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ABSTRACT

Microemulsions are thermodynamically stable oil-water dispersions consisting of
domains of oil and/or water stabilized by a'film of surfactant molecules. The water-in-oil
microemulsions were used as nanoreactors to induce the precipitation of cations. Using this
approach, one can obtain particles in the range of 40 to 100 Angstrom in diameter. The
interfacial rigidity appears to control the reaction rate in microemulsions. We have shown that
the reaction rate is the slowest when the chain length of surfactant is equal to that of the oil plus
co-surfactant alcohol molecules. The superconductors prepared from the nanopowders exhibit
very large grain size, low porosity or high density, as well as better Meissner effect compared to
the samples prepared from the conventional powders. . The implications of preparing advanced
materials from the nanopowders have been discussed.

INTRODUCTION

Current trends in many industries demand the production of ultrafine particles of
decreasing size and increasing homogeneity. These potential technological applications have led
to the development of several new techniques for the synthesis of nanoparticles in recent years."
Liquid-phase techniques include bulk precipitation, sol-gel processing, spray-drying, and freeze-
drying'?®; gas-phase techniques include gas evaporation-condensation, laser vaporization, and
laser pyrolysis®'%; and vacuum synthesis techniques like sputtering, laser ablation, and ionized
beam deposition.""* These techniques often produce nanoparticles that have a wide particle size
distribution, which is often not favorable for optimizing material characteristics.

The use of microemulsions as a media for the precipitation of ultrafine and monodisperse
particles is based on the nature of the dispersed phase in the microemulsion. A microemulsion

_can be defined as a thermodynamically stable dispersion of two immiscible liquids gohsisting"gf.;

nain r both liquids,-stabilized by. a ménolayer of a surfactant system. The™
surfactint system-serves to lower the interfacial tensien between-the dispersed and continuous
phases to a low enough value (<10* dynes/cm?) to favor very small droplet formation, usually in



the 10-25 nm range. The surfactant system also serves to lower the interfacial viscosity of the
droplets to a low enough value that collisions between droplets become inelastic, or sticky, in
nature. The droplets of the dispersed phase in a microemulsion have been shown to possess a
dynamic equilibrium, wherein droplets are constantly colliding, coalescing, and breaking apart.
It is this dynamic nature of the droplets that facilitates exchange of material and hence chemical
reaction within the dispersed phase.'>!6

The first step in the process of developing a precipitation reaction in a microemulsion is
the selection of a chemical reaction system that results in the precipitation of the desired product.
The reactants selected must be soluble in the dispersed phase of the selected microemulsion
system, and the reactants must be inert in this environment. The microemulsion system selected
for the reaction must also be selected to achieve the most desirable properties of the product.
The next step is to dissolve the reactants in the dispersed phase and produce two almost identical
microemulsions, A and B, with the only difference between the microemulsions being the nature
of the material dissolved in the dispersed phase. The microemulsions are then mixed, resulting
in the desired precipitate, AB, being formed and limited in size by the microdomains of the
dispersed phase. This process is illustrated in Figure 1. Reactions can also be carried out by
adding a reducing agent or other reactive agent to the continuous phase of a single
microemulsion with a second reactant dissolved in the dispersed phase.
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Figure 1. Schematic diagram showing the preparation of nanoparticles in microemulsions

The nature of reactions carried out using the microemulsion technique has been
characterized extensively for many systems. The rate of reaction in the microemulsion depends
on the microemulsion composition, structure of the various components of the microemulsion,
and the hydrophobicity of the reactants.!” For this reason, a particular microemulsion system
should be thoroughly characterized with respect to dispersion droplet size and stability if an
accurate prediction of the reaction product is to be made. Experimental results on reaction rates
in microemulsions agree with current microemulsion stability theories when a component of the
system is varied while keeping other parameters constant. Single parameter studies conclude that
the reaction rate increases with increasing temperature and oil chain length, but decreases with
increasing droplet size and water content, with no dependence on surfactant concentration.'*>'8?
Also, chain length compatibility among the co-surfactant, oil, and surfactant plays a significant

-~ role in determining the interfacial viscosity in the-microemulsion- system. When the carbon
- -*“-~number of the suifactant is equal to the sum of the- carbon numbers of the oil and the co-

surfactant’ alceﬁol the interfacial viscosity is incfeased significantly; and the reaction rate is



therefore reduced.®”  All of these parameters should be considered when selecting a
microemulsion system for a reaction.

Due to the potential benefits of ultrafine, homogenous particles in numerous industries,
research interest focusing on the use of the microemulsion reaction technique to produce
nanoparticles has been steadily increasing. The use of microemulsions as a medium for the
precipitation of ultrafine, monodisperse particles was first applied to the precipitation of the rare
metals platinum, palladium, iridium, and rhodium. The metals were precipitated by reducing the
corresponding salts dissolved m the aqueous phase of water-in-oil microemulsions by adding
bulk hydrazine or hydrogen gas.”> Laser and pulse radiolytic reduction was later used to produce
colloidal gold in water-in-oil microemulsions. These particles have potential applications as
condensers for electron storage in artificial photosynthesis.”> Colloidal semiconductor particles
are of great interest due to their unique photochemical and photophysical properties, and these
properties are very much size dependent. Microemulsions have been used to produce
monodisperse cadmium sulfide, lead sulfide?, cadmium selenide?, and silica-cadmium sulfide”’
semiconductor particles. Calcium carbonate, an important additive for lubricant oils, was
produced by carbonation of its salt in the aqueous core of water-in-oil microemulsions.?*°

This paper will focus on the studies carried out in our laboratories on the production of
nanoparticles of silver halides, superconductors, and magnetic materials using the microemulsion
technology just described. Significant property improvements have been made to each of these
particle systems by carrying out the reaction within the dispersed phase of a microemulsion.

PREPARATION OF NANOPARTICLES OF SUPERCONDUCTING MATERIALS

Nanoparticles of two different superconducting materials have been successfully
produced by reaction in the cores of water-in-oil microemulsions. The materials produced by
this technique have been shown to have exceptional properties when compared to materials
produced by conventional techniques. By limiting the nucleation process during the chemical
precipitation in a microemulsion, the particle size of the precipitated product is limited to the
diameter of the dispersed phase droplet. Since there is only one thermodynamically favorable
droplet size for any given microemulsion system, the particles will be monodisperse when
precipitated. The decreased particle size and increased homogeneity of the nanoparticles
produced by this technique result in a higher quality microstructure in the final sintered material,
which leads to superior overall properties when compared to particles produced by the wet
chemical methods.

Synthesis of Y-Ba-Cu-O (123) Superconductor

The Y-Ba-Cu-O (123) superconducting material was discovered after extensive efforts
were made to improve the T, of the first perovskite-like oxide superconductor, La-Ba- Cu-0.3!%

- TﬁcrYBatC_an-,_x supcrconductor precurser powders have-now been successfully prepared by - - -

- reaction” in_the aqueous cores -of water-in-oil microemulsions. % The microemulsion- system -
“selected for this feaction used octane as the hydrocarbon phase, “water with dlssolved salts as the
aqueous phase, cetyl trimethyl ammonium bromide (CTAB) as the surfactant, and 1-butanol as



the co-surfactant. This system was selected because it has been shown that this microemulsion
dissolves relatively large proportions of metal salt solutions such as Y(NO,); and Cu(NO,),.”
Initially, the yttrium, barium, and copper nitrates to be reacted had to be dissolved in the
appropriate molar ratio (1:2:3) in the aqueous phase. However, to avoid errors due to an
uncertainty in the water of crystallization associated with Y(NO,); and Cu(NO,),, the starting
solution was produced by dissolving Y,0, and CuO in hot concentrated nitric acid (HNO,) and
later adding Ba(NO,),. Ammonium oxalate, in 10% stoichiometric excess, was dissolved in
water to form the other reactant phase. An initial reaction pH anywhere between 3.5 and 4.0 was
found to yield monophasic YBCO on calcination, which is much less pH sensitive than the
conventional coprecipitation method. This pH is achieved by using the concentrated nitric acid
to dissolve the salts initially. The microemulsions were formulated as listed in Table 1.

Table 1: Composition of the microemulsions used for the Y-Ba-Cu-O precursor reaction

Surfactant Phase Hydrocarbon Phase Aqueous Phase
Microemulsion I CTAB + 1-butanol n-octane (Y,Ba,Cu) nitrate solution,
Total metal conc.=0.3 N .
Microemulsion II CTAB + 1-butanol n-octane Ammonium oxalate
solution, 0.45 N
Weight Fraction 29.25% 59.42% 11.33%

(for both I and IT)

The (Y,Ba,Cu) oxalate precipitate was separated from the oil and surfactant by centrifuging and
washing with a 1:1 mixture of ethanol and chloroform, followed by pure ethanol. Once the
surfactant was washed off, interparticle coagulation occurred to some extent. However, the
precipitated oxalate particles produced by this method were still substantially smaller than those
produced by conventional bulk methods. The particles were extensively characterized and
compared to those produced by the conventional coprecipitation reaction. The results of this
characterization are shown in Table 2.

Table 2: Comparison of physical properties of YBCO superconductor prepared by conventional aqueous phase
precipitation vs. preparation by microemulsion reaction

Physical Property - Microemulsion Conventional
Reaction ' Reaction

ESD of (Y.Ba,Cu) oxalate precipitate 47.4 nm , 380.6 nm
ESD of YBCO Powder 274.8 nm 626.6 nm

Calcined at: 820°C.2h 860°C.6h
Grain size of YBCO pellet (from SEM): 15-50 pm - 0.5-2.0 ym

Sintered at: 925°C, 12h 925°C, 12 h
Density of sintered pellet (fraction of single crystal density) 98 (+3)% 90 (¥2)%
Magnetic susceptibility of Field-cooled sintered pellet -10.95x 10° -3.06 x 10°

(demagnetization corrected) (emu cm™) (emu cm™)
Magnetic susceptibility of Zero-Field-cooled sintered pellet  -72.05 x 10° -11.43x 107

___ . (demagnetization corrected) 7 “(emucm®) - -~ (emucm?)

" Fragtion of-idal Meissper signal (-1/4m) - 90:5% -~ - = 144%
Superconducting T, ~ o © 93K LT T FE - 91K T




Overall, the superconducting pellets produced by the microemulsion reaction were
superior to those produced by the conventional reaction. Table 2 shows that the equivalent
spherical diameter (ESD) of the particles of the both the dried oxalate precursor and the calcined
oxide were significantly smaller for the microemulsion method. Also, the calcining temperature
and time necessary for complete conversion of the oxalate to the oxide is lower for the
microemulsion method. However, the calcined microemulsion product does not exhibit
Meissner effect, and hence superconductivity, down to 4 K, while the calcined conventional
product does display a weak Meissner effect. The true advantage of the microemulsion product
only becomes evident after sintering as pellets (3 mm diameter, 1 mm thick, applied uniaxial
pressure = 1.2 Gpa). Table 2 shows that the grain size of the sintered microemulsion product
was 30-100 times larger than that of the sintered conventional product, as viewed by SEM. This
results in a much higher theoretical density for the microemulsion product. Since grain
boundaries are viewed as flaws from a standpoint of superconducting properties, the
microemulsion product is far superior, because of less total grain boundary area. This is evident
from the magnetic susceptibility measurements. The temperature dependence of the DC .
susceptibility was measured down to 4.2 K under a field of 23 G. The microemulsion-derived
material exhibited substantially larger zero-field-cooled and field-cooled signals. The fraction of
the ideal Meissner signal is therefore much larger for the samples prepared by the microemulsion
method.

Synthesis of Bi-Pb-Sr-Ca-Cu-O Superconductor

As compared to the YBCO superconductor, even larger T, values have been obtained in
the 5-component systems Bi-Sr-Ca-Cu-O* and Ti-Ba-Ca-Cu-O* systems. This led to an
investigation into making similar superconductors by microemulsion precipitation, which
resulted in the successful production of Pb-doped Bi-Sr-Ca-Cu-O (2223) superconductor.® The
Pb-doping is used to promote the formation of the high T, phase, the formation of which is still
not well understood.*"** After carrying out the appropriate reaction in the dispersed phase of a
microemulsion, the final superconducting product exhibited superior properties to the
conventional product. It should be emphasized that the precipitation of 5 cations in the desired
ratios in bulk aqueous solution is very difficult due to the different solubilities in water.

The microemulsion system selected for this reaction consisted of cyclohexane as the
hydrocarbon phase, water with dissolved salts as the aqueous phase, and Igepal CO-430
(nonylphenoxypoly (ethyleneoxy) ethanol) as the surfactant (no co-surfactant needed). Bismuth
oxide, lead acetate, strontium carbonate, calcium carbonate, and copper acetate were dissolved in
the molar cation ratio of 1.84:0.34:1.91:2.03:3.06 in a 25:75 (v/v) acetic acid/water mixture, then
dried and dissolved again in a 50:50 (v/v) acetic acid/water mixture. Oxalic acid in 10%
stoichiometric excess was dissolved in 50:50 (v/v) acetic acid/water mixture. These two aqueous
phases were used in the microemulsion formulation shown in Table 3. The precursor oxalate
particles  were then separated in a superspeed centrifuge at 5000 rpm for 10 min and washed
repeatedly with-a 1:1 methanol:chioroform mixture to remove all surfactant. A-JEOL-200.CX -
- TEM plcture of t the dnc& pomicr revealed fairly monodlsperse parhcles jn ﬂle—szetrange of 26

nm.



Table 3: Composition of the microemulsions used for the Bi-Pb-Sr-Ca-Cu-O precursor reaction

Surfactant Phase Hydrocarbon Phase Aqueous Phase
Microemulsion I Igepal CO-430 Cyclohexane Solution of metal salts in
acetic acid/water mixture
Microemulsion II Igepal CO-430 Cyclohexane Solution of oxalic acid in
acetic acid/water mixture
Amount Used 15¢g 50mL 10 mL

The precursor powder was calcined at 800°C for 12 h, and energy dispersive x-ray
analysis confirmed the presence of all the metal species in the original cationic ratio, and uniform
mixing. The calcined powder was pressed into a pellet of 6 mm diameter under a static pressure
of 120 Mpa and sintered at 850°C for 96 h. The DC magnetic susceptibility measurements
revealed an abrupt change in the magnetization curve at 112 K, indicating the transition to
superconducting state. The zero-field-cooled signal corresponds to 93% of the ideal Meissner
shielding (-1/4n). X-ray powder diffraction spectra revealed almost phase pure 2223 oxide
superconductor. Due to the ultrafine nature of the precursor powder, a larger grain growth and
densification was observed. The density of the sintered sample, as determined by helium
pycnometry, was 97% of the theoretical value.

In summary, both the YBCO and Bi-Pb-Sr-Ca-Cu-O superconductors obtained from
microemulsion precipitation reaction were superior in nature to those obtained via conventional
methods. The fraction of the ideal Meissner shielding, grain size, and fraction of theoretical
density were all much larger for the microemulsion technique, due primarily to the ultrafine,
homogeneous nature of the precursor powder precipitated in the constrained media. These
results demonstrate the quality of material that can now be obtained in ultrafine, monodisperse
form by precipitation in the aqueous cores of water-in-oil microemulsions.

PREPARATION OF NANOPARTICLES OF MAGNETIC MATERIALS

Nanoparticles of magnetic materials are the subject of intense research because of
potential applications in the field of high-density magnetic recording and as constituents of
magnetic fields.* There are certain magnetic oxides that are commonly used in modern processes
for magnetic recording. These include v-Fe,0,, Fe,O,, cobalt-modified Fe,O,, and CrO, for
longitudinal recording and barium ferrite (BaFe ,0,,) and other hexagonal ferrites for high-
density perpendicular recording. For these materials to function properly for recording purposes,
the particles should be single domain, i.e. all the magnetic moments in the particle should be in
one direction, and both the particle size and shape are crucially important.” For any magnetic
material there exists a critical size, dg,, below which it remains single domain. Also, there exists
a characteristic size of the particle, dgp, below which the material becomes superparamagnetic.
Therefore, the size range over which the particle is useful in a storage medium is dgp<d<dgp,. The

) . same new techniques have been applied to producing nanoparticles of magnetic materials as - ,
~ == - _listed in the introduction;” buthomogenelty oﬁmnopamcles continues-to-be a- problem with thescv T
7 methods. As a résult, thé microenmulsion precipitation technique has been attempted as ameans
of producing uniform nanoparticles. Nanoparticles of magnetite® and maghemite® have been



previously prepared using this technique. This section of the paper focuses on the preparation of
barium ferrite, y-Fe,0,, and cobalt-modified Fe,O, by the microemulsion technique.

Synthesis of Barium Ferrite (BaFe,0,,)

Barium ferrite has traditionally been used in permanent magnets because of its high
intrinsic coercivity and fairly large crystal anisotropy.”’ However, more recently, it has emerged
as a leading material for use in high density perpendicular recording.”> The classical ceramic
method for the preparation of barium ferrite consists of firing mixtures of iron oxide and barium
carbonate at temperatures near 1200°C, but these particles must then be ground below the critical
size, dgp, so that they are single domain. This grinding process results in an inhomogeneous final
product with low coercivity.”** More modern techniques of nanoparticulate production improve
upon, but do not conquer, the problem of polydispersity in the final magnetic particles. The
microemulsion precipitation. technique has proven superior to the other methods in producing
barium ferrite particles.’**"*

The microemulsion system selected for the precipitation of barium ferrite used n-octane
as the hydrocarbon phase (44% by wt.), cetyl trimethyl ammonium bromide (CTAB) as the
surfactant (12% by wt.), n-butanol as the co-surfactant (10% by wt.), and a salt solution as the
dispersed aqueous phase (34% by wt.). The aqueous solution in one microemulsion contained a
mixture of barium nitrate and ferric nitrate as the dissolved salt, while the other microemulsion
contained the precipitating agent, ammonium carbonate. Upon mixing the two microemulsions,
barium-iron carbonate precipitated within the nano-size droplets of the microemulsion. The
particles were separated in a centrifuge at 5000 rpm for 10 minutes, and washed in a 1:1 mixture
of methanol and chloroform followed by pure methanol to remove any oil and surfactant from
the particles. The precipitate was dried at 100°C and then calcined at 950°C for 12 hours to
insure complete conversion of the carbonate precursor into barium ferrite (BaFe,,0,,).

The calcined particles were found by TEM to have a mean particle size in the range of
50-100 nm, while the precursor particles were in the range of 5-15 nm, indicating that growth
took place during calcination. X-ray diffraction showed all characteristic peaks for barium
ferrite. Room temperature magnetic property measurements were carried out on a vibrating
sample magnetometer (VSM) using an unoriented, random assembly of particles. The intrinsic
coercivity (H,) of the particles was found to be 5397 Oe, indicating that the particles were
essentially single domain. The critical domain size, dg,, was reported to be in the range of 1 pm
for room temperature barium fernte so the particle size of under 100 nm indeed was in the single
domain regime.*

Synthesis of y-Fe,O,

A magnetic oxide commonly used for information storage®, color imaging >

--bioprocessing®, -ferrofluids®, magnetic refrigeration®, and ‘magnetic resonance imaging® is y=_ -
“Fe;OJ A rmcroemulsmnsystem similar-to=the ene- use&’forihe synthesis of barium femte WasT >

used for the precipitation of y-Fe;0;.%% One microemulsion contained a 0.15 M selution of -



ferrous sulfate as the aqueous phase. To this microemulsion a 2.0 M solution of tetra ethyl amine
(TEA) in octane was added to hydrolyze the Fe?* ions in the aqueous phase. The second
microemulsion for the reaction contained sodium nitrite as the aqueous phase. After mixing, the
precipitated iron oxide particles were treated in a manner similar to the barium ferrite particles to
remove surfactant impurities. TEM revealed monodisperse, spherical particles in the size range
of 22-25 nm, and X-ray diffraction confirmed characteristic peaks corresponding to y-Fe,O,, with
no impurities of a-Fe,0, or Fe,0,. ,)

The room temperature magnetization curve for the dried powder, obtained on a VSM,
showed zero coercivity, indicating that the iron oxide particles were superparamagnetic at room
temperature. This means that the particles prepared were below the characteristic size, dgp, at
which the particles become superparamagnetic. If microemulsions are used for in situ synthesis
of y-Fe,0,, the particles can be isolated easily in powder form for use in magnetic imaging. The
powders can also be dispersed in aqueous or non-aqueous media for other applications such as
ferrofluids. As a result, these particles can be made useful despite their superparamagnetic

properties.
Synthesis of Cobalt Ferrite Particles (CoFe,0,)

The y-Fe,0, particles discussed in the previous section are commonly used for magnetic
recording applications that do not require high recording densities. However, these iron oxides
have a low intrinsic coercivity, which causes a serious limitation for high-density recording
applications. As a result, modification methods have been developed that raise the coercivity of
iron oxide particles from their typical value of 300-400 Oe to well above 1000 Oe. One of these
methods is cobalt modification. The enhancement in coercivity with this method occurs because
the cobalt ions impart an increased magnetocrystalline anisotropy to the oxide structure due to
the coupling of spins of the cobalt ions with the iron ions. Cobalt-modified oxide particles are
the predominant magnetic material used in video tapes today, and they are becoming more
common in high-density digital recording of tapes and disks.®*® These particles have recently
been successfully produced by the microemulsion precipitation technique of nanoparticle
production.®’

The microemulsion system selected for this reaction was similar to that used for the
preparation of both barium ferrite and y-Fe,O, particles, except that the aqueous phase was
modified to fit the reaction needed. One microemulsion contained an aqueous phase of 0.01 M
cobalt (II) nitrate and 0.02 M ferric nitrate to facilitate the 1:2 molar ratio of Co**:Fe** needed for
the final product. The other microemulsion contained an aqueous phase of ammonium hydroxide
in a 10% stoichiometric excess for the reaction. The cobalt-iron hydroxide particles that
precipitated when the microemulsions were mixed were treated in a similar manner to the barium
ferrite and y-Fe,O, particles. The precursor hydroxide particles were then calcined at 600°C for 5
hours for complete conversion into the magnetic femte (CoFe204)

) —A TBM anaiysxs oﬂhe calcmed partlcles revealed pax:trcles iess than 50rmn irt size, which
is below the- ‘reported crifical domain size for cobalt ferrite. The calcined particles weére spherical -~



in nature, which is expected due to the precursor particles being spherical. The precursor
particles were 5-20 nm in size, which indicates that the calcination time and temperature are both
important variables in controlling the size and growth of particles synthesized using
microemulsions. An X-ray diffractogram of the particles indicated characteristic peaks for
CoFe,0O, only. Magnetization measurements were performed on the particles and revealed a high
coercivity of 1440 Oe. This high coercivity value indicates that the particles formed are indeed
single domain, and furthermore, are above the superparamagnetic characteristic size, dgp, unlike
the y-Fe,O, particles discussed in the previous section. These results verify that the
microemulsion technique can be successfully employed to produce high coercivity,
monodisperse nanoparticles of cobalt ferrite.

. Since the same microemulsion system was used in producing barium ferrite (BaFe,,0,,),
Y-Fe,0;, and cobalt ferrite (CoFe,O,) nanoparticles, these results illustrate the versatility of the
microemulsion technique. The only difference in the microemulsions was the dissolved salts in
the aqueous phase, which determine the nature of the precipitate formed.

PREPARATION OF NANOPARTICLES OF SILVER HALIDES

Ultrafine particles of silver halides have been pursued because of applications in
photographic emulsions.”™”" However, these particles are extremely difficult to obtain in
monodisperse form, which is essential for the application. Silver halides have been successfully
prepared in ultrafine, monodisperse form by reaction in the aqueous cores of water-in-oil
microemulsions.””” Particles of both AgCl and AgBr were produced, and parameters were
varied to study the effects on various properties of the particles.

Synthesis of Silver Chloride (AgCl)

Silver chloride was precipitated in the aqueous cores of a water-in-oil microemulsion by
reacting silver nitrate and sodium chloride. The microemulsion system selected for this reaction
used sodium di-2-ethylhexyl sulfosuccinate (AOT) as the surfactant, which requires no co-
surfactant alcohol in forming microemulsions because of its nearly balanced hydrophile-
lipophile property.””” Different hydrocarbon phases were investigated with this system,
including n-hexane, n-heptane, n-octane, n-nonane, n-decane, and n-dodecané. The aqueous
phase in the first microemulsion was silver nitrate (AgNO,, 0.4 M), while the aqueous phase in
the second microemulsion was sodium chloride (NaCl, 0.4 M). The microemulsions had
identical compositions and each solubilized 8 moles of aqueous phase per mole of surfactant
(AOT, 0.15 M in alkane). The microemulsions were mixed under constant stirring to form AgCl

particles in suspension.:

The particles were thoroughly characterized. First, the particles were viewed under
transmission electron microscope (TEM) to study the morphology and aggregation state of the

microcrystals prepared-from each hydrocarbon phase. In each ease, the ameunt of hydrocarben ~ -
- phase“was kept,consmn‘:t Fgr all hydrocarlionsmvcsngated the partlcle size ‘of the precrpltatcd _
particles was in the 5-10 nm range, and 1he particles were spherical and relatively uniforth in- -



size. For n-heptane, the TEM pictures of the particles showed no aggregation at all 1 day and 1
week after initially mixing the reactant microemulsions. For n-dodecane, aggregation was not
evident 4 hours after mixing, but it was evident 5 days after mixing. However, sonification
easily broke up the weak aggregates, and the sonicated particles were of the same size as the
initial particles. This verifies the stability of the dispersions, even after one week, which has
been explained on the basis of a low attractive interaction between the microemulsion droplets

containing the AgCl nanoparticles.

The microemulsions were also characterized by Quasi-elastic light scattering (QELS) in
order to monitor the variation of the hydrodynamic diameter of the dispersions after mixing the
microemulsions. By monitoring the scattered light intensity after mixing, the growth of the AgCl
particles could be inferred from the hydrodynamic diameter. Using n-heptane as the
hydrocarbon phase, it was found that both the hydrodynamic diameter and polydispersity
remained almost constant initially and started to increase after approximately 100 minutes. This
implies that, within the first 100 minutes, only a single mode of translational diffusion was
observed. After that, a more significant contribution of AgCl microcrystals was observed. This
means that in the first 100 minutes, the microcrystals were very small and restricted within the
microemulsion droplets. However, after this initial stage, the microcrystals were no longer
limited entirely to the “cages” of microemulsion droplets and thus the hydrodynamic diameter
increased. This was because of a depletion of surfactant due to the adsorption of surfactant onto
the newly created AgCl particle surfaces. This depletion of surfactant resulted in an increase in
the hydrodynamic diameter of the droplets. These results imply the formation of loose aggregates
after the initial stage. However, the TEM study for the n-heptane system verifies that any
aggregates are very loosely bound in this system. Even after 1 week, aggregation was not
evident by TEM for the n-heptane system. :

The rate of formation of AgCl was also studied with microemulsion composition
variations. The transmittance of the microemulsion was monitored after the reactant
microemulsions were mixed. A stopped-flow photometry apparatus was used to provide rapid
and homogeneous mixing, along with transmittance measurements after an indicator (potassium
chromate) was added to one of the microemulsions. The transmittance of the dispersion
decreased as the reaction progressed. By studying the reaction rate inside the microemulsion, the
stability of the colloid was explored. A more rigid interface will slow the reaction rate, since
droplets will not coalesce and allow the components to mix. Therefore, this apparatus was used
to determine the effects of microemulsion components on reaction kinetics. The reaction rate
was found to increase as the alkane chain length increased, the short chain alcohol concentration
increased, and the alcohol chain length decreased. Also, the addition of a nonionic surfactant,
Arlacel-20, decreased the reaction rate significantly. ‘

Synthesis of Silver Bromide (AgBr)

- The same microemulsion-was used to prepare silver bromide as with silver chloride,

- eéxcept that the second microemulsion-containéd sodiam bromide (NaBr), in place of sodium -

‘chloride. The particles produced from these microemulsioris were also spherical and uniform in-
size. As the chain length of alkane used was increased from n-hexane to n-octane, the size



distribution of the particles increased from 5 to 10 nm. The solubilization of the aqueous phase
in the microemulsion was also studied in this system versus hydrocarbon chain length and salt
concentration. It was found that the maximum water solubilization decreased substantially as the
NaBr or AgNO, concentration increased. It was also found the maximum water solubilization
had a maximum when plotted versus hydrocarbon chain length. The location of the maximum
was observed for a hydrocarbon chain length of about 8 for a pure water system and a chain
length of about 13 for a 0.4 M NaBr system. These results point out the importance of
characterizing a microemulsion system before attempting its use in a reaction in order to
optimize the product properties obtained.

From these results, it is evident that the preparation of silver halide nanoparticles by
microemulsion reaction has been investigated extensively. The resulting particles are
monodisperse in nature, which is an improvement over the nanoparticles produced by other

techniques.

CONCLUSIONS

Nanoparticles of superconducting materials, magnetic materials, and silver halides have
been successfully produced using the microemulsion precipitation technique. By using this
technique instead of other nanoparticle production techniques, the particles are uniform in both
size and shape. The superconducting nanoparticles are monodisperse in nature, and therefore
their sintered pellets have a high fraction of ideal Meissner shielding and theoretical density. The
magnetic nanoparticles are also monodisperse, with exceptionally high intrinsic coercivity for the
cobalt-modified iron oxide particles. Also, the silver halides are of uniform size and shape, which
is an improvement over particles previously produced. The microemulsion precipitation
technique has extraordinary potential for producing high quality nanoparticles of a wide variety.
The potential for this exciting field has just started to unravel.
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