperature (50 °C),
and UV/Vis spectra were recorded at various time intervals.
In the beginning, the solution was colorless, and there was
no obvious peak in the absorption spectrum. After 30 min,
the solution became slightly yellow, and an absorption peak
appeared in the spectrum along with a considerable increase
in absorbance. In Figure 3a, curves A�, B�, and C� show
that the absorption intensity increased with time, indicating
a gradual formation of CdS particles accompanying the re-
lease of S2– ions from TAA. However, the position of the
absorption peak was different in the three systems (Fig-
ure 3a, curves A, B, and C). The absorption peak of CdS
synthesized in microemulsion A was at about 420 nm and
the peak was obvious and sharp. With increasing time, the
wavelength of the absorption peak remained essentially un-
changed, even though the absorption intensity increased
continuously, suggesting the formation of more and more
CdS particles and the possible presence of large aggregates
of the primary CdS particles, but the size of the primary
CdS particles remained unchanged. The absorption of CdS
obtained in microemulsion B displayed a shoulder peak
close to 410 nm, and the absorption band of CdS obtained
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in microemulsion C was at wavelengths no longer than
about 390 nm in the beginning. Curves B and C (Figure 3a)
show that the absorption peaks continuously shifted
towards higher wavelengths upon further heating of the
solutions. This red-shifting phenomenon indicates that the
primary CdS particles grew gradually and then aggregated
to form larger particles due to the quantum confinement
effect. From the changes in the UV/Vis spectra of the three
microemulsions, it can be deduced that the mechanism of
formation of the CdS spheres was different in each system.
In microemulsion A, once the CdS particles nucleated, the
particles ceased growing, but more CdS particles formed or
aggregated. In microemulsions B and C, although the CdS
particles initially nucleated were smaller than those in mi-
croemulsion A, the primary particles grew gradually and
also aggregated to form larger particles.

Figure 3. (a) Graphs of the wavelengths and intensities of the UV/
Vis absorption peaks of the CdS products formed in the three mi-
croemulsions at earlier stages: curves A, B, and C show wavelength
vs. time; curves A�, B�, and C� show intensity vs. time. (b) UV/Vis
absorption spectra of the final CdS products in the three micro-
emulsions after eight hours. A and A� represent microemulsion A
(ω = 0.19); B and B� represent microemulsion B (ω = 0.21); C and
C� represent microemulsion C (ω = 0.24).

Figure 3b shows the UV/Vis absorption spectra of the
CdS products in the three microemulsions after eight hours.
As shown in Figure 3b, the absorption spectra of the final
products have peaks at 420 (microemulsion A), 440 (micro-
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emulsion B), and 450 nm (microemulsion C), which are all
considerably blue-shifted relative to the absorption onset of
bulk CdS (ca. 515 nm) because of the quantum confine-
ment effect. It was interesting that CdS particles in micro-
emulsions B and C were larger than those in microemulsion
A in the end, so that the wavelength of the absorption maxi-
mum increased from A to C. The absorption peaks of B and
C are obviously red-shifted relative to their initial positions,
indicating the growth of the primary particles. The spectra
of B and C also show a long absorption tail due to scat-
tering by the particles in the dispersion. The absorption in-
tensity increased with increasing particle size because of
light scattering in the presence of bigger particles. From the
experimental correlation between the onset of absorption
and the particle diameter for CdS, the particle size of CdS
nanocrystals was estimated to be about 2–3 nm and to in-
crease from A to C.[36] These values follow the same trend
as the results of XRD, which exhibit a quantum confine-
ment effect.

The PL spectra of the CdS spheres are shown in Fig-
ure 4. The broad emission beginning around 430 nm is sig-
nificantly blue-shifted from the emission of bulk CdS (ca.
520 nm). The broad PL peak observed is commonly attrib-
uted to the recombination of charged carriers trapped in
the surface states and is related to the size of the CdS nano-
particles; that is, the PL bands of smaller nanoparticles ap-
pear at shorter wavelengths. Therefore, the PL emission of
the CdS spheres indicates that they actually consist of pri-
mary CdS nanocrystals showing a quantum confinement
effect.

Figure 4. Photoluminescence spectra of CdS spheres obtained in
three microemulsions after 8 h (λex = 400 nm).

Figure 5, which shows the stress at different shear rates,
depicts the key results from steady-shear rheological mea-
surements. During the experiments of shear rates, the three
microemulsion systems were all Newtonian fluids. The rela-
tively high viscosity was due to amphiphilic dendrimer con-
tent. It can be seen that shear stress increased as shear rate
increased. In addition, the viscosity of the three microemul-
sions decreased with increased [water]/[dendrimer] mass ra-
tio (ω). This property of the microemulsion can be used to
explain the different size of the products. High viscosity led
to low ion flow and ion exchange, which affected the growth
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of CdS particles in the water core and further reduced the
possibility of large aggregates of the primary CdS particles.
The larger particles were obtained for microemulsion C
with lower viscosity. This result is consistent with the obser-
vations of the TEM images and the UV/Vis absorption
spectra.

Figure 5. Shear stress vs. shear rate curves for the three microemul-
sion systems without CdS particles. (A) microemulsion A (ω =
0.19), (B) microemulsion B (ω = 0.21), (C) microemulsion C (ω =
0.24).

On the basis of the above observations and the monodis-
perse nanosphere structure we were able to propose a pos-
sible mechanism, as shown in Scheme 1. In the inverse mi-
croemulsion H2O/SD31/n-butanol/n-heptane, the hydrophil-
ic PEO of the amphiphilic dendritic polyether copolymer
SD31 formed the water core, and the hydrophobic PPO and
arom parts were oriented outwards. The cadmium ions that
were initially dissolved in the water core reacted with the
S2– ions that were slowly released from thioacetamide
(TAA). Monodisperse CdS nanospheres were obtained be-
cause the reaction was restricted to the nanowater core.

Scheme 1. Proposed mechanism for the formation of monodisperse
CdS nanospheres; PEO = poly(ethylene oxide), PPO = poly(propyl-
ene oxide), arom = bisphenol A.[48]

Conclusions

Nanosized CdS spheres were facilely synthesized in
water-in-oil microemulsions prepared by amphiphilic den-
drimers through the slow release of S2– ions from thioacet-
amide under heating. It was shown that the nanometer-
sized water cores are well-suited for nanoparticle synthesis.
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Particle growth occurs within the water core of the micro-
emulsion, and the precursors of the semiconductor particles
are water-soluble. The sizes of the CdS spheres obtained
in three different systems are diverse, but all spheres are
composed of cubic CdS crystals of the zinc blende struc-
ture. It was revealed that the diameter of the CdS spheres
increased as the [water]/[dendrimer] mass ratio (ω) in-
creased, i. e., as the water-core size increased. The viscosity
of the three microemulsions decreased with increased ω,
which affected the flow and exchange of the ions. High vis-
cosity led to low ion flow and induced small particles to
form, preventing the particles from aggregating. It is ex-
pected that this convenient synthetic route to CdS spheres
may be readily extended to the fabrication of other metal
chalcogenide semiconductor nanoparticles.

Experimental Section
Materials: Unless otherwise noted, all chemicals were reagent grade
and were used as received without purification. Amphiphilic den-
dritic polyether copolymer SD31 (MW = 10600 gmol–1) was syn-
thesized as per ref.[48] and the molecular structure is shown sche-
matically in Figure 6. Thrice distilled water was used in all experi-
ments.

Determination of the Phase Diagram: The quasiternary phase dia-
gram was constructed at room temperature (25±1 °C). SD31 and
the cosurfactant, n-butanol, were combined in the mass ratio1:2.
Then n-heptane was combined with the above mixture in the mass
ratios 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, and 1:9 and shaken vigor-
ously. Water was gradually added dropwise to the above 10 samples
under shaking, and then the samples were left to settle for two
days. The formation of water-in-oil microemulsions was determined
through visual observation, which revealed the phase transforma-
tion or phase separation of the ternary system. The quasiternary
phase diagrams of the systems are given in Figure 7.

Synthesis of CdS Nanoparticles: In the water-in-oil microemulsion
region, three systems (see Figure 7 A, B, and C) with the same
amount of water (6% wt.) but different [water]/[dendrimer] mass
ratios (ω) were selected as nanometer-sized reaction cores to syn-
thesize CdS. In a typical experiment, microemulsion A, containing
CdCl2 solution (1.44 mL, 0.1 ), dendrimer SD31 (7.5 g), and n-
butanol (15 g), was prepared. Thioacetamide (TAA) solution
(1.44 mL, 0.1  in ethanol) was added to microemulsion A whilst
stirring until a homogeneous mixture formed. Then the final micro-
emulsion was sealed and placed under constant temperature
(50 °C) for 8 h, where the slow release of S2– ions from TAA led to
the formation of CdS particles. The resulting solution was centri-
fuged at 12000 rmp, washed with ethanol under sonication, and
separated by repeated centrifugation. The final product was dried
to yield a powder at 50 °C. Microemulsion B was composed of
CdCl2 (1.60 mL, 0.1 ), dendrimer SD31 (7.5 g), n-butanol (15 g),
and n-heptane (2.5 g), while microemulsion C was composed of
CdCl2 (1.68 mL, 0.1 ), dendrimer SD31 (7 g), n-butanol (14 g),
and n-heptane (5.3 g).

Characterization: Transmission electron microscopy (TEM,
JEM100-CXII) was used to directly observe the morphology and
size of products. Powder X-ray diffraction (XRD) patterns were
recorded with a Rigaku D/Max 2200-PC diffractometer with Cu-
Kα radiation (λ = 1.5418 Å) and a graphite monochromator at am-
bient temperature. UV/Vis absorption spectra were obtained with
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Figure 6. The molecular structure of the amphiphilic dendrimer SD31.

Figure 7. Ternary phase diagram of the H2O/SD31/n-butanol/n-
heptane system. Inset shows the water-in-oil (w/o) inverse micro-
emulsion region. A (ω = 0.19), B (ω = 0.21), and C (ω = 0.24) were
the three microemulsions used in nanoparticle synthesis.

a Hitachi U-4100 dual-beam grating spectrophotometer with a 10-
mm quartz cell. PL spectra were obtained with a Perkin-Elmer LS-
55 fluorescence spectrophotometer. The excitation wavelength λex

was 400 nm, and the bandwidths of excitation and emission were
both 10 nm. Fluorescence measurements were obtained on suspen-
sions in quartz cuvettes. Shear stress versus shear rate rheological
data was measured with an NXS-11A rotary viscometer.
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