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The general study of crystal growth of spherical-like nanoparticles involves monitoring
the Kinetics during the progress of the reaction. In the case of cadmium sulfide (CdS),
cadmium acetate and sodium sulfide are employed as starting reagents that are dissolved
in different solvents (ethylene glycol, glyme, diglyme, and trioctylphosphine) to study the
solvent effect on monomers, nucleation rates, and the quality of the seeds. Trialkylphosphine
oxide (alkyl = ethyl or octyl) is chosen as a surfactant to passivate the surface of CdS
nanoparticles. We propose a kinetic approach model to illustrate the unreported time-evolved
crystal growth mechanism observed in this case. An experimental value for the diameter of
critical volume (V.), a nanosized volume with a relative minimum surface-volume tension
and considered a temporal stable stage (r = 5.7 nm in this case), is derived from transmission
electron microscopy images. The size of the nanoparticles made by this synthesis route is
tunable by variation of the reaction time and control of the reaction temperature; in addition,
the resulting sizes are suitable for spectroscopic testing of electron quantum confinement.
The X-ray powder diffraction data are consistent with a pure hexagonal CdS lattice and

show no evidence for a mixed phase involving cubic symmetry.

Introduction

Colloidal semiconductor nanoclusters have been in-
tensively investigated for the past decade!~* because of
their unusual magnetic® and optical properties.® There
are many well-developed synthetic routess that attempt
to provide control over the size distribution and, eventu-
ally, a monodisperse size’ 14 that is critically important
for defining size-dependent optoelectronic properties due
to the quantum confinement of electrons.®1516 However,
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the most demanding requirement is that these nano-
particles can be custom-designed for their optoelectronic
application purpose!” and, potentially, mass-produced.
Synthesis methods employing polymers and glasses
produce size-polydisperse products.181° Zeolites limit
nanoparticle diameters to pore dimensions!62021 and
lithographic technology cannot reach the necessary
resolution®22 to synthesize size-quantized 11-VI ma-
terials, such as CdS or CdSe. lon-sputtering technology
produces crystalline GaSb quantum dots 35 nm in
diameter that are arranged in a regular hexagonal
lattice but has not been used for CdS.?® Reverse/inverse
micelle systems, generally used in the preparation of
metal nanoparticles, with surfactants and copolymers
give a well-controlled size distribution with the diameter
smaller than that of the micelles.2425 Sol—gel methods
with the aging of a highly concentrated solution of Cd?*
ion in combination with chelating agents at room
temperature can produce a uniform-disperse product
with a mean diameter from 43.9 to 249 nm.?8 Single-
molecule precursors synthetic approaches offer high-
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quality CdS or CdSe nanoparticles obtained by re-
isolation and re-dispersion of the product to reach an
average size and size distribution of 50 + 8 A27 A
thermolysis method using trioctylphosphine sulfide
(TOPS) can produce similar quality CdS nanoparticles
by refluxing air-sensitive starting reagents with TOPO
but the yield and size distribution data are not avail-
able.’® Solution syntheses that employ polymer-matrix-
encapsulation methods to grow CdS nanoparticles inside
a polymer network can make very small nanoclusters
with diameters from 15 to 55 A but thermal annealing
is needed to improve the crystallinity of the product.28
The most promising of current technologies to offer
monodisperse nanoparticles is the use of coordinating
solvents and stabilizing agents to control particle nucle-
ation, crystal growth, and final particle size.1129-36 |n
this report, we present a reliable solution synthesis
route using non-air-sensitive starting reagents to pro-
duce size-tunable, high-quality monodisperse nanopar-
ticles with a standard deviation as small as 5.9%. The
tightest size distribution reported to date is ~5.0% using
highly air-sensitive starting reagents.® The subsequent
processing steps to narrow down the size distribution
and/or to improve the quality of nanoparticles are not
necessary in our case.

Experimental Section

Chemicals. Cadmium acetate and sodium sulfide were
purchased from Aldrich. Reagent-grade ethylene glycol (EG)
(99.5% Aldrich), ethylene glycol dimethyl ether (glyme) (99.5%
Aldrich), 2-methoxyethyl ether (diglyme) (99+%), triethylphos-
phine oxide (TEPO) (99.9% Aldrich), and trioctylphosphine
oxide (TOPO) (99% Aldrich) were used without any further
purification. HPLC-grade hexane and methanol and reagent-
grade 1-butanol were obtained from Aldrich and used as
supplied.

Synthesis and Characterization. The CdS nanoparticles
were synthesized via the reaction of cadmium acetate and
sodium sulfide in a Schlenk line N, atmosphere. The starting
reagents (1.0 mmol for each precusor) were dissolved com-
pletely in selected solvents (20 mL) and kept as a stock
solution. A 1.5-mL stock solution was injected into a hot
surfactant solvent (5.0 g) (TEPO, 215 °C or TOPOQO, 340 °C) as
the initial source of monomers. The color of solution changed
from orange to deep orange during the reaction. A second
injection (0.2 mL) was added at the 120th min. At the growth
temperature (200—230 °C), aliquots (0.2—0.3 mL for each
withdrawn) were taken to calibrate the quality of the nano-
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Table 1. Synthesis Condition and Results of CdS
Nanoparticles®
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sample solvent surfactant time size of QD
1 80% glyme + 20% EG TEPO 50 3.0—-15.0 nm
2 80% glyme + 20% EG TOPO 50 4.0—-15.0 nm
3 glyme TOPO 50 X
4 80% diglyme + 20% EG  TEPO 50 4.0—-10.0 nm
5 80% diglyme + 20% EG  TOPO 50 5.0-7.0nm
6 diglym TOPO 50 X
7 TOP TOPO 50 x
8 EG TOPO 50 x

2 TEPO = triethylphosphine oxide; TOPO = trioctylphosphine
oxide; X = product shows no convincing evidence for nanoparticles
under TEM.

particles by ultraviolet—visible and photoluminescence spec-
troscopy and the crystal size by transmission electron micros-
copy and X-ray powder diffraction. Each product was washed
with 10 mL of methanol twice and then 15 mL of 1-butanol to
remove surfactant residue completely. The final orange pre-
cipitate can be dried as a powder or re-suspended in methanol
or 1-butanol.

X-ray powder diffraction data were obtained on a Scintag
4000. Data were measured at room temperature using Cu Ka,
radiation. Transmission electron microscopy (TEM) images
were collected on a JEOL 2000FX and 2010 HR and both are
with a 200-kV accelerating voltage. Samples were prepared
by evaporation of the colloidal solution onto a 300-mesh Cu
grid. Optical absorption spectra of methanol colloids in a
quartz cell were obtained with a Shimadzu UV 1601 spectro-
photometer. Photoluminescence spectra were obtained from
a SPEX FluoroMax spectrophotometer with an excitation
wavelength at 360 nm. All spectra were collected at room
temperature.

Results and Discussion

The synthesis conditions and results obtained for CdS
nanoparticles are given in Table 1. The size distribution
and quality of nanoparticles vary with coordinating
solvent and surfactant. The reaction temperature also
contributes to the determination of nanocrystal qual-
ity.22 The synthesis route of sample 5 was selected to
evaluate the reaction progress for CdS due to its reliable
yield (>60%) and tight size distribution. After injection
of stock monomers into hot TOPO (350—330 °C), nucle-
ation occurred immediately, followed by competition
between decomposition and nucleation of seeds. The
competition mechanism observed in CdS is different
from that of CdSe because of the obvious difference in
ionic solubility product between CdS (Ksp = 1.4 x 10
~19) and CdSe (Ksp = 1.4 x 10 ~34). A detailed competi-
tion mechanism is illustrated in the following para-
graph. The temperature was set between 230 and 200
°C to favor the equilibrium between seeds and mono-
mers. The precise kinetics of nucleation and decomposi-
tion between seeds and monomers are difficult to study.
However, the equilibria between nucleation and decom-
position are known to be highly dependent on temper-
ature and concentration.11.22:37

Figure 1 shows four TEM micrographs for different
progress times (22, 50, 100, and 150 min) during the
synthesis. After 22 min from the initial injection,
equilibrium has been reached. The seeds surviving from
the competition grow quickly to V. size but some smaller
seeds decompose back to monomers, as shown in Figure
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Figure 1. TEM images for samples with different progress times: (a) 22 min, a large number of small size (3—4 nm) nanocrystals
are shown. (b) 50 min, in this regime, the size of nanoparticles is convergent with a standard derivation (o) of 5.9%. The average
diameter of V. and ¢ is taken over more than 250 roughly spherical nanoparticles but the irregular ones were intentionally
ignored, ~4% of the total number of nanoparticles, as marked with short arrows in this image. (c) 100 min, size lost convergence.
Some V. particles crossed over Ej; and reached the bulk regime. Aggregation of nanoparticles is observed at this step. (d) 150 min,
new small size nanoparticles are shown after the second injection (at the 120th min). Aggregation is still observed in this micrograph.

la. The 50-min TEM image, Figure 1b, shows that the
average size of nanoparticles increases slowly upon
reaching V.. Size distribution focusing phenomena are
observed at this step. An experimental V¢ value, 5.7 nm
with a standard derivation of 5.9%, is calculated by
calibrating the nanoparticles sizes from four TEM
images of a 50-min sample; the average is taken over
more than 250 roughly spherical nanoparticles but
intentionally ignored the irregular ones in the images,
~4% of the total number of nanoparticles, as marked
with short arrows in Figure 1b. The size value calcu-
lated from the X-ray diffraction pattern of the same

sample is about 8—15% larger than that obtained from
TEM images and is considered consistent. The V; value
derived from TEM micrographs is potentially smaller
than the real one because only the average size and the
variance are considered but not the possibility of asym-
metry of distribution and nonspherical particles.3” A
more accurate experimental method of sizing will be
required to determine the V. value. Figure 1c (100 min)
shows that some V. nanoparticles crossed over the
activation energy of bulk (E;) and reached the bulk
regime, while a large number of nanoparticles remain
the V. size. Aggregation occurs obviously at this step in
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Figure 2. Room-temperature absorption (left) and photoluminescence spectra (right) for samples with different progress times.
The sharp UV spectra and narrow half width of PL spectra, smaller than 50 nm, indicate tight size distribution and good crystal

quality.

both bulk and V. size nanocrystals. New monomers (0.2
mL) were injected at the 120th min to study the
concentration factor. The size distribution is expected
to refocus and the average size may be shifted back to
a smaller value because new nanocrystalline seeds will
be produced at the new equilibrium. Figure 1d (150 min)
shows a large number of aggregated bulk size particles
(>20 nm) and V. nanoparticles mixed with some small
size nanocrystals (3—4 nm); the latter sizes were not
seen in the 100-min TEM image. The existence of these
small nanoparticles in the 150-min TEM image suggests
that a new equilibrium has been reached and new
crystalline seeds were formed.

Figure 2 shows the UV—visible absorption spectra
and photoluminescence spectra for five different progress
times for sample 5. A red shift is observed in both
spectra as the reaction time increases. The absorption
peaks of these products are relatively sharp, which
indicates a tight size distribution and good crystal
quality.1930 The half-width of the PL peak is smaller
than 50 nm and is similar to that of the UV—vis peak.
The long tail peak associated with deep trap states due
to surface or core defects is not evident in these
samples.838:39 The quantum yield, using Rhodamine as
a standard (=1.0) and measured with the same optical
density, is about 0.55—0.65 at room temperature. These
experimental results suggest that the CdS nanoparticles
have relatively good quantum efficiency (small differ-
ence in half-width between PL and UV—vis peak) and
guantum yield so that these nanoparticles are of the
quality necessary for the study of quantum confinement
theory.

The time-evolved size distribution and standard
derivation (%) of sample 6 are shown in Figure 3. The
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Figure 3. Average size distribution and standard derivation.
The data extracted from PL spectra are marked with an open
circle and those extracted from TEM images are marked with
a filled circle in the average size figure. The arrow indicates
the time of the second injection.

size data extracted from PL spectra, by assuming each
size has the same emission function and the same
emission efficiency for different sizes, are marked with
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Scheme 1. CdS Nanocrystal Growth
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open circles. Data measured directly from TEM images
using the average value of size of well-defined spherical
nanoparticles are marked with filled circles. In the
nucleation step, the average size increases quickly and
the standard derivation decreases simultaneously. As
the reaction approaches the size convergence regime
(30—75 min), the growth speed of nanoparticles slows
down to give an average size of 5.2—5.8 nm and a
relatively small standard derivation (5.9—7.9%). TEM
images taken at different reaction times revealed that
the number of particles are approximately similar in the
convergence regime but decrease in the divergence
regime. This result is consistent with our model, see
below, and with the literature.3” After new monomers
are injected at the 120th min, all particles grow again
and similar growth Kinetics are observed in 125 and
150-min samples. The average size of the 150th-min
sample shrinks 6.8% relative to the 125-min sample.
This implies that refocusing of the average size has
occurred. If the bulk size particles are removed from
calculation, the size deviation of new nanoparticles for
the 150-min sample can be as small as 11.2%.

We propose a time-evolved, kinetic-dependent model,
based on the phenomena observed in our experimental
results, to monitor the mechanism of CdS nanocrystal
growth from the initial nucleation to bulk size regime,
as shown in Scheme 1. In the initial step, crystalline
seeds are formed suddenly after the injection of mono-
mers. The sizes of the seeds are somewhat different and
reaction is followed by competition between decomposi-
tion and nucleation. Larger seeds surviving from com-
petition cross over the activation energy barrier (Ej)
and grow toward the size of critical volume (V;). On the
other hand, smaller seeds are still in the competition
or even decompose back to monomers. The size distribu-
tion diverges due to the different growth speeds.122:37
The competition mechanism is shown in the following
equations:

mCd** + nS?” — (CdS), + (CdS), + (CdS), +
(m—x—y—2)Cd*" + (m—x—y-2)S*" (1)
(CdS), — (CdS),_, + Cd** + S*~ (2a)
Cd*" + 8% + (CdSs), — (CdS),,, or (CdS), —
(Cds), , + Cd*" +s*" (2b)
Cd** + $?~ + (CdS), — (CdS),, (2c)
(m n>>x,y,zand z > y > X)

Then, the system reaches equilibrium through the
depletion of smaller seeds, (CdS)x. The concentration of
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monomers and the number of seeds remain constant
before equilibrium is lost. All seeds grow at this step.
However, bigger seeds, such as (CdS),, grow more
quickly than others to reach the V, size. Upon reaching
or slightly passing over V., a relative lower potential
state, the V. size nanoparticles slow growth speed. But
newly surviving competition seeds, (CdS)y, just passing
over the energy barrier E}, grow quickly toward V..
The size distribution of nanoparticles converges gradu-
ally at this step. It is possible to obtain monodisperse
nanoparticles (o < 7.0%) by stopping the progress of the
reaction in the time period of the size convergence
regime. If the reaction is allowed to continue after the
V. time, early V. nanoparticles, formed by (CdS),, will
begin crossing over E; and grow slowly to bulk size,
the final stable state. Particle sizes smaller than V;
nanocrystals, such as (CdS)y-1, decompose gradually and
provide monomers for nanoparticles crossing over Ej
to grow. Meanwhile, the new V. nanoparticles, formed
by (CdS)y, maintain or change their sizes slightly. After
depleting all available (CdS),-1 seeds, there is no other
source of monomers to maintain the equilibrium con-
centration of monomers. The equilibrium of the system
is lost and convergence of the size distribution is no
longer possible.

Summary

A time evolution kinetic-dependent crystal growth
model has been proposed to monitor the nanocrystal
growth mechanism of CdS in a solution synthesis.
Photoluminescence spectra, UV—visible spectra, X-ray
powder diffraction, and TEM images were employed to
calibrate the V. value and the average size of products
with different progress times. The sharp UV—visible
and narrow photoluminescence peaks indicate a tight
size distribution and good crystal quality. The average
size distribution and size standard derivation were
derived from PL spectra and TEM images. In the size
convergence regime, an average size distribution from
5.2 to 5.8 nm was observed. The V, value (5.7 nm with
o =5.9%) is calculated from the size data shown in four
TEM images of a 50-min progress time sample by
ignoring the possibility of asymmetry of distribution and
nonspherical particles. As new monomers were added,
a refocus of the V. size and re-convergence of size
distribution phenomena occur as the reaction reaches
a new equilibrium.

Acknowledgment. The authors are grateful to the
National Science Foundation (Grant DMR 96-34396 and
DMR 98-71849) and Office of Naval Research ONR
N00014-99-1-0728 for financial support. C.-S.Y. thanks
Celia Wrathall for helping to revise the manuscript.
Work at the Material Research Laboratory, University
of California Santa Barbara, make use of the MRL
Center Facilities supported by the National Science
Foundation under Award DMR 96-32716.

Supporting Information Available: Typical X-ray pow-
der diffraction pattern for aliquots taken from sample 6 with
22-, 50-, and 100-min progress time (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.

CMO0005384



