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Abstract: The size and size dispersion
of cadmium sulfide and zinc sulfide
semiconductor nanoparticles can be
continuously tuned over a wide range
of values by adjusting the density of
the fluid phase in water-in-supercritical
CO, microemulsions. The average size
of the ZnS nanoparticles decreases lin-
early from approximately 9.1 to 1.9 nm

size varied from 7.1 to 2.0 nm when the
W value was 10 and from 4.0 to 1.3 nm
when the W value employed was 6, in
the same density range. Monodisper-
sive CdS and ZnS nanoparticles were
synthesized by chemical reaction of
cadmium or zinc nitrate with sodium
sulfide, using two water-in-supercritical
CO, microemulsions as nanoreactors

ed-thiol stabilizer. The stabilizer is in-
troduced at 6 and 16 minutes after the
mixing of the two microemulsions
where the intensity of the characteristic
absorption peak due to the quantum
confinement properties of the CdS and
ZnS nanoparticles (280 and 360 nm)
reaches a maximum, respectively. The
supercritical CO,  microemulsion

with increasing fluid density from 0.86

to 0.99 gcm™ at a water-to-surfactant
ratio (W value) of 10. At a W value of K .

. . eywords:
6, the particle size can be tuned from nanoparticles

7.0 to 1.5 nm in the same density range.
In the case of CdS nanocrystals, the

Introduction

Synthesis of semiconductor quantum dots, such as cadmium
sulfide and zinc sulfide nanoparticles, have been largely ex-
plored during the last decade due to their size-dependent
optical, magnetic and electric properties.'*) Luminescence
tagging and imaging, medical diagnostics, drug delivery, and
nanoelectronics are some of the applications that are being
developed with these nanomaterials.*® One of the ap-
proaches utilized to synthesize these nanomaterials is the
microemulsion-templated method using compressed gases as
solvents. Particularly, supercritical carbon dioxide (scCO,)
has been used as the bulk solvent in microemulsion systems
to prepare semiconductor nanoparticles.”) Odhe et al.l'" pre-
pared CdS and ZnS nanoparticles in scCO, using a microe-
mulsion approach. They showed that the size of the quan-
tum dots can be adjusted with the water-to-surfactant molar
ratio or W value.
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method represents a simple approach
to use a density-tunable solvent for
synthesizing size-controlled semicon-
ductor nanoparticles over a broad
range of values.

Superecritical fluids (SCFs) have attracted considerable in-
terest as a reaction medium to synthesize nanoparticles, 4l
because the variations in SCF solvent properties, such as
density, diffusivity, viscosity, and dielectric constant, can be
easily manipulated by changing the system temperature and
pressure.,>!) In addition to these advantages, scCO, pro-
vides an attractive substitute for petroleum-based organic
solvents for chemical synthesis since it is nontoxic, environ-
mentally-benign, nonflammable, inexpensive, and readily
available in large quantities. The unique property of super-
critical fluids, including scCO,, is its tunable solvent strength
through manipulation of its density (o), which can be easily
controlled, as mentioned above, by varying temperature and
pressure of the fluid phase. This property is attractive for
studying nanoparticles’ formation using water-in-scCO, mi-
croemulsions as nanoreactors. There are a few reports study-
ing the variation in the size of metallic nanoparticles with
the density of the fluid phase. Shah et al.'” reported the in-
fluence of pressure, stabilizer, and precursor concentration
in the formation and dispersion of silver nanoparticles ob-
tained by arrested precipitation, where a thiol stabilizer was
added together with hydrogen gas (H,) to a CO,-soluble
metal precursor, silver acetylacetone. In this study, no mi-
croemulsion was used for silver nanoparticle synthesis and
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the reaction time was 3h. At a thiol/precursor ratio of
around 2.5 and a temperature of 80°C, the silver nanoparti-
cles thus synthesized were found to decrease in size with in-
crease in pressure from 4.0+2.1nm at 207 bar (o=
0.61 gmL™") to 1.7+1.1nm at 259 bar (0=0.698 gmL™").
Above that pressure, the average size of the silver nanopar-
ticles remained virtually constant with smaller standard de-
viations. Synthesis of copper nanoparticles in reverse mi-
celles was performed by Kitchens and Roberts!" using com-
pressed liquid and supercritical fluid alkanes as the bulk sol-
vent. The size of the nanocrystals was found to increase with
pressure. In supercritical propane, the median nanoparticle
size (the median instead of the mean diameter was used due
to the presence of large particle aggregate outliers) in-
creased from 5.4 to 9.0 nm with increasing pressure from
241 to 345 atm at 21°C and a W value of 1.5. The size varia-
tion did not show a continuous change and in the pressure
range 276 to 317 atm the nanoparticle size remained unal-
tered. The reaction times in these studies were long (2-3 h)
and the size dispersions were large and in some cases almost
as large as the nanoparticles’ median diameter.

We have recently shown, for the first time, that the size of
silver nanoparticles can be tuned over a wide range of
values by adjusting the density of scCO,.””) We were able to
synthesize silver nanoparticles with sizes ranging from 1.9 to
9.3 nm when W=6 was used and from 5.5 to 13 nm when a
higher water-to-surfactant molar ratio (W=10) was em-
ployed.

To our knowledge, the variation in size of semiconductor
quantum dots with respect to supercritical CO, density, have
not been explored. In this article, we present a study per-
formed in scCO, for synthesizing two well-known semicon-
ductor nanocrystals, CdS and ZnS. We demonstrate that the
size of CdS and ZnS nanoparticles synthesized in a scCO,
microemulsion, varies linearly with the density of the fluid,
in a similar fashion silver nanoparticles have proven. The
observation suggests a simple technique for continuous
tuning the size of semiconductor nanoparticles synthesized
in reverse micelles, using scCO, as a solvent. This unique
technique may have a range of applications for making 2D
and 3D arrays of nanoparticles of variable size for new opti-
cal materials,”*?! biosensor-related applications,”*?* and,
when passivated with a wider bandgap material, targeting

luminescent probes in biological labeling and diagnos-
tics.2>20]

Results and Discussion

Figure 1 shows a representative TEM micrograph for the
1H,1H 2H 2H-perfluorodecanethiol (F-thiol) stabilized CdS
(Figure 1a) and ZnS (Figure 1b) nanoparticles, obtained by
evaporation of an acetone solution containing the nanoparti-
cles on a carbon-coated copper grid. The experimental con-
ditions for the nanoparticles shown in Figure1l were
300 atm, 40°C for the synthesis of CdS nanoparticles and
350 atm, 40°C for the synthesis of ZnS nanoparticles. The
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surfactant concentration (10 mm), W value (W=10), and
precursors concentrations (CANO; or ZnNO;=0.3m, Na,S=
0.6M) were equivalent in both situations. Relatively mono-
dispersive nanoparticles were observed with a distinct sepa-
ration of particles by the stabilizing ligand.

Figure 1. TEM micrographs of the F-thiol-protected a) CdS and b) ZnS
nanoparticles with an average diameter of 4.8 and 4.0 nm, respectively.
Scale applies to both figures.

Figure 2 shows the variation of the average size of CdS
nanoparticles with the fluid pressure when they were synthe-
sized and stabilized according to the procedures described
in the Experimental Section at 40°C. The concentration of
the surfactant, sodium bis(2,2,3,3,4,4,5,5-octafluoro-1-
pentyl)-2-sulfosuccinate (F-AOT, 10 mm), concentration of
precursors and stabilizer, the W value (molar ratio of water/
surfactant, W=10) and the temperature (40°C) of these
series of experiments were kept constant and only the pres-
sure of the scCO, was varied from 220 to 400 atm. The aver-
age size of the CdS nanoparticles synthesized by the CO,
microemulsion method decreases continuously from about
7+1nm at 220 atm to about 2.94+0.4 nm at 400 atm as
shown in Figure 2. The slope of the trend line decreases as
the pressure increases. The size distribution of the CdS
nanoparticles is larger for the particles formed at low pres-
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Figure 2. Influence of CO, pressure on the average size and size distribu-
tion of CdS nanoparticles at 40°C, W=10, [F-AOT]=10 mm. Insert:
Density versus pressure at a fixed temperature of 40°C.
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sures. The insert on Figure 2 shows the variation of the den-
sity of the CO, with the pressure at a constant temperature
of 40°C. There is an increment in the density of the solvent
as the pressure increases and the slope of this plot decreases
as the pressure reaches higher values. The effect of tempera-
ture on the size and size distribution of the CdS nanoparti-
cles synthesized by the CO, microemulsion method is shown
in Figure 3.
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Figure 3. Influence of temperature on the average size and size distribu-
tion of CdS nanoparticles at a fixed CO, pressure of 400 atm, W =10, [F-
AOT]=10 mm. Insert: Density versus temperature at 400 atm.

The pressure of this series of experiments was fixed at
400 atm and the temperature varied from 32 to 65°C. Other
parameters including the concentration of the surfactant (in
this case, 10 mm), precursors and stabilizer concentrations,
and the W value (W=10) were all kept constant. The aver-
age size of the CdS nanoparticles increases continuously
with temperature as shown in Figure 3. Again, the size dis-
tribution is larger for the larger particles formed at higher
temperatures. The density of scCO, is known to decrease
with increasing temperature at a fixed pressure and it is
shown in the inserted plot of solvent density versus tempera-
ture (at a fixed pressure of 400 atm) in Figure 3. These ob-
servations may be an indication that the particle size of the
CdS nanoparticles is related to the density of the fluid phase
within the temperature and pressure ranges of this study. At
this point, it is important to introduce the term Cohesive
Energy Density (CED),* which is a direct reflection of the
degree of van der Waals forces holding molecules together.
The CED of the solvent (scCO,) is a function of the fluid
density and is higher at increased solvent density (higher p
or lower T).'2] When the CED of solute and solvent is
similar (scCO, and the fluorinated surfactant tails in the mi-
celles), their intermolecular attractive forces are compara-
ble. Since the solubility of two materials depends on their
intermolecular attractive forces, one might expect that mate-
rials with similar CED values would be miscible. Under
these conditions, the interactions between solvent—surfactant
tails are maximized.” Therefore, at higher pressures or
lower temperatures, the fluorinated surfactant molecules in
the micelles may be more solvated and the micelle-micelle
interactions become weaker. The result might be a decrease

5840 —— www.chemeurj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

in the amount of materials exchange during collision and
smaller particles are obtained.

Another factor to take into account is the influence of the
pressure and temperature of the system on the size of the
micellar water core. Xu et al.”’”l showed that an increment in
pressure has an impact in the size of the water droplets. By
means of SANS experiments, they found that the size of the
water-core decreased by 14% when the pressure was in-
creased from 170 to 380 atm at 27°C (W =5 and surfactant
concentration 27 mm). The surfactant used in this study was
bis[2-(F-hexyl)ethyl] phosphate salts of sodium, and ammo-
nium. In our study, both parameters, micelles’ stability
through density and water-core size through pressure, might
be playing a role in controlling the final nanoparticle size. In
order to identify which parameter would lead this size-con-
trolling role, several experiments were carried out with dif-
ferent pressure-temperature combinations, some of them
presenting identical fluid densities. For these experiments,
where the density was identical but the pressure-tempera-
ture conditions were different, the average sizes of the CdS
nanocrystals obtained were statistically equivalent. This
demonstrates that a variation in the temperature or in the
pressure of these water-in-CO, microemulsion systems
(within the ranges studied here) seems to affect the final
nanoparticle’s size due mainly to a variation in the density
of the solvent.

Figure 4a shows a plot of the average CdS nanoparticle
size with the scCO, density using different pressure-temper-
ature combinations, for W=10. A linear relationship be-
tween the average size of the CdS nanoparticles and the
density of the fluid phase (in the range 0.86 to 0.99 gcm ™)
is observed. The average size of the semiconductor particles
varies from 7+1nm at 0.86 gcm™ to about 2.14+0.3 nm at
0.99 gem ™ with a slope of —0.036 nm per (mgmL™'). The
size dispersion varied from 12 to 20% in all the experi-
ments, being in general larger at lower densities. From Fig-
ure 4a, it seems possible that a continuous tuning of the CdS
nanoparticle size synthesized by the CO,-microemulsion
method could be achieved by varying the density of the
fluid in this range. Figure 4b shows the diameter of the
nanocrystals as a function of density for W=6, where the
size varied from 4.0+0.5nm to 1.3+£0.2 nm. A linear rela-
tionship with a slope of —0.020 nm per (mgmL ™) similar to
the one obtained for W=10 was observed. This decrease in
the size of the nanocrystals with the decrease in the size of
the micellar water-core may be due to the fact that there is
a change in the hydration of the ions.’” At very low W
values, a small number of ions are free from interacting with
the negative heads of the F-AOT surfactant at the surface
of the micelle. In this way, the ions are less reactive due to
the fact that they have to be pulled away from the micelles’
anionic walls. In such cases, the precipitation reaction gives
rise to a smaller number of nuclei and the average of the
final nanocrystal’s size is smaller. Conversely, when the
water content is larger (larger W values) there are a larger
number of “free” ions and an increment in the reaction
yield should be observed. Consequently, the number of
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nuclei increases, and the size and production of nanocrystals
increases. Our results suggest that the nanoparticle’s size fol-
lows a linear relationship with the density of the fluid phase
and that this trend is independent of the W value or size of
the microemulsion. In consequence, by manipulating both
parameters, density and W value, the diameter of the nano-
particles could be tuned over even a wider range of values.
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Figure 4. Influence of CO, density on the average size and size distribu-
tion of CdS nanoparticles, [F-AOT]=10 mm. a) W=10; b) W=6.

The variation of the nanoparticle’s diameter with the fluid
density was also studied for two different concentrations of
surfactant. Figure 5 shows the results, where one of the plots
(Figure 5a) was already shown in Figure 4a. In both cases a
linear relationship was obtained and the slope of the trend
line was —0.030 nm per (mgmL™") when the concentration
of FAOT was 20 mM. An increment in the size of the CdS
nanoparticles was observed when a greater surfactant con-
centration was employed specially at higher densities. The
concentration of Cd** and S*~ ions in the water core is con-
stant in all these experiments, but the population of the CO,
microemulsion increases in the system. The number of colli-
sions between adjacent reverse micelles would increase as a
result, and larger nanoparticles should form.""
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Figure 5. Influence of CO, density on the average size and size distribu-
tion of CdS nanoparticles, W=10. a) [F-AOT]=10mwm; b) [F-AOT]=
20 mm.

Figure 6 shows a representative excitation and emission
spectra of the stabilized CdS nanoparticles obtained at two
different densities of scCO,. A red shift of 14 nm (from 349
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to 363 nm) together with an increment in the Full Width at
Half Maximum (FWHM) from 48 to 63 nm, was observed in
the excitation spectra when the density of the solvent de-
creased from 0.92 to 0.87 gmL™"' (W=10 F-AOT concentra-
tion 10 mm). This is related to the observed increment in the
average size of the CdS particles from 4.7+£0.7 to 6.0+
0.9 nm, when the synthesis of the materials is carried out at
lower fluid densities. The emission spectra are associated to
the emission of the surface defects, such as electron-hole
pair recombination of surface trap states.,*>¥ Yet again, a
red shift in the fluorescence wavelength from 440 to 498 nm
was observed when the size of the CdS nanoparticles in-
creased in the range described above.
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Figure 6. Excitation and emission spectra of CdS nanoparticles obtained
at two different fluid densities. a) Spectra of 4.7 nm CdS nanoparticles
obtained at a supercritical CO, density of 0.92 gmL™'; b) spectra of
6.0nm CdS nanoparticles obtained at a supercritical CO, density of
0.87 gmL .

The variation of the size of ZnS nanoparticles with the
fluid density was studied by performing experiments in a
similar way to that of the CdS nanoparticles. Figure 7 shows
a plot of the variation of ZnS nanoparticles with the density
of scCO, for two different W values. For W value of 10 (Fig-
ure 7a), the size of the nanoparticles decreased from 9+1 to
1.9+ 0.3 nm when the density of the solvent increased from
0.86 to 0.99gmL™". The slope of the trend line was
—0.053nm per (mgmL~'). When W=6 was used in the
preparation of the microemulsions, the size of the ZnS parti-
cles synthesized decreased from 7+1 to 1.54+0.2 nm with a
slope of —0.042 nm per (mgmL™), as shown in Figure 7b.
The increment in the average size of the nanoparticles with
the size of the micelles (W value) in scCO, microemulsions
is known in the literature,***! and it was described previ-
ously for CdS nanoparticles.

When the surfactant concentration was doubled from 10
to 20 mm, the size of the ZnS particles showed a partially
different behavior to the one observed for the CdS nanopar-
ticles. In both conditions, the size of the nanoparticles de-
creased with an increment in the fluid density with a slope
of —0.044 nm per (mgmL ™) for the case of F-AOT concen-
tration of 20 mm and similar to the one observed for a sur-
factant concentration of 10 mm (—0.053 nm per (mgmL™).
Figure 8 shows this behavior, where one of the plots (Fig-
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Figure 7. Influence of CO, density on the average size and size distribu-
tion of ZnS nanoparticles, [F-AOT]=10 mm. a) W=10; b) W=6.
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Figure 8. Influence of CO, density on the average size and size distribu-
tion of ZnS nanoparticles, W=10. a) [F-AOT]=20 mm; b) [F-AOT]|=
10 mm.

ure 8b) was already shown on Figure 7. It seems that, in con-
trast to what we observed for CdS nanoparticles, the size of
the nanoparticles might be independent of the surfactant
concentration, mainly at lower solvent densities. It is impor-
tant to mention that Natarajan et al.,*® by means of a mod-
eling approach, found that the size of the nanoparticles was
unaffected by changing the surfactant concentration, keep-
ing constant the W value. He predicted that by keeping the
W value constant, while increasing or decreasing propor-
tionally the water and surfactant concentration, the aqueous
core volume would remain constant. Therefore, according to
his study, the size and size distribution of the nanoparticles
should be unaffected. This group cited the experimental
case of silver nanoparticles synthesized in water-in-oil mi-
croemulsions, where an increment in the surfactant concen-
tration (keeping constant the rest of the parameters, includ-
ing the W value) produced an increase in the number of par-
ticles formed without any changes in the average size. Con-
sequently, the influence of the surfactant concentration on
the final nanoparticle size seems to depend on the nanopar-
ticle nature and solvent, and may raise a question whether
the collision frequency plays a role in the final particle size
at all.

We performed some experiments using different pres-
sure-temperature combinations with similar density values.
For these experiments, the average sizes of the ZnS nano-
crystals obtained were statistically equivalent, demonstrating
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as in the case of CdS nanoparticles, that a variation in the
temperature or in the pressure of these water-in-CO, micro-
emulsion systems (within the ranges studied here) may
affect the final nanoparticle’s size due mainly to a variation
in the density of the solvent. On Figure 9, the excitation and
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Figure 9. Excitation and emission spectra of ZnS nanoparticles obtained
at two different fluid densities. a) Spectra of 2.0 nm ZnS nanoparticles
obtained at a supercritical CO, density of 0.99 gmL™'; b) spectra of
6.7nm ZnS nanoparticles obtained at a supercritical CO, density of
0.89 gmL ",

emission spectra of the stabilized ZnS nanoparticles ob-
tained at two different densities of carbon dioxide are
shown. A red shift of 23 nm (from 263 to 286 nm) and an in-
crement in the FWHM from 22 to 30 nm, are observed in
the excitation spectra when the density of the solvent de-
creased from 0.99 to 0.89 gmL"'. These results are in agree-
ment with an increment in the average size of the ZnS parti-
cles from 2.0+0.3 to 6.74+0.9 nm, when the synthesis of the
materials is carried out at lower fluid densities. Similarly to
what we observed for CdS nanoparticles, the emission spec-
tra of ZnS nanoparticles appear to be due to the surface de-
fects,”* with a red shift in the fluorescence wavelength
from 340 to 373 nm when the size of the ZnS nanoparticles
increased. Fluorinated-thiol seems not to be effective for
passivation of the surface defects on CdS and ZnS nanopar-
ticles.

The reaction time is another factor that may influence the
size of the CdS and ZnS nanoparticles synthesized by the
CO,-microemulsion method. In the case of the synthesis of
CdS nanoparticles we decided to discontinue the reaction
after six minutes to avoid further aggregation as indicated
by our spectroscopic observation (through a red shift and a
decrease in the absorption peak) when the reaction time
was extended (see Experimental Section for details). By in-
creasing the reaction time to 90 minutes, the average size of
the CdS nanoparticles (obtained by analysis of the TEM
data) increased from 7.0+£0.9 to 12+2 nm when scCO, at
220 atm and 40°C was employed ([FAOT]=10 mm, W=10).
Tuning of CdS nanoparticles by density variation appears to
work well at short reaction times where the exchange-chan-
nel mechanism and the micellar-templating effect dominate.
For very long reaction times, as the nanoparticles grow
larger, the surfactant might act as a dispersant ligand® and
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sterically stabilizes the nanoparticles without involving the
microemulsion. Conversely, in the case of ZnS nanoparticles,
the reaction time seems not to affect the final particle size.
When the reaction time was extended from 16 to 90 mi-
nutes, the size of the nanoparticles remained statistically un-
changed. This result is in agreement with the spectroscopic
study performed during the synthesis of ZnS nanoparticles,
showing an increment in the absorption maximum (at
280 nm) in the first 16 minutes and remaining constant after-
wards for at least 120 minutes. The reason for this behaviour
is uncertain but might be related to a different mechanism
of formation of the nanoparticles and/or to a better stabili-
zation of the ZnS nanoparticles by the micelle system (once
they reach the final size) against further aggregation.

Conclusion

In summary, we have shown that the size of CdS and ZnS
nanoparticles synthesized by the scCO, microemulsion-tem-
plating method can be continuously tuned by density varia-
tion of the fluid phase, in a similar fashion as we demon-
strated previously for Ag nanoparticles.'” This approach
gave consistent results in both nanomaterials for two differ-
ent W values and for two different concentrations of surfac-
tant tested. For the case of ZnS nanoparticles, the variation
in the size of the nanoparticles with the density of the sol-
vent (which follows a linear relationship) may not depend
on the stage of the synthetic process at which the nanoparti-
cles are stabilized. On the other hand, the time at which the
stabilization of CdS nanoparticles takes place seems to be
crucial to avoid further aggregation. Other parameters like
the nature of the nanoparticles and the solvent may affect
as well.

This study, together with the one reported for silver nano-
particles,'” have shown, that water-in-supercritical CO, mi-
croemulsions seem to be effective systems for the tunable-
size synthesis of a diversity of nanomaterials by varying the
density of the fluid.

Experimental Section

The surfactant used in this study, sodium bis(2,2,3,3,4,4,5,5-octafluoro-1-
pentyl)-2-sulfosuccinate (F-AOT), was prepared in our lab following the
procedure by Liu and Erkey®’ with some modification. Cadmium nitrate
(Cd(NOs),), was obtained from Aldrich with purity 99.999 %, zinc nitrate
(Zn(NOs;),) was obtained form Fisher Scientific with a purity of 99.1 %,
while sodium sulfide (Na,S >99.8%) was obtained from Aldrich. The
stabilizer or protecting agent, 1H,1H,2H 2H-perfluorodecanethiol (F-
thiol) 97 % was purchased from Aldrich.

The liquid CO, was metered with an ISCO syringe pump (model 260 D)
and pump controller (series D) and introduced to the high-pressure reac-
tors via stainless steel tubing ('/;¢ inch o.d., 0.03 inch i.d.). The high-pres-
sure vessels were heated with a thermal block and the temperature was
kept constant at +0.1°C and controlled with a J-type sensor and an
Omega digital controller. Three homemade high-pressure vessels were
utilized. One vessel (18.5 mL volume) was equipped with a fiber-optic
system (3 mm path length) and connected to a CCD array UV-VIS spec-
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trometer (Spectral Instruments model SI-440, Tucson, AZ).*”! The spec-
trometer is capable of recording a full spectrum from 240 to 900 nm in
2s. It can also measure the change in absorbance with time at a fixed
specific wavelength. The second vessel was a 17 mL high-pressure view
cell with sapphire windows. The last one was a 17.5 mL vessel with a
movable piston. The high-pressure vessels were connected to each other
via '/ in stainless steel tubing. Each system was isolated from the others
by HIP high-pressure valves.

The cloud points for the microemulsion containing the Cd** ions, Zn**
ions and the CdS and ZnS nanoparticles were studied using a view-cell
connected to a piston (both immersed in a thermal bath) and by visual
observation of the phase behavior. At 40°C, a W (water to surfactant
ratio) value of 10, and a surfactant concentration of 10 mm, the cloud
point of a Cd** ion (Aqueous concentration 0.3M) microemulsion was
found to be 145+2 atm. In the case of Zn’* ion (Aqueous concentration
0.3M) the cloud point was 130+2 atm under identical conditions. Above
these pressures at 40°C, the microemulsion is stable and is optically
transparent. The cloud point boundary is approximately linear in a pres-
sure versus temperature plot with a slope of 3.63 atm°C~! for the case of
Cd** microemulsions, and with a slope of 2.50 atm°C' for the case of
Zn** microemulsions. Our experiments were performed above the cloud
point pressure to the limit of our high pressure system which is about
450 atm. The variation in density of scCO, at different temperature and
pressure is known."*!)

The semiconductor nanoparticles were synthesized by mixing two water-
in-supercritical CO, (scCO,) microemulsions, one containing a cadmium
nitrate solution or zinc nitrate solution (0.3M) and the other containing
an aqueous solution of sodium sulfide (0.6M). The microemulsion con-
taining the sulfur ion was pushed into the metal ions’ microemulsion
using the piston cell. Formation of the CdS and ZnS nanoparticles after
the mixing was monitored spectroscopically, using the optical fiber cell,
by taking the absorption spectra in situ every two seconds. A blank mea-
surement was taken before the reaction to provide a spectroscopic base-
line, using a water-in-scCO, microemulsion containing deionized water.
The characteristic absorption peak due to the quantum confinement
properties of CdS nanoparticles (4~330 nm) was found to increase to a
maximum at about 6 min after the mixing, and started to decrease gradu-
ally in intensity and reached a plateau in about 125 minutes. A red shift
of 33 nm (330 to 363 nm) of the absorption peak wavelength, when going
from 6 to 90 min of reaction time was noticed. This, together with the de-
crease in the peak intensity, should indicate that the concentration of the
nanoparticles reaches a maximum in the first 6 min and it is followed by
a decrease in their concentration, probably attributable to aggregation.!*”
In the case of ZnS nanoparticle synthesis, the characteristic absorption
peak appeared at 280 nm and it was found to increase and reach a pla-
teau after 16 min. At that point of the reaction the peak intensity was
constant (remaining in that way for more than 120 min). It seems that,
unlike the CdS nanoparticles, ZnS nanoparticles do not experience fur-
ther aggregation after they reach the final size.

In the case of CdS nanoparticle synthesis, the F-thiol stabilizer
(1H,1H2H 2H-perfluorodecanethiol) was introduced to the system, via a
six-port injector valve, at exactly 6 min after the mixing; while in the case
of ZnS nanoparticle synthesis, the stabilizer was added after the first
16 min. The F-thiol-stabilized CdS or ZnS nanoparticles were collected in
an acetone solution after depressurizing the system for TEM measure-
ments. The protected semiconductor nanoparticles are stable in acetone
or ethanol for several days and the unprotected CdS and ZnS nanoparti-
cles in either solvent would precipitate after approximately 15 min. TEM
images were obtained with a JEOL 1200 EX II transmission electron mi-
croscope at an accelerating voltage of 120 kV. EDS analysis was carried
out with a LEO Supra 35 VP Field Emission Scanning Electron Micro-
scope (FESEM). EDS analysis of the stabilized nanoparticles showed
only cadmium or zinc, carbon, oxygen, fluorine, sulfur and sodium in the
samples. The last one may be coming originally from the sodium sulfide
precursor. The average size of the nanoparticles was obtained from the
TEM micrographs by counting at least 300 particles using interactive
imaging software (Matrox Inspector) from Matrox Electronic Systems
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(Dorval, Quebec, Canada). An important feature of this software is that
it can measure a large number of particles without bias or human error.
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