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Abstract: Silver and silver iodide nano-
crystals have been synthesized in the
water-in-CO, reverse microemulsions
formed by the commonly used surfac-
tant, sodium bis(2-ethylhexyl)sulfosuc-
cinate (AOT), in the presence of
2,2,3,3,4,4,5,5-octafluoro-1-pentanol as
cosurfactant. The nanometer-sized
aqueous domains in the microemulsion

the surfactant interfacial monolayer
also helps the stabilization of the metal
and semiconductor nanoparticles. The
transmission electron microscopy re-
sults show that silver and silver iodide
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nanocrystals with average diameters of
6.0nm (standard deviation, SD=
1.3nm) and 5.7 nm (SD=1.4nm), re-
spectively, were formed. The results in-
dicate that the method can be utilized
as a general and economically viable
approach for the synthesis of metal and
semiconductor quantum dots in envi-
ronmentally  benign supercritical

cores not only act as nanoreactors, but

Introduction

Metal and semiconductor particles in the nanometer size
range exhibit quantum confinement effects that give rise to
unique electronic and optical properties useful for a variety
of new technologies, including electronic, optical, biomedi-
cal, coating, catalytic, memory, and sensor applications.!!
However, the high surface energy of these particles makes
them extremely reactive, and most systems undergo aggre-
gation if their surfaces are without protection or passivation.
To effectively utilize their size-dependent properties, the
particle size and polydispersity must be controlled, and
often organic capping agents, with proper binding strengths
for the substrate, are used to passivate the particles’ surfaces
and quench particle growth. Some of the commonly used
methods for surface passivation include protection by a self-
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carbon dioxide.

assembled monolayer of thiol-functionalized organic mole-
cules,? encapsulation in the polar core of reverse micro-
emulsions (RMs),"! and dispersion in polymeric matrices.!
RM cores are preferred templates for the synthesis of
metal and semiconductor nanoparticles as they are thermo-
dynamically stable, optically transparent solutions consisting
of spatially defined aqueous nanodroplets, in which the
nanoparticles can be compartmentally grown from their
water-soluble precursors. Water-in-oil (w/0) RMs have been
extensively used to synthesize metal and semiconductor
nanoparticles.’! However, a serious problem in using w/o
RMs for nanoparticle synthesis is the separation and remov-
al of solvent from the products. In the past decade, super-
critical fluids (SCFs) have attracted considerable interest as
a reaction medium to synthesize nanoparticles,*** because
the variations in SCF solvent properties, such as density, dif-
fusivity, viscosity, and dielectric constant, can be easily real-
ized by changing the system temperature and pressure.’
These adjustable properties thereby allow for the manipula-
tion of the desired nanoparticle or nanowire morphology,”
in consideration of the solvent effect on nanoparticle
growth. Additionally, separation of the nanoparticles from
the solvent is easily facilitated by decreasing the system
pressure, thereby leading to direct deposition of nanoparti-
cles without any solvent residue. Supercritical carbon diox-
ide (scCO,) is the preferred reaction medium among SCFs
from both economic and green chemistry perspectives, be-
cause it is naturally abundant, nontoxic, nonflammable, in-
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expensive, and has a moderate critical temperature and
pressure (31.1°C and 7.38 MPa, respectively). Although CO,
has a zero dipole moment and a low dielectric constant, it is
a charge-separated molecular system,” which will result in
low polarizability and considerable electrostatic interactions,
and thus most of the hydrocarbon-based surfactants are not
suitable for the CO,/water interface.l”’ Although examples
of RMs guided by the steric-controlled design of hydrocar-
bon surfactants in scCO, have been reported,'” in general,
fluorocarbon tails are used for the enhanced stabilization of
the surfactant tails in CO,.'Yl So far, several fluorinated sur-
factants, such as ammonium carboxylate perfluoropolyether
CF;0(CF,CF(CF;)0);CF,COO~NH,* (PFPENH,*),'! the
sodium salt of bis(2,2,3,3,4,4,5,5-octafluoro-1-pentyl)-2-sulfo-
succinate(di-HCF,),"™ and a mixture of sodium bis(2-ethyl-
hexyl)sulfosuccinate (AOT) and perfluoropolyether-phos-
phate ether (PFPE-PO,),!™ have been used to synthesize
nanoparticles in scCO, through the formation of water-in-
CO, (w/c) RMs. However, the high cost of these fluorocar-
bon surfactants make them less promising as industrially
viable surfactant systems. Furthermore, the synthesis of
monodisperse metal and semiconductor quantum dots has
been a large challenge for these systems. Therefore, it is in-
teresting to explore how to make commercially available
surfactants form w/c RMs that can compartmentally grow
monodisperse quantum dots in an scCO, bulk phase.

In the present work, we demonstrate the synthesis of rela-
tively monodisperse metal and semiconductor nanocrystals
within the quantum size domain (less than 10 nm), by using
w/c RMs stabilized by AOT and a small amount of
2,2,3,3,4,4,5,5-octafluoro-1-pentanol (F-pentanol) as cosur-
factant. The work reveals that cosolvent/cosurfactant effects
can greatly aid in enabling the formation of RMs in scCO,
at moderate pressures and low cost, and that these aqueous
templates can be effectively used for the synthesis of metal
and semiconductor quantum dots.

Results and Discussion

Silver nanocrystals: The silver nanoparticles were synthe-
sized by the reduction of Ag? ions in the water core of the
AOT/F-pentanol (AOTF) w/c RMs by using NaBH(OAC);.
The acidic nature of the water core caused by the formation
of carbonic acid made conventional reagents, such as
NaBH, and hydrazine, unsuitable as they would react with
CO, under the experimental conditions. The AOTF w/c
RMs were prepared by mixing the AOT (0.016 m)/F-penta-
nol (0.24 m)/water/scCO, system at 38.0°C and 34.50 MPa.l"!
The water loading value, W (W =[H,O]/[surfactant]), used
in the experiments (corrected for the water dissolved in the
scCO, continuous phase) for synthesizing silver and silver
iodide nanocrystals was 4.7 and 5.6, respectively. Although
the W value in the microemulsion system is not high under
the experimental conditions, these nanometer-sized aqueous
domains are particularly attractive for the synthesis of metal
and semiconductor quantum dots below 10 nm in size; in
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this range the particles exhibit significant quantum-size ef-
fects on optical and electrical properties.

The AOTF w/c RM system (W=4.7) at 27.00 MPa and
38.0°C was confirmed to be optically transparent and homo-
geneous. The appearance of a brown-yellow cloud was ob-
served immediately after injecting the ethanolic solution of
NaBH(OACc);. We suggest that this may be due to the chem-
ical reaction leading to the formation of silver nanoparticles.
After several minutes the cloud disappeared and the whole
system became an optically transparent single phase again.
The digital images showing the silver nanoparticle formation
inside the view cell are presented in Figure 1.

Figure 1. Digital photographs showing the formation of Ag nanoparticles
in AOTF w/c RMs: a) RMs before the addition of the reducing agent,
b) soon after the addition of the reducing agent, and c) the optically
transparent Ag nanoparticle dispersions.

The UV/Vis absorption spectra showing the surface plas-
mon absorption of silver nanoparticles encapsulated in
AOTF w/c reverse micelles are presented in Figure 2. It is
seen that the broad surface plasmon absorption band (A,,, =
415 nm) undergoes a slight red shift with increasing reaction
time, which might be due to an increase in the size of the
silver nanoparticles.""! Additionally, the intensity of the
silver nanoparticle absorption peak initially increased with
time and reached its maximum in less than 3 min. Subse-
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Figure 2. The surface-plasmon absorption spectra of silver nanoparticles,
formed in AOT w/c RMs (W=4.7) at 38.0°C and 34.50 MPa (the spectral
background for the microemulsions has been subtracted). The spectra
are taken 3 (black), 30 (blue), and 60 min (red) after addition of the re-
ducing agent.

quently, there was a gradual decrease in intensity, perhaps
indicating the slow flocculation of some silver nanoparticles
in the system.

There is a linear variation of the full width at half-maxi-
mum (FWHM) of the absorption peak with the inverse of
the silver nanoparticle diameter (D).'"! The size of silver
nanoparticles encapsulated in AOT reverse micelles, in iso-
octane and in compressed propane, have been estimated
previously from UV/Vis absorption spectra by using the cor-
relation given in Equation (1) (where FWHM is in nanome-
ters, and D is in angstroms).**

FWHM = 50 + (2300/D) (1)

If Equation (1) is employed here, and taking the in situ
UV/Vis spectrum recorded at 3 min after injection of the re-
ducing agent, the colloidal silver particle is estimated to be
approximately 2.6 nm in diameter.

The silver nanoparticles synthesized were redispersed in
ethanol (after decreasing the CO, pressure), resulting in a
homogeneous, yellow-green solution. Alternatively, RESS
(rapid expansion of supercritical solutions) could be used to
overlay the nanoparticles onto substrates of interest.

The morphology and size distribution of the silver nano-
particles were investigated by using transmission electron
microscopy (TEM). Figures 3a and b show TEM images of
the silver nanoparticles. As we anticipated, based on the ab-
sorption data, characteristic spherical silver nanoparticles
were observed with a relatively narrow particle size distribu-
tion (~3-11 nm range). The high-resolution TEM images of
the particles indicate some interlinking between individual
nanoparticles, possibly through the interdigitation of the sur-
factant tails (Figure 3b) of adjacent micelles. A histogram
showing the particle size distribution corresponding to Fig-
ure 3a is presented in Figure 4. The mean particle diameter
observed is 6.0 nm (standard deviation, SD=1.3 nm), and
more than 95% of the nanoparticles are in the size range
from 4 to 8 nm. This shows that the aqueous cores of the w/
¢ RMs can act as effective templates for the synthesis of rel-
atively monodisperse metal quantum dots, and that the sur-
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Figure 3. Representative TEM images of the Ag nanoparticles synthe-
sized by AOT w/c RMs with W=4.7 at 38.0°C and 34.50 MPa. Scale
bars: a) 50 nm, b) 10 nm. The arrows point to the self-assembly of adja-
cent nanoparticles by means of the surfactant tails.
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Figure 4. Histogram showing the size distribution of the silver nanoparti-
cles corresponding to Figure 3a.

factant interfacial monolayer acts as a passivation contact
for the stabilization of the silver nanoparticles formed inside
these templates.

The multiple lattice fringes in the high-resolution TEM
image (Figure 5a) suggest a high degree of crystallinity of
the particles. To investigate the crystal structure of the silver
nanoparticles prepared, the electron diffraction (ED) techni-
que was used. Figure 5b shows the ED pattern of the silver
nanoparticles; this pattern corresponds well to the crystal-
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Figure 5. a) High-resolution TEM image (scale bar=5nm) and b) ED
pattern of the Ag nanocrystals.

line planes of the face-centered-cubic (fcc) structure of the
silver nanocrystals.

Silver iodide nanocrystals: Silver iodide (Agl) nanoparticles
were synthesized by the reaction between silver nitrate and
potassium iodide in the RM cores. Figure 6 shows the ab-
sorption spectra of Agl nanoparticles in the AOTF w/c
RMs, along with the baseline corresponding to the RMs
before injecting the KI aqueous solution. The characteristic
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Figure 6. The surface-plasmon absorption spectra of the Agl nanoparti-
cles prepared in AOTF w/c RMs with W=5.6 at 38.0°C and 34.50 MPa.
The direction of the arrow on the Agl nanoparticle bands indicates ab-
sorption peaks at increasing time intervals (of 30 s) after injection of the
aqueous KI solution.
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absorption bands for Agl nanoparticles in the range of
about 400450 nm are observed. The maximum wavelength
(Amax) for the Agl nanoparticles increased with time after
mixing, varying from 424 to 429 nm. About 3 min after
mixing, A,.. reached almost a constant value of 429 nm.
These spectra are consistent with the UV/Vis spectra report-
ed previously.'**!¥] The absorption maxima in Figure 6 can
provide a reasonable estimate for the size of the Agl nano-
particles. Since Agl is a direct-gap semiconductor, the ab-
sorption data was fitted to Equation (2) to determine the
direct band gap energy.[")

ohv = A(hv-E,)** @)

o is the molar absorption coefficient of Agl, hv is the
photon energy, A is a proportionality factor, and E, is the
band-gap energy. For a A, of 429 nm, the E, value is esti-
mated to be 3.12 eV. The diameter of the Agl nanoparticles
can be estimated from the band-gap energy according to
Brus’s equation [Eq. (3)],”") where E,, is the bulk band
gap, h is the Planck constant, d,, is the particle diameter, m,
is the effective mass of an electron, m, is the effective mass
of the hole, e is the charge of an electron, and ¢, is the di-
electric constant of the semiconductor material. The particle
diameter was estimated to be 3.4 nm by taking the E, value
calculated from Equation (2) and the following parameters
for Agl: E, ,,x=2.83 €V, ¢,=¢le;=4.91, m'Imy=0.2 (where ¢
is the permittivity of Agl, g, is the permittivity of vacuum,
m is the rest mass of an electron, and m" = [1/m+ 1/m,]™).

E, = Egpas + (/24,1 /m, +1/my)-[3.6¢ fAned,]  (3)
A TEM image of the Agl particles is presented in

Figure 7. In the case of Agl also, we observed the interlink-
ing of the individual nanoparticles, possibly through the in-

Figure 7. TEM image showing the Agl nanoparticles prepared in AOTF
w/c RMs with W=5.6 at 38.0°C and 34.50 MPa. The arrows indicate the
interaction between neighboring particles through the surfactant tails
(scale bar=50 nm). The inset presents the ED pattern for the corre-
sponding particles.
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terdigitation of the surfactant tails. The particle sizes were
in the range of 3-10 nm, which was consistent with the parti-
cle size determined from the UV/Vis spectra. The ED pat-
tern for the Agl nanoparticles prepared is also presented in
Figure 7 (inset), and the diffraction rings suggest the forma-
tion of crystalline Agl particles. The particle size distribu-
tion histogram for the particles is presented in Figure 8, with
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Figure 8. Histogram showing the size distribution of the Agl nanoparti-
cles corresponding to Figure 7.

the mean particle diameter=5.7nm (SD=1.4nm). More
than 94% of the silver iodide particles are in the narrow
size range of 4 to 8 nm. Additionally, as can be seen from
Figure 9, the multiple misaligned lattice fringes of the Agl
nanoparticles, which seem to have surfactant molecules at-
tached to them, could be observed clearly, further confirm-
ing the formation of Agl nanocrystals.

Figure 9. High-resolution TEM image of Agl nanocrystals (scale bar=
2 nm).

Mechanism: The exact nature of the diffusion mechanism of
the reactants into the aqueous RM cores, and especially the
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role of F-pentanol in the RM system, is interesting and is a
topic of our current investigation. The role of F-pentanol in
the stabilization of the AOTF RM is to provide enhanced
solvent interaction with the micellar tails. It is well known
that fluorocarbons are highly CO,-philic, because of the
very low (much less than zero) dipolarity/polarizability pa-
rameters,”!l and are generally used as a molecular fragment
to dissolve otherwise insoluble molecular functionalities in
scCO,. Simulations of molecular dynamics™ clearly reveal
significant solvent penetration into the fluorocarbon tail
region of the micelles. We anticipated similar effects by uti-
lizing a CO,-philic fluorocarbon cosurfactant, which will in-
terdigitate between the hydrocarbon tails and enhance the
effective interaction cross section between the solvent and
the tails, providing greater stabilization of the RM in scCO,.
The F-pentanol hydroxy groups interact with loading water
molecules in the polar core regions by means of hydrogen
bonds, and CO,-philic fluorinated groups interact with CO,
molecules, which penetrate from the bulk CO, phase into
the surfactant tail region. Both of these interactions are ben-
eficial for the F-pentanol molecule to insert itself between
surfactant tails and reduce the electrostatic repulsion be-
tween the AOT ionic head groups, thereby enhancing the
stability of the RM system.

The CO, pressures employed in the current experiment to
stabilize the microemulsion systems are higher than those
used for PFPE systems (25.0 MPa);"®! this higher pressure
may be attributed to a reduction in the effective solvation of
the AOT tails in CO, in comparison with that of PFPE.
However, the current system presents an economically
viable and stable microemulsion system that can be utilized
for the synthesis of metal and semiconductor nanoparticles.
The particle size distributions obtained in the current ex-
periments are also comparable (especially the relatively
narrow size range) to that obtained by means of the PFPE
system.

The dynamic assembly of the surfactant tails allows the
diffusion of the reactants into the aqueous core and enables
the reduction of the silver ions to their ground state within
the polar nanometer-sized aqueous domains of the AOTF
w/c RMs. Although the injection of aqueous or ethanolic
solutions containing the reagents can, in principle, affect the
size and stability of the micellar structure, we did not ob-
serve any phase separations upon injection into these sys-
tems, indicating that the microemulsion systems are stable
under the experimental conditions. In addition, previous
studies! ! of the PFPE-PO,-AOT mixed-surfactant systems
indicated that the addition of ethanol, in fact, increases the
stability of the microemulsion system and also the stability
of the nanoparticles prepared. After nucleation is initiated,
the particles grow, and the agglomeration of particles to a
nanometer-sized particle takes place. The AOTF RMs in
scCO, serve the function of an effective capping agent to
passivate the particles’ surfaces and quench particle growth,
thereby leading to the metal and semiconductor nanoparti-
cles, with an equivalent size to that of the micelle, being sur-
rounded by a surfactant molecule monolayer.*!
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Conclusion

In this study, we have demonstrated the synthesis and stabi-
lization of relatively monodisperse silver and silver iodide
nanocrystals by chemical reactions within water-in-CO, re-
verse microemulsions; these nanocrystals were formed by
using the commercially available AOT surfactant in the
presence of a small quantity of inexpensive F-pentanol as
cosolvent/cosurfactant at moderate temperature and CO,
pressures. TEM results confirmed the formation of relatively
monodisperse Ag and Agl nanocrystals with an average di-
ameter of 6.0 nm (SD=13nm) and 5.7 nm (SD=1.4 nm),
respectively. Although the current experiments were re-
stricted to the synthesis of metal and semiconductor nano-
particles, the approach can be expanded for a range of inor-
ganic and organic reactions, especially for some important
catalytic reactions (promoted by the in situ preparation of a
highly effective nanosized metal catalyst), by using scCO, as
a bulk phase.

Experimental Section

Materials: SCF-grade CO, (99.999% purity) was supplied by Nippon
Sanso Company (Japan). AOT (99 %, Sigma Ultra, MW =444.56), pur-
chased from Sigma Chemical Company (USA), was vacuum dried at
60°C for 24 h prior to use. F-pentanol and dehydrated ethanol were ob-
tained from Tokyo Kasei Kogyo Company (Japan), and potassium iodide,
silver nitrate, and double-distilled and de-ionized water (prepared by
ultra-filtration, reverse osmosis, deionization, and distillation) were pur-
chased from Wako Pure Chemicals Industries (Japan). NaBH(OAc)s,
which was used as a reducing agent in the study, was obtained from Al-
drich Chemical Company.

Apparatus and procedures: Silver and silver iodide nanoparticles were
characterized in situ by using UV/Vis absorption spectroscopy in a high-
pressure cell, which was similar to the one reported previously.? The
high-pressure UV cell consisted of a stainless-steel cell with two sapphire
windows. It had a volume of 2.2 cm’® and could withstand a maximum
pressure of 45 MPa. The mixtures in the cell were stirred by a magnetic
stirrer. CO, pressure was controlled by a back-pressure regulator (880-
81, JASCO Co.) to an accuracy of 0.01 MPa in the pressure range of 0—
50 MPa. All the measurements were carried out at 38.0(£0.1)°C.

Preparation of nanoparticles: Here, a typical experiment for the synthesis
of Ag nanoparticles is described, the procedure for the synthesis of Agl
nanoparticles being similar. The w/c RMs were prepared by adding AOT
(0.016Mm) and F-pentanol (0.24m) to the UV cell, followed by an aliquot
of silver nitrate aqueous solution (0.10M) to achieve the desired amount
of water. The cell was purged with gaseous CO, to remove the air and
oxygen. ScCO, was pumped into the UV cell by a HPLC pump (PU-980,
JASCO Co.) and thermal equilibrium was attained. The CO, pressure
was raised with continuous stirring until single-phase, optically transpar-
ent w/c RMs were formed. The RMs containing silver ions were stirred
continuously at 38.0°C and 27.00 MPa for one hour (the cloud-point
pressure of the AOT (0.016 m)/F-pentanol (0.24 m)/water (W=4.7)/scCO,
mixture system is 26.77 MPal"®?). The UV/Vis spectrum of the micro-
emulsions was recorded and stored as a baseline. Then a freshly prepared
solution of NaBH(OAc); in ethanol was slowly injected, through a 20 pL
sample loop, into the UV cell by using a high-pressure pump connected
to a six-port valve (7125, COTATI, California, USA) until a final pres-
sure of 34.50 MPa was achieved. Stirring was stopped after the addition
of the reducing agent to allow spontaneous nucleation and growth of
silver nanoparticles. The estimated concentrations of the silver nitrate
and NaBH(OAc); in the scCO, microemulsions were 30mm and 15mwm,
respectively, and the fluid phase contained 20 uL of ethanol. With respect
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to the synthesis of the silver iodide nanoparticles, a AOTF w/c RM (W=
2.8) was prepared at a CO, pressure of 31.00 MPa before injecting a KI
aqueous solution, because the cloud-point pressure of the mixture system
of AOT (0.016M)/F-pentanol (0.24m)/water (W =5.6)/scCO, is
30.30 MPa.l™®! Thus, the introduction of the KI aqueous solution (W=
2.8) did not affect the stability of the AOTF w/c RMs, as the system pres-
sure was high enough before the injection of the KI aqueous solution.
The formation of the silver and silver iodide nanoparticles was monitored
in situ by a Jasco V-570 UV/Vis spectrophotometer. A schematic diagram
of the experimental setup for the synthesis and characterization of the
colloidal silver and silver iodide nanocrystals by using UV spectroscopy
is depicted in Figure 10. To observe the growth of the silver and silver
iodide nanoparticles, a 10 mL high-pressure view cell®! was used instead
of the high-pressure UV cell.
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Figure 10. Schematic drawing of the experimental setup for the synthesis
and spectroscopic characterization of nanoparticles in AOTF w/c RMs.

TEM and ED studies: The AOTF w/c RMs bearing the silver and silver
iodide nanoparticles were depressurized slowly, and the nanoparticles in
the cell were collected and re-dispersed in ethanol. Finally, the sample
grids for TEM measurements were prepared by placing a drop of the
ethanolic dispersion of nanoparticles onto the copper grid. The morphol-
ogy and size distribution of the silver and silver iodide nanoparticles
were determined by a Hitachi H-800 TEM at an operating voltage of
200 kV. The crystallinity of the silver and silver iodide nanoparticles was
studied by electron diffraction techniques.
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