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Introduction

The mechanism for the growth of nanocrystals has attracted
significant attention recently in view of its importance, both
academically and technologically.[1,2] A popular mechanism
employed to explain the growth kinetics of nanocrystals is
the diffusion-limited Ostwald ripening process following the
Lifshitz-Slyozov-Wagner (LSW) theory.[3,4] Alivisatos and
coworkers[5] examined the growth of CdSe and InAs nano-
crystals by employing UV/Vis absorption spectroscopy to
determine the size of nanocrystals, and the bandwidths in
the photoluminescence spectra to determine their size distri-
bution. They observed a focusing and defocusing effect of

the size distribution similar to that expected in Ostwald rip-
ening. Qu et al.[6] noted an asymmetric diameter distribution
similar to that expected for diffusion-limited Ostwald ripen-
ing at the last stage of the growth mechanism in the case of
CdSe nanocrystals. Peng and Peng[7,8] examined the growth
kinetics of CdSe nanorods by UV/Vis spectroscopy and
transmission electron microscopy (TEM), and found the dif-
fusion-controlled model to be valid when the monomer con-
centration was sufficiently high. Searson and coworkers[9–11]

found the growth of ZnO and TiO2 nanocrystals to follow
Ostwald ripening as the dominant mechanism. Our own
study of growth kinetics of uncapped ZnO nanorods[12] has
shown a diffusion-controlled growth. Based on an in-situ
TEM investigation, El-Sayed and coworkers[13] reported a
diffusion-controlled growth of small gold nanoclusters.

There are several reports in the literature, in which the
growth kinetics of nanocrystals is observed to deviate from
the simple diffusion-limited Ostwald ripening model. Sesha-
dri et al.[14] propose the growth of gold nanocrystals to be es-
sentially stochastic, wherein the nucleation and growth steps
are well separated. A recent study of the nucleation and
growth of gold nanocrystals by small angle X-ray scattering
(SAXS) and UV/Vis spectroscopy over a very short time
scale suggests a surface reaction-limited growth of nanocrys-
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tals in the presence of an alkanoic acid.[15] The slow growth
kinetics of gold nanocrystals has been recently reported to
follow a sigmoidal growth law rather than Ostwald ripen-
ing.[16] Sarma and coworkers[17] reported that the growth ki-
netics of CdS and ZnS nanocrystals, investigated by SAXS,
does not follow the Ostwald-ripening model. These workers
also reported that the growth kinetics of the ZnO nanocrys-
tals in the absence of any capping agent, deviates from dif-
fusion-controlled Ostwald ripening.[18,19] These studies, as
well as the theoretical studies of Talapin et al.[20] suggested
that the growth kinetics of nanocrystals are best explained
on the basis of a combined model containing both the diffu-
sion of monomers and the reaction at the surface. Growth
kinetics of nanocrystals in the presence of capping agents is
controlled by several factors, and signatures of either the
diffusion or the surface reaction-controlled regimes are
seen. The effect of capping agents on the growth of nano-
crystals has been examined by a few workers.[5–8,21–27] For ex-
ample, the growth kinetics of ZnO nanorods in the presence
of poly(vinyl pyrollidone) (PVP) is best explained on the
basis of a combined growth model involving both diffusion
and surface reaction.[12]

In view of the importance of understanding of the de-
tailed growth mechanism of II-VI semiconductor nanocrys-
tals, we considered it valuable to investigate the growth ki-
netics of CdSe and CdS nanocrystals over relatively long pe-
riods by employing a variety of techniques. Most of the stud-
ies of the growth kinetics of CdSe and CdS nanocrystals re-
ported in the literature are based on UV/Vis and
photoluminescence (PL) spectroscopies, which are indirect
and are strongly affected by the change in the electronic
structure of the nanomaterials. We have therefore employed
SAXS along with TEM, and UV/Vis and PL spectroscopies
for our study of the growth kinetics of CdSe and CdS nano-
crystals. Employing such independent techniques is impor-
tant because of the limitations of each of the techniques.
SAXS provides a direct probe to determine the size and
shape of nanomaterials, and the sampling size is very much
larger than that in TEM measurements. Additionally, SAXS
is most suited for an in-situ study of the growth of nanocrys-
tals. We have also obtained the size distribution of the nano-
crystals by TEM at different times of growth. Although
TEM is the most direct probe to obtain the size, shape, and
size distribution of nanostructures, it is not possible to carry
out in-situ measurements, especially when the initial nano-
structures are small in size.

We have employed a solvothermal reaction between cad-
mium stearate [Cd(st)2] and Se or S powder, in the presence
of dodecanethiol or trioctylphosphine oxide (TOPO) in tol-
uene and a catalytic amount of tetralin.[28,29] We have ob-
tained growth-kinetic data starting with different initial con-
centrations of Cd(st)2, and report the results of this study in
this article. Our study has provided good kinetic data on the
growth of CdSe and CdS nanocrystals. The data, however,
do not conform to diffusion-limited Ostwald ripening in
both cases. The growth mechanism in both CdSe and CdS
nanocrystals deviates from the diffusion-limited LSW

model, requiring the inclusion of an additional contribution
from a surface process.

Results and Discussion

SAXS measurements on the growth of dodecanethiol-
capped CdSe nanocrystals were carried out at different ini-
tial concentrations of Cd(st)2. Figure 1a and b shows typical

logarithmic scale plots of intensity versus scattering vector
for different times of growth in the case of nanocrystals pre-
pared with 0.05 g (0.07 mmol) and 0.2 g (0.29 mmol) of
Cd(st)2, respectively. The changes observed in the SAXS
patterns clearly indicate that the nanocrystals grow as a
function of time at both concentrations of Cd(st)2 investigat-
ed. To estimate the average diameter and diameter distribu-
tion of CdSe nanocrystals, we have fitted the experimental
SAXS data to the spherical model mentioned in the Experi-
mental Section. The scattering contrast for X-rays is given
by the electron-density difference between the particle and
the solvent. As CdSe has a higher contrast than the solvent,
only the CdSe particles need to be considered for analysis.
In the case of a diluted assembly of spherical particles, ne-
glecting particle interaction, the scattering intensity is given
by Equation (1)

IðqÞ /
Z

f ðRÞVðRÞ2Pðq;RÞdR ð1Þ

in which V(R) and P ACHTUNGTRENNUNG(q, R) are the volume and form factor,
respectively, of a sphere of radius, R. The form factor of the
sphere is given by Equation 2.

Pðq;RÞ ¼ 3fsinðqRÞ � qR cosðqRÞg
ðqRÞ3

� �2

ð2Þ

Figure 1. SAXS data for the growth of CdSe nanocrystals prepared from
a) 0.05 g (0.07 mmol), and b) 0.2 g (0.29 mmol) of cadmium stearate after
different times of the reaction. Solid lines are the spherical model fits to
the experimental data.
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In Equation (2), q is the scattering vector (q ¼ 4pSinq=l,
in which, q is scattering angle and l is X-ray wave length),
and R, the radius of the sphere. To obtain the particle size
distribution, we used the Gaussian distribution, f(R) in
Equation (3).

f ðRÞ ¼ 1

s
ffiffiffiffiffiffi
2p
p e� ðR�R0Þ2=2s2½ 
 ð3Þ

Least-square refinement yields two parameters, R and s,
in which the latter is the standard deviation. The solid
curves in Figure 1 are the sphere-model fits of the experi-
mental SAXS data. The fits with the experimental patterns
are quite good, yielding the average diameter, as well as the
diameter distributions for different growth times.

We have estimated the diameter, D, of the CdSe nano-
crystals after different periods of growth from the SAXS
data, and show the time evolution of the diameter distribu-
tion in Figure 2a in the case of nanocrystals prepared with
0.2 g (0.29 mmol) of Cd(st)2. Figure 2b represents the corre-

sponding time evolution of the standard deviation of the di-
ameter distribution, sD (i.e. half-width of the diameter distri-
bution). The width of the diameter distribution increases up
to a certain time, undergoes a sudden drop, and finally
reaches a maximum value. We have observed a similar fluc-
tuation in the diameter distribution in the case of CdSe
nanocrystals prepared from a lower concentration of
Cd(st)2. Such focusing and defocusing of the diameter and
length distributions has been noticed earlier in the case of
CdSe nanoparticles[5] and of ZnO nanorods.[12] When the
monomer concentration gets depleted, arising from the
faster growth of the nanocrystals, the smaller nanocrystals
start to shrink, while the bigger ones keep growing. The size
distribution, therefore, becomes broader (e.g., t=3 hrs).
Dissolution of the small nanocrystals again enriches the mo-
nomer concentration in the solution, with the growth of the
bigger nanocrystals continuing through the diffusion of the

monomer from solution to the nanocrystals surface, giving
rise to a focusing of the diameter distribution (e.g., t=4 to
5 hrs). The focusing and defocusing of the diameter distribu-
tion is, thus, dependent on the variation of the monomer
concentration in the solution, indicating that the growth of
CdSe nanocrystals occurs, at least partly, by diffusion of mo-
nomer from the solution to the surface of the nanocrystals.

We have carried out TEM measurements at a few points
during the growth of the CdSe nanocrystals. Figure 3 shows

typical TEM images of CdSe nanocrystals prepared with
(0.2 g, 0.29 mmol) of Cd(st)2 after different periods of
growth to illustrate how the size of the CdSe nanocrystals
increases with increasing growth time. We have estimated
the average diameter and the diameter distribution of CdSe
nanocrystals at different stages of the growth from the TEM
images. Although the TEM data are not statistically as satis-
factory as SAXS, the diameter distributions obtained from
TEM and SAXS after 3, 4, 5, and 10 h of growth show good
agreements.

We have also carried out UV/Vis and PL spectroscopy
measurements to obtain additional information on the
growth kinetics of CdSe nanocrystals. Figure 4a and b, re-
spectively represent the time evolution of UV/Vis and PL
spectra of the CdSe nanocrystals prepared from 0.2 g
(0.29 mmol) of Cd(st)2. The UV/Vis spectra show three

Figure 2. a) Time evolution of diameter distribution of the CdSe nano-
crystals prepared from 0.2 g (0.29 mmol) of cadmium stearate and b) the
corresponding time evolution of the standard deviation, sD, of diameter
distribution. The distributions are obtained from the spherical model fits
to the experimental SAXS data, recorded after different reaction times
(1–10 hrs).

Figure 3. TEM images of CdSe nanocrystals prepared from 0.2 g
(0.29 mmol) of cadmium stearate obtained after a) 3 and b) 10 hrs of
growth. Insets show the diameter distributions obtained from TEM. NF:
normalized frequency.

Figure 4. a) UV/Vis spectra and b) photoluminescence spectra of CdSe
nanocrystals prepared from 0.2 g (0.29 mmol) of cadmium stearate ob-
tained after different times of growth (1–10 hrs).
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clearly resolved bands at approximately 410, 458, and
505 nm after 3 h of the reaction, which is consistent with
that reported in the literature.[5,28,30] With increasing reaction
time, the absorption bands of CdSe nanocrystals are red-
shifted from 400 to 600 nm as the particle size increases. We
have calculated the average diameters of the CdSe nano-
crystals after different times of the reaction from the UV/
Vis spectra following the method described in the Experi-
mental Section.

The PL spectra of CdSe nanocrystals in Figure 4b show
clearly resolved band-edge luminescence (e.g., 518 nm band
after 3 h of reaction), which is consistent with the litera-
ture.[5,6, 28,30] The PL band of CdSe nanocrystals is red-shifted
from 455 to 615 nm with increasing reaction time. The width
of the PL spectra also provides information about the parti-
cle-size distribution.[6] The width of the PL band changes
with an increase in reaction time similar to the relationship
observed for the width of diameter distribution with time
(Figure 2). The diameter distributions derived from PL
bands are similar to those from SAXS, showing a broaden-
ing and narrowing of the PL bandwidth with reaction time.[6]

Surprisingly, the PL bands become symmetric (t=1, 3, 4,
and 10 h) and asymmetric ( t=2 and 5 h) during the growth
of the particle. The LSW theory of growth predicts an asym-
metric size distribution.[2,3] Thus, the PL data reveal that the
diffusion-limited reaction contributes to the growth of CdSe
nanocrystals.

In Figure 5, we have shown the time evolution of the aver-
age diameter obtained from SAXS (filled circles), TEM
(open circles) and UV/Vis spectroscopy (open triangles) of
the CdSe nanocrystals prepared with two different concen-
trations of Cd(st)2. The diameters obtained from different
techniques are in close agreement. The diameter of the
CdSe nanocrystals varies from 1 to 2.1 nm and from 1.3 to

4.4 nm when the starting Cd(st)2 concentrations are 0.07 and
0.29 mmol, respectively. With increasing concentration of
Cd(st)2, the diameter of CdSe nanocrystals increases, with
higher monomer concentrations favoring the formation of
bigger CdSe nanocrystals.

Although some qualitative evidence for the diffusion-lim-
ited growth of CdSe nanocrystals is provided by the obser-
vation of the focusing and defocusing diameter distribution,
a better insight is obtained from the time evolution of the
average diameter of nanocrystals. If the diffusion-limited
Ostwald ripening according to LSW theory[3,4] were the sole
contributor for the growth, the rate law would be given by
Equation (4)[2]

D3 �D3
0 ¼ Kt ð4Þ

in which D is the average diameter at time t, and D0, the
average initial diameter of the nanocrystals. The rate con-
stant K is given byK ¼ 8gdV2

mC1
�
9RT, with d the diffusion

constant at temperature T, Vm, the molar volume, g, the sur-
face energy, and C1, the equilibrium concentration at a flat
surface. We have tried to fit the D(t) data of the CdSe nano-
crystals obtained from SAXS, TEM, and UV/Vis spectrosco-
py to the Ostwald-ripening model and found that it was not
possible to obtain a good fit of the D(t) data by using Equa-
tion (4). A typical fit, using Equation (4), of the D(t) data of
the CdSe nanocrystals obtained, is shown in Figure 5 by the
broken curve. The fit is not satisfactory with a coefficient of
determination, R2, of 0.33 and 0.58 for 0.07 and 0.29 mmol
of Cd(st)2, respectively. The growth process clearly deviates
from diffusion-limited Ostwald ripening. We have tried to fit
the D(t) data to the surface-limited reaction model (D2 / t)
or by varying the value of the exponent (n in Dn / t;), and
found that the fit of the data was unsatisfactory to both the
surface-reaction model and to a variable-n model.[2] To fit
the experimental D(t) data of the CdSe nanocrytals, we
have, therefore, used a model which contains both the diffu-
sion-limited and surface-limited growth,[2,12,19] shown in
Equation (5)

BD3 þ CD2 þ const ¼ t ð5Þ

in which, B ¼ AT=expð�Ea=kBTÞ, A / 1
�
ðD0gV

2
mC1Þ and

C / T=ðkdgV2
mC1Þ, kd is the rate constant of surface reac-

tion. The goodness of fits with R2=0.99 and 0.97 for the
lower and higher concentrations of Cd(st)2, respectively,
over the entire range of experimental data by the combined
diffusion and surface reaction-control model is shown by the
thick solid curve in Figure 5. The observed improvement to
the fitting of the data suggests that the growth of the CdSe
nanocrystals appears to have contributions from the surface
reaction as well.

We have studied the effect of a capping agent on the
growth kinetics of CdSe nanocrystals. For this purpose, we
have employed trioctylphosphine oxide (TOPO) in place of
dodecanethiol keeping the other conditions same at the
time of the reaction. We have estimated the diameters and

Figure 5. Time evolution of the average diameter (D) of the CdSe nano-
crystals obtained from SAXS for different concentrations of cadmium
stearate (filled circles). TEM data are shown by open circles. Average di-
ameter calculated from UV/Vis spectra are given by open triangles. Solid
curves represent fits of the data to the combined surface- and diffusion-
growth model. Dotted curve is the Ostwald ripening-model fit to the ex-
perimental data.
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diameter distributions of TOPO-capped CdSe nanocrystals
after different times of the reaction by using SAXS, TEM,
UV/Vis, and photoluminescence, as was undertaken for the
dodecanethiol-capped CdSe nanocrystals. In Figure 6, we
show the average diameter of TOPO-capped CdSe nanocry-

tals obtained from SAXS, TEM, and UV/Vis spectroscopy
after different times of the reaction. Diameters obtained
from the different techniques show close agreement. The di-
ameter of the CdSe nanocrystals varies from 1.1 to 2.7 nm
when the starting Cd(st)2 concentration is 0.29 mmol. In the
presence of TOPO, the increase in diameter is somewhat
smaller compared to that observed in the dodecanethiol-
capped case. We have found the Ostwald ripening model
[Eq. (4)] to be unsatisfactory for the data with TOPO as
capping agent. Utilising the surface-limited reaction model
or by variation of the exponent (n in Dn / t;), does not pro-
vide a good agreement with the experimentally obtained re-
sults. We have therefore used the combined model, Equa-
tion (5), containing both diffusion-limited and surface-limit-
ed growth. The fit is good over the entire range of the data
(R2=0.997, solid curve in Figure 6). Thus, the growth of the
TOPO-capped CdSe also follows the combined diffusion
and surface reaction-control model.

We have carried out studies on the growth kinetics of the
dodecanethiol-capped CdS nanocrystals by a combined use
of SAXS, TEM, and UV/Vis and photoluminescence spec-
troscopy. Figure 7 shows typical intensity versus scattering
vector plots in the logarithmic scale for different times of
growth in the case of CdS nanocrystals prepared with 0.05 g
(0.07 mmol) of Cd(st)2. To estimate the average diameter
and diameter distribution of CdS nanocrystals, we have
fitted the experimental SAXS data to the spherical model.
The width of the diameter distribution obtained from SAXS

shows the similar focusing and defocusing observed in the
case of CdSe nanocrystals. We have also carried out TEM
measurements on the CdS nanocrystals at a few points
during the growth, and Figure 8 shows typical TEM images
of CdS nanocrystals prepared with 0.05 g (0.07 mmol) of
Cd(st)2 after different periods of growth. We have estimated
the average diameter and the diameter distribution of CdS
nanocrystals at different stages of the growth from the TEM
images. Although the TEM data are not expected to be as

Figure 6. Time evolution of the average diameter (D) of the CdSe nano-
crystals obtained from SAXS using TOPO as the capping agent (filled
circles). TEM data are shown by open circles. Average diameter calculat-
ed from UV/Vis spectra are given by open triangles. Solid curves repre-
sent the combined surface and diffusion growth-model fits to the experi-
mental data.

Figure 7. SAXS data for the growth of CdS nanocrystals prepared from
a) 0.05 g (0.07 mmol) of cadmium stearate after different times of the re-
action. Solid lines are the spherical-model fits to the experimental data.

Figure 8. TEM images of CdS nanocrystals prepared from 0.05 g
(0.07 mmol) of cadmium stearate obtained after a) 4 and b) 10 hrs of
growth. Insets show the diameter distributions obtained from TEM. NF:
normalized frequency.
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statistically satisfactory as SAXS, the diameter distributions
obtained from TEM and SAXS after 4 and 10 h of growth
are in good agreement.

Figure 9 represents the time evolution of UV/Vis spectra
of the CdS nanocrystals prepared from 0.05 g (0.07 mmol)
of Cd(st)2. The UV/Vis spectra show one transition (e.g.,

375 nm band after 3 h of the reaction) that is consistent with
the literature.[30] With increasing reaction time, the absorp-
tion bands of CdS nanocrystals are red-shifted from 360 to
390 nm as the particle size increases. The PL spectra of CdS
are not as good as those obtained from CdSe. The band-
edge luminescence is obtained to be about 370 nm after 2 h
of the reaction.

Figure 10 shows the plot of the average diameter obtained
from SAXS (filled circles), TEM (open circles), and UV/Vis
spectroscopy (open triangles) of CdS nanocrystals against
time. Diameters obtained from different techniques exhibit
close agreement. The diameter of the CdS nanocrystals
varies from 2.3 to 3.1 nm when the starting Cd(st)2 concen-
tration is 0.07 mmol. We tried to fit the D(t) data to the Ost-
wald-ripening model [Eq. (4)], yet an unsatisfactory fit was
obtained having an R2 value of only 0.85. A typical fit of the
D(t) data to Equation (4) of the CdS nanocrystals is shown
in Figure 10 by the broken curve. The growth process clearly
deviates from the diffusion-limited Ostwald ripening model.
We found a good fit of the data only with the combined
model, shown in Equation (5), accounting for both diffu-
sion-limited and surface-limited growth. The fit is good over
the entire range of the data (R2=0.99, solid curve in

Figure 10). Thus, the growth of the CdS deviates sufficiently
from the diffusion-limited Ostwald-ripening model, and fol-
lows a mechanism involving both diffusion-control and sur-
face-reaction control.

The growth of the nanocrystals mainly occurs by the diffu-
sion of monomers from solution to the nanocrystal surface,
or by the reaction at the surface, at which units of the diffus-
ing particles get assimilated into the growing nanocrystals.
Diffusion and surface reaction are the limiting cases in the
nanocrystal growth. The presence of a capping agent in both
cases, gives rise to a barrier to diffusion. The contribution of
the surface reaction, therefore, comes into picture. The
growth of capped CdSe and CdS nanocrystals clearly occurs
through a combination of diffusion and surface-reaction pro-
cesses.

Conclusions

A systematic study of the growth of capped CdSe and CdS
nanocrystals has been carried out by a combined use of
SAXS, TEM, UV/Vis, and PL spectroscopies to obtain relia-
ble data on the growth kinetics. The rate of growth was suf-
ficiently slow to follow the kinetics over a long period. Thus,
the data represent the kinetics of the growth immediately
after the nucleation, which probably occurs within a minute
or so. With an increase in the concentration of the starting
metal precursor, Cd(st)2, the diameter of the CdSe nanocrys-
tals increases. Focusing and defocusing of the diameter dis-
tribution, and the asymmetric nature of the PL band of the
nanocrystals, reveal that the diffusion of the monomer con-
tributes towards the growth of the nanocrystals. However,
the best fits of the D(t) data is found to be a D3+D2 model,
suggesting that the growth mechanism of capped CdSe and

Figure 9. UV/Vis spectra of CdS nanocrystals prepared from 0.05 g
(0.07 mmol) of cadmium stearate obtained after different times of growth
(1–10 hrs).

Figure 10. Time evolution of the average diameter (D) of the CdS nano-
crystals obtained from SAXS for 0.05 g (0.07 mmol) of cadmium stearate
(filled circles). TEM data are shown by open circles. Average diameter
calculated from UV/Vis spectra are given by solid triangles. Solid curves
represent the combined surface and diffusion growth-model fits to the ex-
perimental data. Dotted curve is the Ostwald ripening-model fit to the
experimental data.
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CdS nanocrystals involves both diffusion and surface reac-
tions. The presence of a capping agent, gives rise to a barrier
to diffusion, thereby rendering the contribution of the sur-
face reaction relevant.

Experimental Section

Synthesis

CdSe nanocrystals : To carry out the growth study, CdSe nanocrystals
were prepared by the reaction of cadmium stearate and selenium powder
in toluene at 250 8C under solvothermal conditions as reported in the lit-
erature.[28] The reaction was stopped at different times (1, 2, 3, 4, 5, and
10 h) and the products were analyzed by using TEM and SAXS, and UV/
Vis and photoluminescence spectroscopies. In a typical synthesis, cadmi-
um stearate (0.2 g, 0.29 mmol) and selenium powder (0.023 g, 0.29 mmol)
were added to toluene (20 mL), followed by the addition of tetralin
(30.4 mL) and 1-dodecanethiol (17.4 mL). The reaction mixture was sealed
in a teflon-lined autoclave (60% filling fraction) and maintained at
250 8C in a hot air oven. The solid products obtained at different times
after the reaction were precipitated with the addition of 2-propanol. The
precipitate was collected by centrifugation and redissolved in toluene. To
study the effect of the concentration of the reactants on the growth pro-
cess, we prepared CdSe nanocrystals at a lower concentration of cadmi-
um stearate (0.05 g, 0.07 mmol) keeping the other reaction parameters
the same. The samples were taken out after different reaction times (2, 3,
4, 5, and 10 h) for investigation. To study the effect of the capping on the
growth process, we prepared CdSe nanocrystals using trioctylphosphine
oxide, TOPO, as capping agent (0.0038 g, 0.00 9 mmol) instead of 1-do-
decanethiol keeping the other reaction parameters the same. The samples
were taken out after different reaction times (2, 3, 4, 5, and 10 h) for in-
vestigation.

CdS nanocrystals : To carry out the growth study, CdS nanocrystals were
prepared by the reaction of cadmium stearate and sulfur powder in tolu-
ene at 250 8C under solvothermal conditions as reported in the litera-
ture.[29] The reaction was stopped at different times (1, 2, 3, 4, 5, and
10 h) and the products were analyzed by using TEM and SAXS, and UV/
Vis and photoluminescence spectroscopies. In a typical synthesis, cadmi-
um stearate (0.05 g, 0.07 mmol) was dissolved in toluene (20 mL), and
sulfur powder (2.4 mg, 0.07 mmol), tetralin (30.4 mL), and 1-dodecane-
thiol (17.4 mL) were added under stirring. The reaction mixture was
sealed in a teflon-lined autoclave (60% filling fraction) and maintained
at 250 8C in a hot air oven. The solid products obtained at different times
after the reaction, were precipitated with the addition of 2-propanol. The
precipitate was collected by centrifugation and redissolved in toluene.

Characterizations

SAXS : The average diameter of the CdSe and CdS nanocrystals could be
readily obtained by SAXS[31–33] . We performed SAXS experiments with a
Bruker-AXS NanoSTAR instrument modified and optimized for solution
scattering. The instrument is equipped with an X-ray tube (Cu Ka radia-
tion, operated at 45 kV/35 mA), cross-coupled Gçbel mirrors, three-pin-
hole collimation, evacuated beam path, and a 2D gas-detector (HI-
STAR)[33] . The accessible scattering range of the instrument can be
varied by selecting different distances between the sample and the detec-
tor of 42.2 cm and 66.2 cm. The modulus of the scattering vector is
q ¼ 4pSinq=l, in which, q is scattering angle and l is X-ray wavelength.
We recorded the SAXS data in the q=0.007 to 0.21 M�1 range, that is,
2q=0.1 to 38. Solutions of the CdSe and CdS nanocrystals in toluene (ap-
proximately 0.1 w/v% concentration) obtained after lapse of different re-
action times, were used for SAXS measurements. The solutions of nano-
crystals were taken in quartz capillaries (diameter of about 2 mm) for the
measurements with an exposure time of 20 min in order to obtain good
signal-to-noise ratios. A capillary filled with only toluene was used for
background correction. The concentration of the nanocrystals was suffi-
ciently low to neglect interparticle-interference effects. The experimental
SAXS data were fitted using Bruker-AXS DIFFRACplus NANOFIT soft-

ware using a solid-sphere model. The form factor of the spheres used in
this software, is that arising from Rayleigh.[34] The assumption of the
spherical model was verified by carrying out TEM investigations at sever-
al points of the growth process.

TEM : The solid products obtained after different reaction periods, were
dissolved in toluene and were taken on holey carbon-coated Cu grids for
TEM investigations with a JEOL (JEM3010) microscope operating with
an accelerating voltage of 300 kV. The diameter distributions were ob-
tained from the magnified micrograph by using a DigitalMicrograph 3.4
software.

UV/Vis and Photoluminescence : The UV/Vis spectroscopy measure-
ments were performed using a Perkin–Elmer Lambda 900 UV/VIS/NIR
spectrophotometer. The nanocrystals were dissolved in toluene, and the
solution was used to carry out the UV/Vis measurements. Photolumines-
cence spectra of these solutions were recorded with a Perkin–Elmer
model LS55 luminescence spectrophotometer. The average diameter of
the nanocrystals was calculated from the absorption peak position using
the sizing curves given in the literature.[35] The sizing curves provided the
diameter of CdSe and CdS nanocrystals, which was calculated by using
TEM and XRD and the first absorption peak position.
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