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DISSERTATION ABSTRACT

METALLIC NANOPARTICLE SYNTHESIS WITHIN REVERSE MICELLAR
MICROEMULSION SYSTEMS
Christopher Lawrence Kitchens

Doctor of Philosophy, December 17, 2004
(B.S., Appalachian State University, 1999)

Directed by Christopher B. Roberts

The synthesis of metallic nanoparticles is integral for the advancement of the field
of nanotechnology. Solution based nanomaterial synthesis is an effective method for the
production of nanomaterials, particularly with the use of surfactants and other materials
for directed assembly allowing control over the nanomaterials’ physical properties.

This dissertation presents research performed to study the synthesis of metallic
nanoparticles within reverse micelle systems. A fundamental approach has been taken to
carefully examine the role of each component of the reverse micelle system, specifically
the surfactant, bulk solvent, and the aqueous micelle core. The role of the sodium bis(2-
ethylhexyl) sulfosuccinate (AOT) surfactant is two fold. Initially, the surfactant forms
reverse micelles, nano-sized water pools dispersed within the bulk organic solvent which
act as nano-reactors for the chemical reduction of the metallic precursors and metallic
nanoparticle synthesis. The surfactant also acts as a stabilizing agent, effectively
dispersing synthesized particles in solution, preventing agglomeration. Previously it was

thought that spherical reverse micelles acted as templates for nanoparticle synthesis
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despite the negligible effect of the initial micelle diameter on the on the diameter of
nanoparticles synthesized. Rather the initial micelle diameter influences the nanoparticle
growth rate. In contrast, the properties of the bulk organic solvent do influence the
nanoparticle diameter.

The nature of solvent interactions with the AOT surfactant tails in various liquid
alkane solvents, compressed propane, and supercritical ethane demonstrates that steric
stabilization of the metallic nanoparticles by the AOT surfactant determines the particle
sizes synthesized, rather than the previously accepted templating effect. Time resolved
UV-vis spectroscopy was used to study the kinetics of particle synthesis, Neutron Spin
Echo spectroscopy and Small Angle Neutron Scattering were used to determine the
bending elasticity of the reverse micelle AOT monolayer as a measure of the micelle
rigidity, a total interaction energy model was developed to determine the thermophysical
effects by predicting the synthesized particle diameters and electron microscopy was used
to analyze the synthesized particles. The nature of anionic interactions on metallic
nanoparticle synthesis was also investigated with impacts on microemulsion stability and
nanoparticle surface properties. The presence of chloride ions within compressed
propane results in the formation of diamond-shaped copper nanoparticle assemblies.

Compressed and supercritical fluids have been demonstrated as effective media
for the production of nanomaterials by taking advantage of their novel, tunable
properties. This investigation of metallic nanoparticle synthesis within the AOT reverse
micelle system has provided an increased understanding of the controlling factors of
microemulsion based nanoparticle synthesis with applications in the production of novel
yet practical nanomaterials and the advancement of nanotechnology.
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CHAPTER 1
1. INTRODUCTION AND BACKGROUND MATERIAL

1-1.  NANOMATERIALS

Nanotechnology is the study and implementation of nanomaterials, defined by
length scales less than 100 nanometers, and has emerged as an influential area of research
and development for future technologies'''. A majority of the state-of-the-art
technologies that are in use today operate on the micro-scale, such as microelectronics.
As technology advances the trend is to operate on an even smaller level, leading to the
development of a variety of nanomaterials with unique properties and characteristics as
well as an unlimited potential of applications.  Postulations on the future of
nanotechnology include the formation of nanocomputers and nanomachines which act as
assemblers and replicators of virtually any conceivable material or devise by tailored
atomic scale production. Potential applications range from materials necessary to make
space travel feasible to the hypothetical “breadbox assembler” present in every household
which will consist of atomic raw materials used to produce a desired object or material'*
12 The synthesis of many nanomaterials consists of a “bottom up” mechanism beginning
with atomic building blocks, as opposed to the conventional methods of micro scale

4-7,10-12

synthesis consisting of “top down” mechanisms The every-day usage of such

nanodevices lies in the distant future, however current research in the production of



nanomaterials lies in controlling these tailored assemblies, particularly isolated

nanoparticles of specific size and morphology.

Current applications of nanoparticles include optical, electronic, magnetic, sensor,
superconducting, biological, catalytic and biomedical materials as well as coatings, films,

and seeded growth of micro/macro scale materials®”'""",

Nanoparticle properties have
the potential to differ significantly from conventional materials thus allowing for the
development of novel and innovative materials. Composition, structure, interfacial
properties, defects, flaws and other physical aspects of these materials are the key
ingredients which mold these materials for their potential applications yielding new and
innovative materials. In order to take advantage of these physical aspects, synthesis of
nanomaterials must be understood and controlled. Control of nanoparticle synthesis lies
in manipulation of the physical properties, thermodynamics and kinetics of the system,
thus allowing for tailored assembly down to the atomic level. The arrangement of atoms
on the nanoscale directly influences the material properties, such as strength, uniformity,
chemical activity and performance. Without a fundamental understanding of the surface

chemistry, thermodynamics and kinetics of nanoparticle synthesis, the full potential for

application will not be achieved.

Synthesis of nanoparticles has been achieved in the solid, liquid, gas and
supercritical phases, each with its advantages and drawbacks. Solid state synthesis is a
conventional method consisting of mechanical deformation under shear conditions™*®.

This method is typically diffusion limited and energy intensive resulting in high

temperatures and large size distribution and non-uniformity of the product. Liquid, gas



and supercritical phase synthesis provides increased diffusion of reactants, allowing for
better kinetics and more favorable operating conditions as compared to solid state

- .2,13-18
synthesis”

. This is necessary for the synthesis of many thermodynamically sensitive
materials and also yields more uniform and mono-dispersed materials. A majority of
synthesis techniques performed in fluid media involve atomic and molecular synthesis
from the bottom up in a nucleation and growth type mechanism, regardless of the
material composition. This is true for metallic, organic, organometallic, or composite
materials and due to the nanoscale synthesis, misplacement of a single atom or the
smallest defect in the crystal lattice or grain structure can potentially affect the
performance of the material, either advantageously or detrimentally”®'"">. The “bottom
up” synthesis is typically achieved by one of three methods, acid/base reaction,
precipitation, or reduction/oxidation reaction. Each of these methods can be used to
initiate particle growth followed by a nucleation and growth mechanism. Particle
nucleation can be achieved either homogeneously by temperature or pressure adjustment
or heterogeneously by the addition of a reducing agent, antisolvent or some other type of
initiator. The particle growth is governed by the thermodynamics of the system,

including temperature, pressure, density, pH, and dielectric constant™®'".

Particle nucleation and growth play an important role in determining the physical
properties of the resulting material however; other thermodynamic and kinetic factors
such as stabilization and diffusion can be influential in determining particle morphology
and structure. Certain phenomena such as coagulation, the formation of strong compact

aggregates, and flocculation, formation of a loose network of particles, can be either



advantageous or detrimental depending on the materials application.  Attractive
interactions between nanoparticles synthesized in a fluid phase can arise from
electrostatic or van der Waals forces, leading to undesired agglomeration. In many cases
colloidal stabilization provides efficient means to prevent unwanted agglomeration. In
the case of metallic nanoparticles, entropic stabilization of the particles by a protective
layer of surfactant has proven effective in preventing degradation, oxidation and
agglomeration. Surfactants have also been shown to act as dispersants to stabilize

particles through steric or electrostatic repulsion®'*"”.

Metallic nanoparticles have found applications in electronics, magnetic materials,
sensors, explosives, catalysts, pharmaceuticals, powder metallurgy, thin films and
coatings. Metallic nanoparticles have been produced in a variety of

2,5,7,13,18,20-35

morphologies (spheres, rods, fibers, cubes, and hollow cubes) and

173634 (metallic, intermetallic, organometallic, alloys, and composites).

compositions
Some of the more popular solution synthesis techniques include aqueous, non-aqueous,
sono-chemical, organometallic precursor, chemical vapor deposition, gels and

236:13.1655:36  gynthesis of metallic nanoparticles has potential as

microemulsion methods
an extremely innovative research area due to the interesting properties they exhibit. The
high surface to volume ratio provides high reactivity for surface active materials such as
catalysts as well as applications involving thin films and coatings. Metallic nanoparticles
have the ability to go through tailored synthesis to produce various desired particle

morphologies and compositions. The various metallic materials, consisting of a wide

range different metals and metal composites, allow for interesting metal lattice and



conductivity properties. Surface properties and reactive sites make these materials

attractive for biomedical applications and as seeded growth initiators'”?***’.

Nanoparticle applications cover many areas of research due to the high activity and
versatility of the materials. However, in many cases the high surface activity results in
metal nanoparticle susceptibility to oxidation, hydrolysis or some other form of
degradation. Stabilizing ligands and other surface conditioning substances, such as

6,13,19

surfactants, are necessary for the preservation of these materials Surfactants and

other stabilizing ligands, such as thiol compounds, create a thin protective monolayer on

58,59

the surface of the nanoparticles’”". These thin monolayers are also used to functionalize

nanoparticles for nanomaterial assembly applications®>®,

Surfactants play an important
role in the synthesis of metallic nanoparticles with the application of an emulsion based

method.

1-2.  EMULSION BASED SYNTHESIS OF PARTICLES

A typical emulsion consists of a single phase consisting of three components,

1,61-63

water, oil and an amphiphilic molecule such as a surfactant . Normally oil and water

are immiscible but with the addition of a surfactant, the oil and water become miscible
because the surfactant is able to bridge the interfacial tension between the two fluids"®%.
The molecular structure of surfactants affords it the ability to immerse polar and non-
polar compounds such as oil and water. Surfactants consist of two main entities, a
hydrophilic head group, which prefers an aqueous environment and a hydrophobic (or

lypophilic) tail group, which prefers an organic, non-polar environment. There are four

main classes of surfactants determined by the ionic charge of the head group which



include cationic surfactant (positive charge), non-ionic surfactant (neutral charge),
anionic surfactant (negative charge) and zwitterionic surfactant (both positive and
negative charge). An example surfactant used throughout this work is sodium bis(2-
ethylhexyl) sulfosuccinate, also known as Aerosol-OT or AOT seen in Figure 1-1a. AOT
is a twin tailed, anionic surfactant with a sulfosuccinate head group stabilized as a salt by
a sodium cation. The AOT molecule has an inverted conical shaped structure and has
proven to be an effective emulsifier, thus finding a wide range of applications as well as

numerous intensive studies.

One class of emulsion is a microemulsion. Microemulsions are distinct from
other emulsions in that they are transparent, spontaneously self-assemble, more stable
with respect to phase separation, and consist of aggregates are on the length scale of less
than 100 nm. The geometry of surfactant aggregates within a microemulsion can take on
a variety of forms based on the location in the water — surfactant — oil phase diagram
shown in Figure 1-2 as well as the molecular geometry of the surfactant. The geometry
of the surfactant molecule can be defined by the critical packing parameter® defined with
examples in Figure 1-3. AOT has an inverted cone shape with a critical packing
parameter greater than one allowing for preferential formation of reverse micelle
surfactant aggregates. An oil-in-water microemulsion, o/w, located in the bottom left
corner of the phase diagram, consists of water as the bulk fluid with small amounts of
surfactant and oil. For an o/w microemulsion, the surfactant and oil components will self
assemble to form a minimum free energy entity know as a micelle. Micelles are

composed of nano-scale oil droplets encased in a monolayer of surfactant with the
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Figure 1-1a. Molecular structure of sodium bis(2-ethylhexyl) sulfosuccinate
(AOT) surfactant. The dotted lines represent the cone-like packing structure of
the twin tail surfactant.
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Figure 1-1b. Reverse micelle formed by the self-assembly of AOT surfactant
molecules which disperse nano-sized water droplets within the bulk oil phase,
creating a thermodynamically stable microemulsion.
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Figure 1-2. Phase diagram of the Water — Surfactant — Oil microemulsion
system demonstrating various surfactant aggregate geometries consisting of 1.
Spherical micelles. 2. Rod-like micelles. 3. Irregular bicontinuous phase. 4.
Reverse cylindrical micelles. 5. Reverse micelles. 6. Hexagonal phase. 7.
Cubic phase. 8. Lamellar phase. 9. Reverse cubic phase. 10. Reverse
hexagonal phase. (Obtained from Zhang et al., 2003)*
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hydrophilic surfactant tails preferentially oriented on the oil droplet surface and the
hydrophilic head group extending into the bulk water phase. A water-in-oil, w/o,
microemulsion located in the bottom right corner of the phase diagram, consists of an
organic solvent or oil as the bulk fluid with small amounts of surfactant and water. In
this case the surfactant and water self assemble to form a thermodynamically stable
reverse micelle. The reverse micelle consists of a small water pool encased in a
surfactant monolayer where the hydrophilic head group preferentially orients itself at the
water surface and the surfactant tails protrude into the bulk organic fluid, as seen in
Figure 1-1b. The size and number of reverse micelles which are dispersed in the bulk
organic fluid largely depends on the concentrations of water and surfactant, as well as
their molar ratio. The ratio of water molecules to surfactant molecules is used to describe
the water content of the reverse micelles and is commonly termed a W value, W = [H,O]
/ [Surfactant]. The water content, W, is directly related to the size of the AOT reverse
micelle water core by a simple relation, R(nm) = 0.18 W, where R is the hydrodynamic
radius of the AOT reverse micelle®”. An AOT reverse micelle system typically exists
with a W in the range of 0 to ~100 (depending on the bulk solvent, temperature, etc.)

resulting in a water pool varied from 0 to 30 nanometers in diameter®.

The concentration of surfactant required to form spherical reverse micelles is
determined by the critical micelle concentration, CMC, which is the minimum surfactant
concentration necessary to form micelles. The CMC is affected by various properties of
the reverse micelle system, such as the solvent interactions between the surfactant tails

and bulk organic solvent, the geometry of the surfactant, the addition of cosolvents or

10



salts, and temperature. Above the CMC, the surfactant aggregates exist as reverse
micelles until the surfactant concentration is increased to a point where the reverse
micelles begin to aggregate into larger structures and flocculation begins. The CMC and
flocculation are dependant on the physical and thermodynamic properties of the reverse
micellar system. The same properties largely influence the microemulsion stability as

well as the controlling factors of nanoparticle synthesis within the reverse micelle cores.

The reverse micelle core acts as a nanoreactor for aqueous phase reactions
dispersed within an organic bulk phase. AOT has been used extensively in the formation
of reverse micellar systems, mainly due to the fact that the inverted cone geometry of the
surfactant allows for the formation of evenly dispersed, thermodynamically stable,
spherical reverse micelles'. Due to the popularity of this system, an extraordinary
amount of research has been and continues to be conducted in order to gain a complete
understanding of each governing entity. Investigations of the water core have revealed
the presence of two water environments seen in Figure 1-1b. Bound water exists in the
vicinity of the AOT head groups where the ionic environment influences the water by
restricting the mobility of the water molecules. Free water exists in the center of the
reverse micelle and has properties closely resembling those of bulk water. Reaction
studies have shown that the water environment plays an important role in micelle kinetics
thus influencing nanoparticle formation within the reverse micelle cores’®**%""*. There
have been several mechanisms proposed that govern micelle kinetics and thus influence

reactions in reverse micelle systems.

11



The most widely accepted mechanism, seen in Figure 1-4 , involves an
intermicellar exchange of the aqueous micelle core and the dissolved contents which
occurs through random micelle collisions resulting from micelle diffusion through the

56,66,74,75

bulk fluid and Brownian motion The intermicellar exchange process has been

studied by a variety of methods including laser flash photolysis, spectrophotometry,

66,74,76-80 :
747680 Robinson and co-workers performed one of the first

NMR and electrochemistry
in depth studies of micelle kinetics on the water/alkane/AOT system using laser flash
photolysis and a stopped flow technique where two micelle solutions containing reactants
were mixed and product evolution was measured to determine the intermicellar exchange
rate constant, ke®. The study included three different reactions and variation in the bulk
liquid alkane fluid, water content, AOT concentration, and temperature. The results from
their study reveal that k.« decreases with increasing water content for W = 10, 15, 20, and
30; ke is independent of AOT and reactant concentration; kex increases with an increase
in temperature; and ke increases slightly with carbon number for pentane through
dodecane in addition to a significant decrease in ke for the corresponding cyclic
compounds, particularly cyclohexane. The dependency of k. on the bulk solvent can be
explained by the solvent interactions with the AOT tails where a more favorable
interaction will allow for the solvent to insert itself within the surfactant tails thus
creating a more rigid micelle and resulting in a slower exchange rate®®'.
Thermodynamic and physical properties other than ke such as critical micelle
concentration, phase separation, diffusions, microemulsion stability, interaction forces,

and solvent effects also play an important in reverse micelle synthesis. Additional studies

on the water/alkane/AOT system have been performed using a variety of methods and

12



Figure 1-4. Mechanism for intermicellar exchange of the water cores within

the AOT reverse micelles which mediates the chemical reaction between water

soluble reactants A and B to form reactant C.
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techniques and will be discussed throughout the dissertation in order to support the

current research.

1-3.  METALLIC NANOPARTICLE PRODUCTION

Control of metallic nanoparticle synthesis within the reverse micelle system
requires an understanding of the reaction mechanism and controlling thermodynamic and
physical properties. Use of the reverse micellar system for nanomaterial synthesis began
in the early 1990’s by a few prominent and influential research groups. These materials
consist of purely metallic particles (Cu, Ag, Co, Al), metal sulfides (CdS, ZnS), oxides

. . . . . 1 50-52,67,71,73
(TiO,, Si10,), and various nano-composite materials™ ~ """ ",

Synthesis of metallic nanoparticles within the AOT reverse micelle system
consists of an initial reduction of metal ions within the reverse micelle cores to produce
ground state metal atoms followed by particle growth facilitated by agglomeration and
the intermicellar exchange of the reverse micelle cores. The pioneering work by Pileni
and co-workers demonstrated the ability to produce copper and silver nanoparticles using
the water/AOT/liquid alkane reverse micelle system™****. The work of Pileni played an
influential role in the development of the current research in this dissertation, providing
means for metallic nanoparticle production. A schematic of an example reaction
mechanism is shown in Figure 1-5. Metal ion starting materials are introduced into the
system either as a metal salt dissolved in the aqueous micelle core or by functionalization
of the AOT surfactant head group where the sodium counter ion is exchanged with the
desired metal ion. The purpose of the second method is to eliminate the presence of the

salt anion from the core of the reverse micelle. The use of salts and the presence of
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Figure 1-5. Reaction mechanism for the synthesis of copper nanoparticles via.
chemical reduction of the copper functionalized AOT surfactant followed by
particle growth through the dynamic intermicellar exchange of the micelle
contents.
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anions within reverse micelles have been shown to alter the physical properties of the
water environment and surfactant layer resulting in variations in the size and shape of the

reverse micelles and metallic particles synthesized® ™.

Reduction of the metal ion is achieved by either thermochemical methods,
photochemical methods or the introduction of a chemical reducing agent either directly or
through a second reverse micellar system. Typical reducing agents include hydrazines or
borohydride derivatives. The initial reduction of the metal ions can generally be
observed by a distinct color change in the solution and is then followed by the particle
growth mechanism facilitated by the intermicellar exchange process. Particle growth
continues until an ultimate particle size is achieved. The intricate particle synthesis
mechanism has several factors which contribute to the reaction kinetics and properties of
the resulting particles such as particle size and morphology. Investigation of the
influence of reacting species and their concentrations, bulk solvent type, water content,
anion presence, pH, and temperature have been studied by various research groups on

: 14,19,50-53,67,69-73,86-93
multiple systems & 7770

Each study contributes to our understanding of
particle synthesis within the reverse micelle system furthering our ability to control

nanoparticle synthesis.

The most common and easily adjusted parameters of the AOT reverse micelle
system are the bulk solvent type and the water content, W. As mentioned before, the
bulk solvent type has an effect on the micelle stability and the intermicellar exchange
rate, kex, while W is directly related to the size of the reverse micelle, also effecting kex.

In the first papers by Pileni dealing with metallic nanoparticle production, it was
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demonstrated that both the bulk solvent and W value have an effect on the synthesis of

copper and silver nanoparticles within the AOT reverse micelle system®®*"*

. Analysis
of the copper and silver nanoparticle synthesis was performed using UV-Vis absorbance
spectroscopy and transmission electron microscopy, TEM, at a specific reaction time.
From the TEM analysis, micrographs of the particles can be used to size individual
particles and obtain an average particle size, as well as a particle size distribution. The
UV-Vis absorption measurements take advantage of the unique optical properties of the
copper and silver nanoparticles where characteristic absorption bands appear at
wavelengths of 566 nm and 400 nm respectively””. These characteristic peaks are due to
surface plasmon resonance of the metallic particles can be seen in Figure 1-6. It has been
shown that the relative intensity and shape of the peaks can be correlated to the average
particle size within the microemulsion. The work by Pileni demonstrated that for copper
nanoparticles, the relative intensity of the absorbance peak measured as a ratio of the
absorbance at 566 nm to the absorbance at 500 nm, AR = g€s66/€500, can be correlated to
the average copper particle diameter™. The relationship between the particle diameter
and AR reported by Pileni was estimated by a second order fit of the particle size as a
function of the AR, equation 1-1. This relationship is based purely on average particle
sizes measured experimentally and is purely approximate. For silver particles it has been
shown that the average particle diameter is inversely related the full width at half max,

FWHM, of the characteristic peak centered at 400 nm®®.

Copper Particle Diameter (nm) = 80.0 x AR? - 98.7 x AR +31.2 (1-1)
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Figure 1-6. Characteristic UV-Vis absorbance bands for Copper and Silver
nanoparticles in solution.
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The static measurements presented by Pileni for the copper system demonstrated
that at a particular reaction time, the copper particle diameter measured by TEM and UV-
Vis absorption is related to the W value where an increase in W or the size of the reverse
micelle corresponds to an increase in the copper particle diameter. Further investigations
by Cason et al. took advantage of the ability to relate the absorbance measurements to the
particle size in order to perform in-situ time resolved absorbance measurements and thus
study the reaction kinetics governing copper particle formation”. The time resolved
studies revealed that given adequate reaction time for W values ranging from 3 to 15 in a
particular bulk solvent, the average particle sizes obtained were consistent. This
demonstrates that the W value does not have an effect on the ultimate particle size, but

rather has a profound effect on the particle growth rate.

This observation is of particular interest in understanding the underlying
properties that govern nanoparticle formation within the AOT reverse micelle system.
There have been a variety of studies that have described the reverse micelle system as a
template for particle synthesis where the size and shape of the reverse micelles will
determine the size and shape of the resulting nanoparticle™*"*°_ Studies of the ultimate
copper particle size as a function of W or the size of the reverse micelle itself have shown
that the particle sizes obtained are independent of the initial reverse micelle size and in
fact, the copper particles obtained are up to four times larger in diameter than the original

973 This occurrence does not apply to the production of all

reverse micelle
nanomaterials however; it clearly demonstrates that the ultimate size of Cu metallic

nanoparticles synthesized is not the result of micelle templating. This leads to an
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alternate explanation where the ultimate metallic particle size obtained within the AOT
reverse micelle system is largely a result of steric stabilization of the metallic particles by
the AOT surfactant. In this case the surfactant acts as a stabilizing ligand where the head
group interacts with the particle surface and the surfactant tails support the particle in
solution through solvent interactions with the bulk fluid. Other studies have shown the
effects of conventional stabilizing ligands, such as thiols, on the stabilization and
dispersion of metallic nanoparticles through the solvent interactions between the ligands
and the bulk fluid'?'*. It is quite possible that steric stabilization plays a significant role
in particle synthesis in microemulsion systems by methods similar to those responsible
for particle stabilization and dispersion. Debate over steric stabilization versus
templating effects remains an area of interest. Investigation of steric stabilization as a
governing factor over the synthesis of metallic nanoparticles is a large focus of the
research presented in this dissertation and will be examined by experimental and

theoretical techniques.

Previous time resolved absorption studies on the kinetics of Cu, Ag, AgCl, Co,
CdS and ZnS**>"77%72 particle synthesis within the AOT reverse micelle have also been
investigated in order to determine the effects of bulk solvent type, surfactant
concentrations, reactant concentrations, anion presence, pH, and temperature. The
influence of the liquid bulk solvent on the particle growth rate and ultimate particle size
in the AOT reverse micelle system has also been investigated for Cu, Ag, Co, CdS and
ZnS nanoparticles. These studies have demonstrated the solvent effects on the particle

growth rates corresponding to the trends seen with the measurements of k. for the
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water/AOT/alkane system, discussed earlier. Thus the thermodynamic properties that
govern the micelle dynamics and the intermicellar exchange process also play a
significant role in particle kinetics. The solvent effects on the particle growth rates are
the result of the solvent interactions with the micelle surfactant shell which acts to create
a stable colloidal dispersion, necessary for particle synthesis. The observed trends
suggest that a more favorable solvent interaction with the surfactant tails will result in a
more stable microemulsion as well as a more rigid reverse micelle thus affecting kex and
particle growth rates. The stability of the microemulsion can also influence the growth

and dispersion of various sized metallic particles within the AOT reverse micelles.

Variations in the surfactant concentration, reactant concentrations, temperature
and adjustments on the water core properties through the addition of salts and pH
adjustments also influence particle growth and morphology and will be discussed

throughout the dissertation'*!%:19:23:23,87,103,105,106

. Manipulation of the components of the
reverse micelle system can be used to tailor particle synthesis for desired applications

however a more precise understanding of the underlying thermodynamics and kinetics of

the reverse micelle system is required.

1-4. SUPERCRITICAL FLUIDS

It has been shown that the thermodynamic properties of the reverse micelle bulk
solvent influences the intermicellar exchange process as well as nanoparticle growth
kinetics and particle morphology. Thus the use of a thermodynamically tunable solvent
as the bulk fluid, will allow particle synthesis to become more robust and controllable.

Supercritical fluids afford the opportunity to adjust their thermodynamic properties by
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simple adjustments in the temperature and pressure of the system. A supercritical fluid
exists in a thermodynamic state above the critical point which is achieved by heating
above the critical temperature, T., and compression beyond the critical pressure, P..
Transition of a fluid from the liquid — vapor state to the supercritical state can be
observed experimentally by simultaneously heating and compressing a single component
two phase system along the vapor — liquid equilibrium curve shown on the T — P phase
diagram in Figure 1-7. As the system approaches the critical point, the thermodynamic
properties of the two phases become more alike until the critical point is reached. At this
point the liquid and vapor phases have the same thermodynamic properties and thus the
phase separation line vanishes and a single supercritical phase exists. Supercritical fluids,
SCFs, have received attention as solvents for various separation and synthesis procedures
due to their unique properties. SCFs are compressible fluids that have liquid-like
densities and gas-like mass transfer properties which can be manipulated by small
changes in the temperature and pressure of the system in the vicinity of the critical

107-110

point This allows for tunable density dependant properties such as diffusion,

solubility parameter, and dielectric constant which happen to be influential in micelle

dynamics as well as nanoparticle synthesis'".

SCFs also afford unique opportunities for particle collection methods and
applications. Techniques such as rapid expansion of supercritical solvents (RESS), have
been developed as particle collection methods where upon depressurization of the system,

37,111

suspended nanoparticles will precipitate out of solution . The pressurized system also

provides means for particle spray coating applications to obtain thin films of
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Figure 1-7. Pressure - Temperature phase diagram demonstrating the supercritical
fluid region at the culmination of the vapor — liquid equilibrium curve.
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nanoparticles. Other properties such as increased diffusion of SCFs have been shown to
be effective for depositing thin metallic films within narrow channels by chemical fluid

deposition, CFD''*'13,

Fulton and coworkers were the first to demonstrate the formation of
thermodynamically stable AOT reverse micelles in compressed and supercritical alkane
solvents, specifically SCF ethane and compressed propane''®''7. Additional studies have
been performed to determine the phase behavior of the SCF alkane — AOT reverse
micelle system in order to gain a better understanding of the physical nature of these

118,119

systems . Since then Cason et al. has shown that copper particles can be formed in

compressed propane AOT reverse micelle system as well as in SCF ethane reverse

120,121

micelle system with the addition of an alkane cosolvent Other researchers have

demonstrated the ability to form nanomaterials using AOT reverse micelles within a
compressible alkane bulk solvent as well as in SCF carbon dioxide®”%!%122123  gCF
CO, has the advantages of being nonflammable, inert, inexpensive, environmentally
benign, and has a modest critical temperature and pressure, however, the solubility of
many conventional surfactants and ability to create a stable emulsion is extremely poor,
thus inhibiting nanoparticle synthesis. Nanoparticle synthesis has been achieved using
perfluorinated surfactants, however the fluorinated surfactants are not considered
environmentally friendly, hence a quest for non-fluorinated, CO, soluble surfactants,

suitable for nanoparticle synthesis is a current goal in the field of SCF nanoparticle

synthesis.

24



Cason et al. demonstrated the ability for particle synthesis in a near critical and
supercritical phase, however the influences of temperature and pressure on the particle
kinetics and morphology was not investigated. Johnston and coworkers have recently
demonstrated that silver and gold nanocrystals, sterically stabilized by dodecanethiol
ligands and dispersed in supercritical ethane, can be selectively separated according to
size by adjusting the temperature and pressure of the system'". Therefore, the solvent
strength of the supercritical phase can be adjusted to support various sized particles by
adjusting the operating conditions of the system. In the same respect, variation in the
solvent strength by temperature and pressure variations influences the solvent properties

thus allowing for control over metallic nanoparticle synthesis and stabilization.

1-5.  CHAPTER OVERVIEW

The general research objectives of this work are to investigate controlling
mechanisms which govern metallic nanoparticle formation within reverse micellar
microemulsion systems. Chapter 2 demonstrates the synthesis of copper nanoparticles
synthesized within the liquid phase AOT reverse micelle microemulsion. Time resolved
UV-vis absorbance measurements and TEM analysis were used to investigate the kinetics
of copper nanoparticle synthesis and the ultimate average particle size synthesized. The
study demonstrates primarily the effects of the bulk liquid solvent and the water content
on the particle growth rate and ultimate particle size. Other components of particle
synthesis investigated include the use of copper salts as the metallic precursor,
temperature, reducing agent, surfactant concentration, and cosolvent addition. Chapter 3

implements a total interaction energy model; developed to study the interactions of
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spherical metallic nanoparticles encased in a monolayer of surfactant / stabilizing agent
and dispersed in the bulk organic solvent. The model is used to investigate the
thermophysical properties of the bulk solvent and the solvent - surfactant tail interactions
to effectively predict the ultimate particle size synthesized within the microemulsion
system. The model is applied to particle synthesis within the liquid alkane, compressed
propane, supercritical ethane, and ethane plus cosolvent systems by calculating the
interaction energies of spherical metallic nanoparticles coated with a monolayer of a
stabilizing agent (eg. AOT) dispersed within a bulk fluid. Chapter 4 investigates
nanoparticle synthesis using compressible fluids as the bulk solvent, where temperature,
pressure, and cosolvent can be utilized to alter the properties of the bulk alkane solvent
and thus control the particle size synthesized. The results from Chapters 2 — 4 support
our proposal that the AOT surfactant acts as a dispersing ligand and sterically stabilizes
the metallic nanoparticles in solution where the thermophysical interactions of the bulk
fluid with the surfactant tails are deterministic of the particle growth kinetics and

maximum particle size synthesized.

Chapter 5 presents the neutron scattering work performed at the NIST Center for
Neutron Research (NCNR) in Gaithersburg, MD which consisted of two accepted
proposals for beam time on the NG5 Neutron Spin Echo (NSE) spectrometer ( 3 days for
liquids, 8 days for compressed fluids) and one request for beam time on the NG1 8m
Small Angle Neutron Scattering (SANS) instrument (2 days). NSE and SANS were used
to determine the elastic properties of the AOT surfactant monolayers within the reverse

micelles as a function of the bulk solvent properties and water content. The conditions
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investigated include hexane with W = 10; cyclohexane with W = 5, 10, and 18; and
compressed propane with W = 8. The values of the bending elasticity determined for
each of the conditions investigated demonstrate the same trends observed for micelle

rigidity observed for micelle dynamics and our studies of nanoparticle kinetics.

Chapter 6 demonstrates the effects of chloride ion on the synthesis of copper
nanoparticles within the AOT reverse micelle system utilizing both liquid isooctane and
compressed propane as the bulk solvent. Copper nanoparticle synthesis can be achieved
in the presence of HCI in the micelle core taking advantage of the buffering action of the
AOT surfactant. The concentration of chloride ion influences the particle growth rate and
dispersion in liquid isooctane. The presence of chloride ions during particle synthesis in
compressed propane has a significant effect on the geometry and structure of the copper
nanomaterials produced. As a result of chloride ion addition to the compressed propane /
Cu(AQOT), — AOT / water reverse micelle system at 20°C and 310 bar, the formation of
diamond-shaped copper nanoparticle assemblies is observed. The copper nanoparticle
assemblies exhibit unique structure and retain this structure through repeated solvent
processing which is advantageous for methods to selectively separate and assemble the

diamond-shaped copper nanoparticle structures for potential applications.

Chapter 7 discusses the future work for metallic nanoparticle synthesis within
microemulsion systems which utilizes our improved understanding of nanoparticle
synthesis for potential applications. These new areas of research include particle
separation and deposition techniques for directed assembly of uniform arrays of

nanoparticles with desired orientation for potential applications. The use of ionic species
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for directing the synthesis of nanoparticles and nano-assemblies into specific geometries

will be investigated further in attempt to synthesize novel yet practical nanomaterials.
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CHAPTER 2

2. SOLVENT EFFECTS ON THE GROWTH AND STERIC STABILIZATION OF
COPPER METALLIC NANOPARTICLES IN AOT REVERSE MICELLE
SYSTEMS

2-1.  INTRODUCTION

Reactions within the aqueous cores of water-in-oil AOT reverse micelle system
are proven to be a viable method for the production of nanomaterials of controllable
composition and geometry while maintaining narrow size distributions.  Synthesis of
nanomaterials within the AOT reverse micelle system is a strong function of the
intermicellar exchange process and other governing features of the reverse micelle
system mentioned previously. Considerable research has been done to better understand
the governing features which comprise the AOT reverse micellar system, particularly
microemulsion stability and the intermicellar exchange of the contents within the aqueous
micelle cores. The intermicellar exchange rate is affected by the bulk solvent type, the
contents dissolved within the core, and the size of the reverse micelle or the water
content, referred to as the W value where W is the ratio of the water to AOT surfactant
concentrations. Conflicting opinions on some aspects of the AOT system remain despite
the numerous studies performed in order to improve the fundamental understanding of

9

the AOT reverse micelle system'”. In particular, the underlining factors controlling the

synthesis of nanomaterials via aqueous phase reduction reactions within the AOT reverse
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micelle cores are not fully understood. Previous work done with the alkane / AOT
surfactant / water system has shown that the bulk solvent and water content, W = [H,O] /
[AOT], have a significant effect on the intermicellar exchange of the water cores and the

1018 This study examines the effects of varying the

kinetics of nanoparticle formation
bulk liquid solvent, the source of copper ions and the W value on the growth rate and
ultimate particle size of copper nanoparticles produced via reduction of Cu”*" ions within
the micelle core. Particle growth is measured in-situ using time resolved UV-Vis

absorbance spectroscopy and the particle size is determined by both absorbance

measurements and Transmission Electron Microscopy, TEM, analysis.

Studies of the water-in-oil microemulsion system have presented a mechanism of
intermicellar exchange of the water core contents™™ as a rate determining step in particle
formation®’. Robinson and coworkers® presented a comprehensive study on the alkane /
AOT / water system where the intermicellar exchange rate constant k.x was measured as a
function of the water content W, the AOT concentration, temperature, and the bulk
solvent type. The results from their study reveal that k. decreases with increasing water
content for W = 10, 15, 20, and 30; ke is independent of AOT and reactant concentration;
kex increases with an increase in temperature; and ke increases slightly with carbon
number of the bulk solvent for pentane through dodecane in addition to a significant
decrease in ke for the corresponding cyclic compounds, particularly cyclohexane. The
dependency of k. on the bulk solvent can be explained by the solvent interactions with
the AOT tails where a more favorable interaction will allow for the solvent to insert itself

within the surfactant tails thus creating a more rigid micelle. Binks et al.” discuss the
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extent of oil penetration into the surfactant chain region, showing an increase in micelle
rigidity with decreasing solvent chain length from C;4 to C;. Studies on particle
formation have shown that underlying properties of the AOT reverse micelle system
resulting from the water content, dissolved salt, and interactions between the bulk solvent
and AOT surfactant tails significantly effect the particle growth rate and the particle sizes
obtained”"*""". The thermophysical properties which determine the overall stability of the
reverse micelle have been determined by a variety of techniques including phase behavior
and conductivity measurements to determine the CMC, maximum W value, and
percolation threshold. These values can be used to determine the relative microemulsion
stability and rigidity of the reverse micelles with respect to the adjustments in the bulk
fluid, water content, temperature, surfactant and salt concentration. The microemulsion
stability and reverse micelle rigidity have been used to explain the results observed from
metallic nanoparticle growth studies within the AOT reverse micelle system and the
general consensus is that a more stable microemulsion and a more rigid reverse micelle,

results in the formation of larger nanoparticles at slower reaction rates’'*'*16:1%:19,

Pioneering work by Lisiecki and Pileni'> on the production of copper
nanoparticles in the AOT reverse micelle system established synthesis methods via
reduction of Cu®" ions within the micelle cores. Two methods were used to introduce the
Cu”" ions into the reverse micelles; 1) Replacing the Na' ion of AOT to form Cu(AOT),
thereby functionalizing the AOT surfactant and 2) dissolving a copper salt (eg. Copper
nitrate) within the aqueous micelle core. In Lisiecki and Pileni’s work, it was noted that

the bulk solvent and W value have a significant effect on metallic nanoparticle
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production. In addition, a direct relationship between the size of copper nanoparticles in
solution and the UV-Vis absorption spectra was used to indirectly determine the copper
nanoparticles diameter. Spherical copper nanoparticle dispersions have a characteristic
absorption band centered at 566 nm. The ratio of the absorbance at 566 nm and the
absorbance off the peak at 500 nm (Absses/Abssgg) was correlated directly to the average
particle diameter measured by TEM imaging techniques using the relation mention
previously. This proves to be invaluable for the in-situ measurement of the copper
nanoparticle diameter and thus allows time resolved absorption measurements to be used
to study the growth of the copper particles over time. From this absorption ratio we are
able to perform a kinetic analysis on the particle synthesis and obtain the particle growth
rates as well as the ultimate particle size obtained.  Related in-situ time resolved
absorption studies have been done to study the kinetics of nanoparticle synthesis within
AOT reverse micelle systems including Ag, Co, CdS and ZnS particles”'*!"141620-21 " 1y
this chapter, investigations of particle growth rates and the ultimate particle size obtained
will reveal the effects of solvent properties, water content, and the presence of dissolved

salt within the aqueous core on the synthesis of copper nanoparticles in the AOT reverse

micellar system.

2-2.  EXPERIMENTAL
2-2a. Materials

Sodium bis(2-ethylhexyl) sulfosuccinate (AOT) and DIUF Water were obtained
from Fisher Scientific and used without further purification. Anhydrous Hydrazine 98%,
Isooctane, and other alkane solvents were purchased from Sigma Aldrich. The alkane
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solvents were stored over molecular sieves to remove any dissolved water. Copper AOT

1219 \Where the

(CuAQOT,) was synthesized by two separate methods published previously
sodium ion of the AOT head group was replaced by a Cu’" ion to create the
functionalized surfactant. The synthesis details are discussed in appendix A, where two
different synthesis approaches are taken into consideration. The first method was
originally used by Pileni and coworkers where ion exchange resins were implemented to
replace the sodium ion with the desired metal ion starting material such as Cu®" or Ag™.
This method was also implemented by Cason et al. in the work from the Roberts lab that
preceded this research. The second method was used by Eastoe et al. where the natural
ion selectivity affords the displacement of the sodium ion with other metal ions.

Comparison of the two methods are discussed in appendix A revealing the Eastoe method

as the better synthesis technique due to ease of synthesis and improved Na conversion.

2-2b. Particle Synthesis

The methods for the synthesis of copper nanoparticles via Cu(AOT), and
Cu(NO3); reduction using hydrazine within a liquid phase AOT reverse micelle system is
discussed in detail in appendix A. For synthesis using CuAQOT,, the bulk liquid alkane
solvents investigated included pentane, hexane, heptane, octane, decane, dodecane,
isooctane, and cyclohexane. AOT and Cu(AOT), were added in a 10 to 1 ratio at
concentrations of 1.1x10™" M and 1.1x10? M, respectively. W values ([H,OJ/[AOT])
ranging from 3 to 15 were examined with isooctane as the bulk solvent and W values of 5

and 10 were examined in the other solvents. Solutions were sonicated and purged with
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nitrogen to remove oxygen from the system in order to prevent the formation of copper
oxide. The solutions were then allowed to equilibrate after which the hydrazine reducing
agent was injected through a rubber septum at a concentration three times the copper
concentration. Upon reduction the solutions would go through a distinct color change
from a light blue to a dark blue and then to a brownish color due to the reduction of Cu*"
to Cu’. This initial reduction is followed by a progressive color change to a deep red
wine color resulting from the growth of copper nanoparticles through the intermicellar
exchange process over the course of a few hours. This final color transition is monitored
using the time resolved UV-Vis absorbance measurements.

Copper nanoparticle synthesis using Cu(NOs), as the metal ion source was
achieved in a method similar to the use of Cu(AOT), mentioned previously. The desired
concentration of AOT was dissolved in the bulk alkane followed by the addition of 1.0 M
Cu(NOs), aqueous solution and additional water to achieve the desired copper
concentration and W value. The bulk alkane solvents used include hexane, isooctane,
decane and cyclohexane with concentrations of 0.011 M Cu(NOs); and 0.133 M AOT
and with W values of 5 and 10. For cyclohexane as a bulk solvent the previous
concentrations would not form a single phase microemulsion due to the effects of the salt,
thus concentrations of 5.5 x 10° M Cu(NOs3), and 0.265 M AOT were used with W
values of 5 and 10.

A Varian, Cary 300 UV-Vis spectrophotometer was used to record the time
resolved absorbance measurements as the reaction proceeded. The Cary

spectrophotometer was set up to take time incremented scans over the wavelength range
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from 800 nm to 200 nm throughout the extent of the experiment. The data file obtained
from the Cary spectrophotometer was then processed to extract the absorbance values at
566 nm and 500 nm and plot the ratio of the two absorbance values. The absorbance
ratio can then be related to the copper particle size in solution by the relation discussed
earlier. Processing the data obtained from the Cary proved to be a redundant, time
intensive task and thus an Excel VBA program was written to automatically process the
data (Program is available upon request and detailed in the preliminary dissertation). The
spectra obtained from the Cary is accurate and precise, however there is a minimum time
increment of approximately 2 minutes with the desired accuracy due to a progressive
scan of the wavelength spectrum. In order to obtain absorbance measurements on a much
faster time scale a different spectrometer must be used. This second spectrometer is an
Ocean Optics UV-Vis fiber optic duel spectrometer, capable of recording UV-Vis
absorbance measurements in the range of 785 nm to 176 nm with 0.2 nm resolution on a
millisecond time scale. This is done with the use of a diode array and diffraction gratings
where the entire spectrum is recorded at once rather than performing a scan of the
wavelength spectra. One disadvantage is that for time resolved measurements, the
software package saves each spectrum in a separate file. To alleviate this problem, an
Excel VBA program was written to compile and reduce the data into a single file as well
as extract the absorbance ratio necessary to track the in situ copper particle growth.
Details on the spectrometer can be found in appendix C and the program code is available
upon request and detailed in the preliminary dissertation. The use of the dual

spectrometer which acts to divide the spectrum in half, affords increased accuracy
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approaching that of the Cary. The millisecond time scale and fiber optic design affords a
versatile instrument capable of diverse applications, especially for high pressure
supercritical research. For this portion of the research, the Ocean Optics spectrometer
was used for some of the particle synthesis reactions and shown to be just as capable as
the Cary instrument.

Particle images were obtained using a Zeiss EM 10 Transmission Electron
microscope (TEM). The particles were collected by placing a droplet of the solution on a
nickel TEM grid. An alternate particle collection technique was also implemented where
the liquid sample was sprayed onto the TEM grid using a Pelco all-glass nebulizer
obtained from Ted Pella Inc. This method proved effective in providing more even
surface coverage and the absence of excess surfactant and any potential wetting effects.
The presence of excess AOT surfactant severely inhibited TEM analysis and thus several
attempts were made to develop a method to extract the AOT surfactant. The most
effective method involved the introduction of a particle stabilizing agent such as
dodecylamine followed by a liquid — liquid extraction of the AOT with a 20 to 50 percent

ethanol / water solution. This method is discussed in further detail in Chapters 6 and 7.

2-3.  RESULTS AND DISCUSSION

The formation of copper nanoparticles within the AOT reverse micelle system was
monitored in-situ using time resolved UV-Vis absorption measurements. The relative
growth rates and maximum particle sizes are obtained from these absorbance
measurements using relationships established for the absorbance ratio (Absses/ Abssoo)

versus particle size developed by Lisiecki and Pileni'. This chapter presents an
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investigation of the effects of bulk solvent type and water content, W, on the particle
growth rate and maximum particle size in conventional liquids. The relative growth rate
is determined from the initial 3 to 4 hours of particle growth obtained from a plot of
Abssee/Abssgp as a function of time, shown in Figure 2-1 through 2-3. Quantitative
representation of the relative particle growth rates based on the absorption measurements
are listed in Table 2-1 and Table 2-2. The relative growth rates are determined by the
slope of the particle size vs. time plots, where the particle sizes are obtained from the
Abssee/Abssgg by the relation mentioned previously. The slope was determined by a
linear regression analysis of multiple experimental growth curves for each of the bulk
solvents and W values. How well the regression analysis fits the particle growth curves
is represented by an R* value. The error in the particle growth rate represented by the
slope is determined from a 95% confidence interval calculated by twice the standard error
obtained from the regression analysis. Details of the regression analysis are located in
appendix B. The maximum particle size is obtained from the maximum absorbance ratio

(Abssee/Abssgp) observed throughout each experiment.

2-3a. Solvent Effects on Copper Nanoparticle Synthesis

Figure 2-1 is a plot of the absorbance ratio (Absses/ Abssgo) measured as a function
of time where each curve represents an average of 2 to 10 particle growth measurements
in each solvent for synthesis via Cu(AOT), reduction within the reverse micelle system
with W = 5 (only the results from the even carbon number solvents are shown for clarity).

In analyzing the particle growth curves in each liquid solvent, the particle growth in
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Figure 2-1. Copper nanoparticle growth curves measured in-situ by plotting
the UV-vis absorbance ratio (Abssoo/Absses) as a function of time using various
alkane bulk solvents with W =5, [AOT] = 0.1106 M, [CuAOT;] =0.01106 M,
N,H4 =3 X [Cu]. The even carbon number alkanes are shown for clarity.
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Table 2-1. Experimental results of the relative particle growth rates and
ultimate particle sizes obtained for Copper nanoparticles synthesized in various
alkane bulk solvents with [CuAOT;] = 0.01106 M, [AOT] = 0.1106 M and W
=5 and 10.

Solvent W=35 W=10
Size (nm) Slope +95% R’ (%) Size (nm) Slope +95% R*(%)

Pentane 8.3 1.74 +0.14 934 8.6 1.16£0.08  90.5
Hexane 8.6 1.62+0.17 81.4 8.9 1.87+020 914
Heptane 8.6 1.36 £0.13 72.4 8.6 1.44+0.08 96.7
Octane 8.5 1.96 £0.15 92.0 8.4 1.39+0.10 933
Decane 9.1 1.77+£0.17 84.5 8.9 1.85+£0.12 94.0
Dodecane 9.0 2.00+0.19 87.6 9.7 231+049 364
Isooctane 94 1.25+0.10 86.5 9.6 211+0.18  97.8
Cyclohexane 12.6 1.09 +0.27 59.6 12.6 1.55+0.38  76.1
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Table 2-2. Experimental results of the relative particle growth rates and
ultimate particle sizes obtained for Copper nanoparticles synthesized in an
isooctane reverse micelle system with [CuAOT,] = 0.01106 M and [AOT] =
0.1106 M for W values ranging from 3 to 15.

Isooctane Diameter (nm) Slope £+ 95% R (%)

W=3 10.5 0.14 £0.03 79.9
W=3 9.4 1.25+0.10 86.4
W =6.5 9.1 1.91 £0.24 88.8
W=38 9.7 2.23+£0.18 93.5
W=10 9.6 2.11+£0.18 94.9
W=12 10.7 2.35+0.18 96.0
W =15 10.8 1.64 +£0.17 92.7
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isooctane and cyclohexane is slower than all of the straight chain hydrocarbons at a
water content of 5. Figure 2-1 illustrates that for the n- alkane solvents there is only a
very slight increasing trend in the growth rate with and increase in carbon number.
Similar results are observed for the maximum particle sizes obtained in each solvent as
shown in Table 2-1. The maximum particle size shows a general increase in particle size
as the carbon chain increases in length with a maximum size of 8.3 nm in pentane and a
maximum size of 9.0 nm in dodecane. Larger particle sizes were obtained in both
isooctane (9.4 nm) and cyclohexane (12.6 nm) solvents compared to all of the n-alkane
solvents. This suggests that growth rate and particle size are inversely related where a
decrease in growth rate corresponds to a larger maximum particle size at a specific W
value. Increased interaction between the solvent and the surfactant tails results in a more
stable micelle system and an enhanced ability to stabilize larger particles while reducing

the intermicellar exchange.

Previous investigations by other researchers on the effects of the bulk alkane
solvent on the AOT reverse micelle system have produced results that support these

. 2,4,9,1
findings™™*"'°,

Considerable work has been done to gain a better understanding of CdS
nanocrystal growth where Towey states that particle formation is controlled to an extent
by the nature of the continuous phase, where the growth rate increases from cyclohexane
to n-heptane to n-decane’. Bagwe demonstrated with the production of silver and silver
chloride particles that an increased intermicellar exchange rate has the effect to increase

16,17

the growth rate and more importantly decrease the final particle size These results

are explained by the solvent-tail interactions or more generally, a decrease in the rigidity
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of the micelle. Additional supporting evidence may be available on the bulk solvent
effect on the AOT reverse micelle CMC, maximum water uptake and the percolation

limit to support the trends observed for microemulsion stability and micelle rigidity.

2-3b. Water Content Effect on Copper Nanoparticle Synthesis

Also of interest is the influence of W on the particle growth rate and maximum
particle size for particles synthesized via Cu(AOT), reduction . Figure 2-2 represents the
particle growth curves for the same alkane solvents as in Figure 2-1 with an increased W
= 10. An interesting observation from this figure is that there is essentially no influence
of the solvent on the particle growth rate within the experimental error at the increased
water content value of 10. Previous studies'™ of copper particle growth as a function of
bulk solvent type have demonstrated that the particle growth rate increases with
increasing W from 5 to 10 in both isooctane and cyclohexane solvents. Additionally,
Figure 2-2 and Table 2-1 show that the influence of W on the final particle size obtained
is negligible. This shows that even though W influences the intermicellar exchange it is
not the controlling factor for the maximum particle size obtained given sufficient reaction
time. The solvent and its interaction with the surfactant tails, however, is a contributing
factor for the stabilization of particles in solution and the maximum particle size
obtainable. These results suggest a lesser effect of solvent chain length on the growth
rate and the ultimate particle size for n-alkane solvents when compared to isooctane or
cyclohexane. For the cyclohexane and isooctane solvents, it has been suggested that the

solvent molecules will pack within the surfactant tails creating a more rigid micelle and
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Figure 2-2. Cu nanoparticle growth curves measured in-situ by (Abssgo/Absses)
as a function of time using various alkane bulk solvents with W = 10, [AOT] =

0.1106 M, [CuAOT,] = 0.01106 M, N,Hs = 3 X [Cu].

number alkanes are shown for clarity.
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thus retarding the intermicellar exchange'’.

Further investigation of W on copper nanoparticle synthesis is shown in Figure
2-3 in the range of W = 3 to 15 for the isooctane/water/AOT system. Table 2-2
demonstrates that the particle growth rate goes through a maximum at approximately W
= 12. The role of the water content in particle growth is of particular interest in the
intermicellar exchange process and has been studied in several systems®”'*!>!"1% A
similar maximum was presented by Atik and Thomas® where for low W values (for W =
5.5 to 11), an increase in water content leads to a decrease in the rigidity of the water
region which in turn leads to a more rapid reaction rate. Continued increase of the water
content, above W = 11, leads to a decrease in the reaction rate which was explained by
Atik and Thomas through a decrease in local concentration of the reactants in the larger
water cores. These trends observed for the reaction rate lead to a maximum in the

intermicellar exchange rate as a function of the W value which corresponds to the particle

growth rates observed in this study, a maximum at W = 12.

At low W values the water has been shown to hydrate the polar head group of the
surfactants and is considered bound water. This provides a rigid water environment’, and
differs significantly from a bulk water environment. Experimental instances where an
increase in particle growth rate with increasing water content at low W values has been
presented for AgCl'", CdS and ZnS" nanoparticle formation which is attributed to the
dynamics of the water environment and the intermicellar exchange rate of the reverse

micelles. With an increase in W, ~ 10, the water core becomes free from the binding
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Figure 2-3. Cu nanoparticle growth curves measured in-situ by (Abssoo/Absses)
as a function of time using an isooctane bulk solvent and adjusting the W value
with [AOT] =0.1106 M, [CuAOT,] =0.01106 M, N,H4 = 3 x [Cu].
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head groups but still differs from bulk water and is considered to be intermediate water.
As aresult, the rigidity of the water decreases and an increase in reaction rate is observed.
For larger W, ~ 20, a bulk water environment appears and a decrease in intermicellar
exchange is observed with increasing water content although, not as dramatic effect as for
lower W values. The decrease in intermicellar exchange rate at larger W values has been
observed in a variety of systems™*’ including the work previously mentioned by Atik and
Thomas®. Several explanations for decrease in intermicellar exchange at larger W values
have been presented. In particular, Fletcher et al.* explained the decreasing exchange rate
for W values greater than 10 by an increase in the apparent activation energies for micelle
exchange. This is associated with instances of structural states with interfacial regions of
unfavorable surfactant film curvature in the range of W from 10 to 30. More recently,
investigations by Goto and coworkers have examined the isooctane / AOT / water reverse
micellar system and have found that at low W (~ 2), the mobility of the water is
significantly suppressed. It was also observed that at W > 10 there is an onset of the
formation of loose aggregates of reverse micelles which is termed flocculation. The
flocculation was shown to precede the onset of percolation which has been observed at
higher AOT and water concentrations having the effect of forming more rigid and larger

network structure of reverse micellar solutions.

While the growth rate of copper nanoparticles is influenced by the water content,
there is no noticeable effect of W on the ultimate particle size obtained in a given solvent.
In fact, 10 nm diameter particles are obtained from 3 — 4 nm diameter reverse micelles

for a W = 10 (reverse micelle radius r(A) = 1.8 W) suggesting that the ultimate particle
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size is not controlled simply by a micelle core templating effect. This supports a theory
that the surfactant has multiple functionalities in the particle growth and stabilization
process. Initially the surfactant provides an initiation site, the micelle core, for the
reduction of the metal followed by particle growth through intermicellar exchange, and at
the latter end of the particle growth the surfactant acts as a stabilizing ligand with a weak
interaction energy between the metal particle and the surfactant head group. The results
from the isooctane system, shown in Table 2-2 and Figure 2-3, display that given enough
reaction time, W has negligible effect on the maximum particle size. This suggests that
the surfactant and bulk solvent, rather than W, influence the ultimate copper nanoparticle
size obtained. These results will be explained below in terms of steric stabilization of the
particles in a given solvent/surfactant system. This approach may provide insight as to
whether the micelle core truly provides a template for particle growth or if steric

stabilization controls the maximum particle size.

2-3c¢. Salt Effect on Copper Nanoparticle Synthesis

The presence of various salts within microemulsion phases for metallic
nanoparticle synthesis has shown to influence the formation of interesting geometries
including nanocubes, nanorods, and nanoplates with defined lattice structures™>". The
effects of salts and ionic species addition to a reverse micelle microemulsion formed with
an ionic surfactant can be profound. For the anionic AOT surfactant, the presence of the
additional ionic species in the micelle core can have a screening effect, reducing the

electrostatic repulsion between head groups thus reducing the effective head group area
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and increasing the critical packing parameter. For reverse micelles, this increase will
increase the monolayer curvature thus forming a smaller micelle. Similarly, salts in
reverse micelles have been termed dewatering agents where an exponential decrease in
reverse micelle diameter is observed with the addition of salt with no effect on the
micelle rigidity’'. Additional studies by Liu et al. on the AOT reverse micelle system
with the addition of NaCl have shown that with the addition of small amounts of salt, the
maximum amount of water that can be supported decreases dramatically’”. It was also
shown that the percolation temperature decreases with the addition of NaCl,
demonstrating a less stable microemulsion. The addition of ionic salt species to the
anionic AOT surfactant reverse micelle would be expected to influence microemulsion
properties due to local interactions with surfactant headgroups. Furthermore, with the
addition of metallic nanoparticles which have surfaces inductive to ionic interactions, the
effect of various ionic species on nanoparticle synthesis and micelle dynamics becomes
interesting.  Chapter 6 discusses in greater detail the addition of CI' to copper

nanoparticle synthesis.

From the research published it is evident that the presence of salts in the reverse
micelle cores can dramatically affect the thermophysical properties and the extent is
dependant on the type of ions and the concentrations. In general terms, the salt cation
influences the micelle water uptake as well as the micelle geometry. Due to ion
selectivity, certain cations in solution will exchange with the head group cation. In the
case of an AOT reverse micelle system with copper nitrate dissolved in the aqueous core,

the Cu®" ion will preferentially replace the Na® ion of the AOT surfactant while in
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solution. The salt anions play an important role in influencing the size and shape of
nanoparticles synthesized where the most dramatic effects are seen with the chloride ion,

discussed in Chapter 6.

The experimental results plotted in Figure 2-4a. demonstrate copper particle
synthesis in AOT reverse micelle solutions with hexane and isooctane as the bulk
solutions and W values of 5 and 10. The copper precursor used here is copper nitrate
salt, [Cu(NOs),] = 0.011 M, which is dissolved within the water core and the AOT
concentration of 0.133 M used is comparable to the previous result where Cu(AOT), was
used. The growth curves from Figure 2-4 and the relative growth rates in Table 2-3, it
can be determined that the particle growth rate is increased by at least a factor of 2 when
compared to the Cu(AOT), results. The particle sizes obtained from the Cu(NO;),
reduction are also smaller compared to the results from Cu(AOT), reduction, however
similar trends in the particle size are observed with respect to the bulk solvent type with a
larger particle size resulting from synthesis in the isooctane bulk phase. Another
significant observation that parallels the previous results is the lack of significant
influence of the W value on the copper particle sizes. These results lead to the
conclusion that the mechanism for copper particle synthesis via Cu(NO;), reduction is
similar to the mechanism of synthesis via Cu(AOT), reduction with the exception that the
presence of the salt leads to faster growth rates and smaller particles. Thus it can be
inferred that the presence of the salt decreases the stability of the microemulsion. Further
evidence of the decreased stability lies in the attempt to synthesize copper particles with

the same AOT and copper salt concentrations using cyclohexane and decane as the bulk
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Figure 2-4. Cu nanoparticle growth curves measured in-situ by (Absses/Abssgo) as a
function of time through the reduction of Cu(NOs), dissolved in AOT reverse micelle
cores with W values of 5 and 10. a) Hexane and isooctane as the bulk alkane solvent
and concentrations of AOT = 0.133 M, Cu(NO3), = 0.011 M, and N,H4 = 3 x [Cu]. b)
Cyclohexane as the bulk alkane solvent and concentrations of AOT = 0.265 M,
Cu(NOs), = 5.5x 10° M, and N,H, = 3 x [Cu].
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Table 2-3. Experimental results of the relative particle growth rates, maximum
absorbance ratio and ultimate particle size obtained for copper nanoparticles
synthesized in AOT reverse micelles by the reduction of Cu(NO3); salt.

W=35 WwW=10

Growth R*> Max Max Growth R? Max Max
+ Error (%) Ratio Size =+ Error (%) Ratio Size

Hexane 36£05 864 085 507 3.1+£03 932 083 4.19
Decane -- --

Isooctane 47+03 933 092 821 26+04 86.0 090 7.00

Cyclohexane* 13+03 82,1 1.03 14.17 13+£0.2 923 094 8386

*Max Ratio and Size may be influenced the formation of a larger network of particles and surfactant

Solvent
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phase. For the case of decane as the bulk solvent and the concentrations from above, a
stable microemulsion was achieved, however upon reduction the characteristic color
change was observed followed by extensive copper plating and precipitation. The
experimental growth curves and particle size was unattainable. For the case of
cyclohexane as the bulk solvent with the Cu(NOs), concentration of 0.011 M the AOT
concentration of 0.133 M at W values of 5 and 10, a stable microemulsion was never
achieved. In order to form a stable microemulsion the concentrations of Cu(NO3), and
AOT were adjusted to 5.5 x 10 M and 0.265 M respectively. Figure 2-4b. displays the
particle growth curves obtained using this system. Analyzing the results, typical
absorbance measurements were observed for the initial portion of the synthesis reaction
but after the first 1.5 hours, the characteristic copper peak centered at 566 nm began to
shift gradually towards a wavelength of 600 nm and also the absorbance value increased
dramatically in comparison to the previous cyclohexane results from the Cu(AOT),
reduction. This absorbance and wavelength shift has been observed in the formation of
copper rods and large interconnected networks of copper particles™. The in situ UV-Vis
absorbance measurements of the copper particle growths for the reduction of Cu(AOT),
and Cu(NOs), are shown in Figure 2-5. Figure 2-6 is a TEM image of the interconnected
network of copper particles synthesized by this method with W = 5. A nearly identical
network of copper particles was obtained by Pileni through the reduction of copper
dodecyl sulfate by NaBH4 in a o/w microemulsion at concentrations above the CMC, and
in this case changes in optical properties with size and shape of copper particle was also

11,34
d B

observe . The changes in optical properties create some error in the relationship of

58



3.5 g
\ [Cu(AOT),] =0.011 M
3.0 [AOT] =0.11 M
W =5 [N,Hy] =3 x [Cu]

o 25
e
c 2.0
el
[
Q 15
et
< 10

0.5

0.0 Comtotttetttttettttettttteltiieltintitot

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)’
3.5
\ [Cu(NO3),] =5.5x10° M
30 B [AOT] = 0.265 M
W =5 [N;Hy] =3 x[Cu]

2.5
L0y
e
c 2.0
< \
8 1.5 \ S%i

1.0 \\\\:\\ ‘

N
0.5 =
0.0

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 2-5. In Situ UV-Vis absorption measurements of copper nanoparticle growth
in AOT/Cyclohexane reverse micelle system with W = 5. a) Particle synthesis via
Cu(AQOT), reduction with [AOT] = 0.11 M, [Cu(AQOT),] = 0.011 M with each scan at
30 minute intervals. b) Particle synthesis via Cu(NO;), reduction with [AOT] = 0.265
M, [Cu(NOs),] = 5.5 x 10° M with each scan at 15 minute intervals. The
characteristic peak at 566 nm continues to grow and shifts slightly toward 600 nm
with the formation of copper particle network.
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Figure 2-6. TEM image of copper nanoparticle network synthesized in an
AOT reverse micelle system with cyclohexane as the bulk solvent, [AOT] =
0.265 M and W = 5. Copper particles were synthesized by reduction of
Cu(NO3),, 5.5 x 10 M, using hydrazine, [N;H4] = 3 x [Cul.
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the absorbance ratio and particle size and the error can be observed in the particle growth

curves in Figure 2-4b and the values listed for cyclohexane in Table 2-3.

2-3d. Temperature Effect on Copper Nanoparticle Synthesis

The effect of temperature on copper nanoparticles synthesized within AOT
reverse micelles is an interesting phenomenon, particularly in relation to microemulsion
stability. Kinetic studies have shown that k. increases with increasing temperature
which is consistent with most rate constants®. Factors contributing to the increased kex
include typical effects such as increased diffusion and reaction rate, but more importantly
is the effect on the physical properties of the reverse micelles. Temperature changes have
the effect of altering the density and viscosity and adjusting the solvent strength which
will affect the solvation of the surfactant tails within the bulk phase. Conductivity
measurements have also demonstrated the increased presence of free water at higher
temperatures™. The overall result of increasing the temperature is the formation of a less
rigid micelle and a decrease in the free energy barrier for the intermicellar process.
Additional temperature effects include the increase in thermal fluctuations determined by
the bending modulus of the surfactant monolayer resulting in deviations from the ideal
spherical geometry. An increase in the ease of micelle deformation does not affect the

micelle rigidity but would influence the intermicellar exchange process and thus k.

Phase behavior studies have also shown that as the temperature increases, the
amount of water that can be supported in the microemulsion, the maximum W value,

decreases®. Other properties affected by temperature include aggregation, agglomeration
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and the CMC, where the CMC increases with increasing temperature®®. Conductivity
measurements have shown that barriers exist for the onset of flocculation and percolation
where the transition from reverse micelles to a bicontinuous type network of spherical

3536 . .
~°. These transitions are determined

aggregates is approached as temperature increases
by the thermodynamics of the system, particularly the bulk solvent properties and the
interactions with the surfactant molecules and each supports a decrease in the
microemulsion stability with an increase in temperature. These same interactions are
responsible for the stability of the reverse micelle system which influences nanoparticle
synthesis within the reverse micelle core. The effects of temperature on nanoparticle
synthesis within the reverse micelle system mainly consist of faster reaction rates due to
the reaction kinetics of the system. For the ultimate particle size obtained at higher
temperatures a smaller average particle size would be expected due to the UCST and the
decrease in the microemulsion stability. On the other hand, increased tail solvation and
solvent penetration into the tail region and could also lead to the formation of a more
rigid micelle allowing for larger particles. Increased agglomeration may also effect the
particle sizes where a larger particle size distribution would be expected as well as the

presence of larger particle aggregates. Overall, no noticeable effects of temperature on

the particle size were observed and this will be discussed further in Chapters 3 and 4.

2-3e. Reducing Agent Effect on Copper Nanoparticle Synthesis

For the synthesis of copper nanoparticles in this research, hydrazine was used

exclusively and it is assumed that an initial complete reduction occurs prior to particle
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growth, which is observed by the solution color change mentioned earlier. Hydrazine has
the advantages of effectively reducing metal ions and existing in the liquid phase for ease
of introduction into the reverse micelle system. However it must be mentioned that the
presence of water is required for the reduction reaction to proceed and thus the water
concentration may influence the reduction reaction. Borohydride compounds have also
been used as effective metal ion reducing agents, although they are solid compounds and
must be suspended in a liquid phase. For the case of copper particles, sodium
borohydride dispersed in water have proven to be concentration sensitive as well as
disruptive to the microemulsion causing excessive metal plating and precipitation.
Various borohydride derivatives and complexes dispersed in water and other polar
solvents were investigated with minimal success. For copper nanoparticle synthesis
within AOT reverse micelles, hydrazine was found to be the most effective reducing
agent and it is thought that the hydrazine has little effect on particle synthesis and
stabilization given enough water within the micelle core to promote the reduction
reaction. For copper nanoparticle synthesis by alternate means, such as aqueous based

synthesis and two phase methods, the borohydride reducing agents were effective.

2-3f. Effects of Surfactant / Cosurfactant Concentration

As discussed in Chapter 1, the concentration of surfactant within the
microemulsion influences the morphology of the surfactant aggregates affording various
geometries. The concentration envelope for the formation of reverse micelles exists

above the CMC and below an upper critical solution concentration (UCSC). As the
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surfactant concentration approaches the UCSC the formation of interesting networks of
surfactant and nanoparticles as can be seen in Figure 2-6. Continued increase of the
surfactant concentration can lead to the formation of cylindrical micelles as well as
cylindrical nanorods®. Variation in the surfactant concentration allows for interesting
media for nanomaterial production. These conditions fall outside of the reverse micelle

region on the ternary phase diagram and exceed the scope of this research.

The addition of cosolvents and cosurfactants has been shown to affect the
stability of the reverse micelle system as well as the surfactant aggregate geometry.
Cason et al. demonstrated the addition of octanol and benzyl alcohol cosurfactants and
the effects on the growth rate of copper nanoparticles in AOT reverse micelles.
Alterations in the growth rates were explained by the microemulsion stability and
interactions at the micelle interface. Other researchers have demonstrated that with the
addition of cosurfactants with molecular geometries of different critical packing
parameters can adjust the geometry of the self assembled surfactant aggregates. This
preferred geometry of the reverse micelle can then be transposed to the formation of
nanoparticles of the same shape. For the case of pure Cu(AOT),, Eastoe et al.’’
demonstrated that cylindrical micelles are the preferred geometry and in another study,
Pileni et al. showed evidence of the formation of cylindrical copper nanorods with the
addition of CI°%%. Again the use of various cosolvents, cosurfactants, and other ionic
directing species allows for the formation of interesting nanomaterials. For the
application to this research the sole purpose is to demonstrate that the thermodynamic

and physical properties of the reverse micelle system has a controlling effect over the
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“bottom up* synthesis of nanomaterials. The use of cosurfactants to create a more stable
microemulsion for nanoparticle synthesis will be discussed in Chapter 4 with applications
to compressed alkanes and supercritical fluid synthesis. Chapter 6 demonstrates the use

of ionic species for the synthesis of directed particle geometries and assemblies.

2-4.  STERIC STABILIZATION OF PARTICLES BY SURFACTANT

Various spectroscopy, scattering, and imaging techniques have been utilized to
determine the geometry and structure of the micelles with a variety of surfactant systems.
The surfactants act to stabilize the water core creating a minimum energy environment
forming a most desirable geometry. In the same respect, particles formed in these
systems are built from smaller particles down to the atomic level and the surfactants act
to sterically stabilize the growing particle, conforming to a similar geometry. Depending
on the strength of the solvent/tail interactions, the particles will continue to grow until
they are no longer sterically stabilized thus allowing for particle sizes to exceed the size

of the original micelle.

In some specific cases, researchers have found the sizes of particles synthesized in

AOT reverse micelles can in fact correlate with the size of the reverse micelle core (core
o : - 10,13,15,17,40,41
size is proportional to W). Examples include CdS, ZnS, AgCl and CdTe .
However, in each of these cases, the particle sizes obtained rarely exceeded the size of
the micelle core. The particles examined in these cases are not pure metals and it is

possible that a weaker interaction between the particle surface and the ionic head group

of the surfactant exists, thus inhibiting the steric stabilization of particles larger than the
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micelle core. Sato et al.*’ demonstrated that the deposition of a Cd layer on the surfaces
CdS particles synthesized within AOT reverse micelles was required in order to attach a
thiol ligand for particle separation and imaging. Further evidence of interactions between
the metallic nanoparticles and the ionic surfactant head groups will be explored
throughout this dissertation, demonstrating the role of the AOT surfactant in the synthesis

of metallic nanoparticles.

2-5. CONCLUSIONS

This chapter demonstrates the synthesis of copper nanoparticles via Cu(AOT),
reduction within the AOT reverse micelle system. The bulk organic phase influences
both the particle growth rate and ultimate particle size obtained. The size of the micelle,
determined by W, significantly effects the particle growth rate, which goes through a
maximum at W = 12, but given adequate reaction time, W does not have an effect on the
ultimate particle size obtained. This leads to the conclusion that surfactant templating is
not the particle size determining factor, but rather steric stabilization of the particles by
the AOT surfactant is responsible for the particle size and geometry synthesized. Similar
results with respect to the water content were observed for copper particle synthesis via
Cu(NOs3), reduction within the AOT reverse micelle system where there was no
significant effect of the W value on the particle size. The same trends in bulk solvent
effects were also seen for both copper reduction reactions where the hexane reaction was
faster and yielded a smaller particle size. In the same respect, the copper particles
synthesized via the copper salt reduction have a faster reaction rate and smaller particle

sizes which is a result of the decreased stability of the microemulsion from the addition
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of the salt ionic species. The results presented here effectively demonstrate that
thermodynamic, kinetic and physical properties of the AOT reverse micelle system and
the influence of each of its components has an influential effect on the synthesis of
copper nanoparticles. Through a better understanding of these properties, future
applications for the production of tailored particles with desired shape and size will be

possible in reverse micellar microemulsion systems.
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CHAPTER 3

3. INTERACTION ENERGY MODEL FOR STERICALLY STABILIZED

METALLIC NANOPARTICLES

3-1. INTRODUCTION

The thermophysical properties controlling the ultimate size and shape of particles
synthesized within the reverse micelles remains an area of significant interest. One
opinion that the reverse micelles act as a template for the production of particles has been
suggested for nanoparticle synthesis in various geometries such as spheres and rods'~.
For materials such as CdS, ZnS®, and AgCl" it has been observed that the particle size
corresponds to the size of the micelle. Time resolved studies on the formation of Cu
nanoparticles by Cason et al.”, as well as the work presented in Chapter 2, has shown that
given adequate reaction time, the ultimate particle size obtained in the AOT/Alkane
reverse micelle system is independent of W, although the particle growth rate is a
function of W and the bulk solvent type. This leads to a theory that the particle sizes
obtained are largely controlled by solvent stabilization of the particles where the
surfactant acts as a stabilizing ligand.

In order to control and tailor nanoparticle synthesis within microemulsion

systems, one must first understand the microemulsion system. Over the past two
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decades, developments in small-angle neutron scattering (SANS) and small-angle X-ray
scattering (SAXS) have provided insight into the micro and nanostructure of
microemulsion systems as discussed in detail in Chapter 5. With the addition of studies
including CMC determination, phase behavior, flocculation, percolation, rheology and
water uptake an accurate description of the microemulsion structure and stability is
achieved and can be further supported by modeling techniques®'°. A variety of modeling
theories exist for various microemulsion systems, however they all stem from the same
underlying theory, modeling the interaction energies of the micro and nano-scale
colloidal assemblies within the bulk phase. One of the most widely known models is the
classical  Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of colloidal

stability®®!!".

The DVLO potentials model the interactions between two colloidal
aggregates in solution consisting of two contributions. The first is an attractive
component arising from the van der Waals interactions of the aggregate constituents. The
magnitude of the attractive vdW forces are determined by the particle size and
composition determined from the Hamaker interaction with a Hamaker constant, A,
which is dependant on the colloidal aggregate composition. The second is an electrostatic
double-layer repulsion term arising from the overlapping of the colloidal aggregates.
While the DLVO theory has proven effective in many areas of colloid science, it has not
been very successful in dealing with properties of some colloidal aggregates including
surfactants and thin films.

Vincent et al. have developed a “soft sphere” theory to model depletion
flocculation of colloidal dispersions through the interactions of sterically stabilized
2

particles within a bulk phase'>. The theory acts to model the colloidal dispersion by
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determining the net interaction free energy between two particles with an absorbed
polymer layer at a given separation distance. The terminology for the model of Vincent
refers to any type of colloidal aggregate with specific geometry, not to be confused with
metallic nanoparticles. The model is composed of attractive depletion interactions
between the particles and repulsion forces due to steric interactions. The steric repulsion
forces account for the interactions of the adsorbed colloid layers with themselves and the
bulk solvent, resulting from solvation and mixing effects. For the modeling of particles
as soft spheres the steric repulsion is comprised of an osmotic or mixing term and an
elastic term. A summation of the attractive and repulsion contributions is the total
interaction energy determined as a function of the center to center separation distance of
two particles. The steric repulsion forces for soft spheres have been used to model the
dispersion forces of a variety of colloidal aggregates including surfactants'>'*.

Johnston and coworkers have recently demonstrated that silver and gold
nanocrystals, sterically stabilized by dodecanethiol ligands and dispersed in supercritical
ethane, can be selectively separated according to size by adjusting the temperature and
pressure of the system'®. Therefore, the solvent strength of the supercritical phase can be
adjusted to support various sized particles by adjusting the operating conditions of the
system. As such, particle dispersibility is a function of the solvent strength where an
increase in pressure or a decrease in temperature, raises the solvent density and ability to
support larger particles. These results were supported through the development of a total
interaction energy model which incorporated the van der Waals attractive forces between
the metallic nanoparticles and the osmotic and elastic steric repulsion forces developed
by Vincent to model the adsorbed dodecane thiol ligand.
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In this Chapter, a similar theoretical approach is used to examine solvent effects
on the ultimate particle size that can be synthesized and stabilized in the AOT reverse
micelle system. We have experimentally observed that adjusting the properties of the
bulk solvent can induce a change in the growth rate and the ultimate particle size
obtained which will be explained through the solvation interactions between the
surfactant tails and the bulk phase. The total interaction energy model is implemented to
represent the attractive van der Waals forces, acting between the metallic particles, and
the repulsive osmotic and elastic forces, resulting from the surfactant tail — tail and
solvent — tail interactions responsible for the steric stabilization of the metallic particles
within the microemulsion. The model is able to predict the ultimate particle sizes
obtained experimentally in the previous chapter for copper nanoparticles synthesized
using a variety of bulk liquid solvents including isooctane, cyclohexane and n-alkanes
ranging from pentane to dodecane. The model was also used to investigate the effects of
solubility parameters and surfactant coverage as well as investigations of nanoparticle
synthesis in compressed propane and SCF ethane including temperature, pressure, and
cosolvent effects. The model was similarly employed for the synthesis of silver particles

in hexane / AOT / water reverse micelles to demonstrate the range of application.

3-2. MODELING

A soft sphere approach was employed to model spherical metallic nanoparticles
surrounded by an AOT monolayer with the alkyl tails interacting with the bulk solvent.
The AOT encased metallic particle excludes the presence of the water in the model for
simplification as well as the fact that typical synthesis begins with ~2 nm diameter
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reverse micelles and results in ~10 nm diameter particles. It is assumed that the amount
of water present in the particle/surfactant system modeled is minimal and limited to the
smallest amount necessary to hydrate the surfactant head groups for particle stabilization.
The total interaction energy is achieved by a simple summation of attractive and

repulsive forces demonstrated by equation 3-1 and Figure 3-1. The repulsive energy

(Dtotal = (DVdW +(Dosm + (Delas (3_1)
A 2R? 2R? d’ —4R’
Dy =21 le TSR +ln(T (3-2)

Ay = (\/A_H_\/A_B)z (3-3)

3 E,—& ’ 3hv (n e )2
A33 — —kBT 3 vacuum + e 3 vacuum L (3_4)
4 &5 +& 16\/5 (n32 -|-n2 )/

vacuum

vacuum

contribution consists of an osmotic term, ®y,, and an elastic term, D, Which will be
discussed later. The van der Waals attractive force, @y 4w, between two nanoparticles is a
function of the particle radius R, the center to center separation d, and the Hamaker
constant 4. The Hamaker constant A;3; is a proportionality factor that accounts for two
nanoparticles of the same material (component 1) interacting through a solvent
(component 3) and is determined from pure component values by equation 3-3. The
Hamaker constant for the metal nanoparticles are constant with 4;; = 1.723 eV for copper
and 4,1 = 2.440 eV for silver’®. For the bulk fluid As; 1s calculated on the basis of
Lifshitz theory by equation 3-4'°. Where ¢ is the dielectric constant, n is the refractive

index, kg is Boltzmann’s constant, 7 is temperature, h is Planck’s constant, and v, is the

1

main electronic UV absorption frequency, typically assumed to be 3 x 10" s™. Values

for &yacuum and 7yacuum are assumed to be 1 while the ¢ and #n for bulk liquids at 20°C were
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Figure 3-1 Contributions to the Total Interaction Energy Model for 8 nm
diameter copper nanoparticles coated with AOT dispersed in hexane at 25°C

and 1 bar.
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obtained from the literature'’ and for liquids at elevated temperatures ranging from 25°C
to 65°C, ¢ and n are determined from the solubility parameter, o, by equations 3-5 and 3-

6 when not available in the literature.

= 0.48872x 0 +5.55
9.55

(3-5)

’ (3-6)

™
Il
S

Values of ¢ and n for compressed propane (eq. 3-6 and 3-7) and SCF ethane (eq.
3-8 and 3-9) where estimated using a Clausius-Mossotti relation and equations of state
reported by Younglove and Ely as a function of the density, reduced density, reduced
temperature and pressure'*. Determination of ¢ and n for mixtures of SCF ethane and

liquid alkane cosolvent are determined from the pure component values using the

Lorentz-Lorenz mixing rule, equation 3-10, where n can be substituted with Ve

- T
-1 :p[0.0156+7.72><10_5p—4.04><10_6p2 +5.11x107* ln[1+—"]—4.51><10‘7PJ
e+2 T
(3-7)
2
”2 L_ 0.07741p, +1.097x107° p? —5.427x107* p? (3-8)
n-+2
€71 _10.077+433x10" | 1+ L2 P, +9.78x107" p? —4.42x107* p’ —1.46x107° P
e+2 T
(3-9)
-1y 1)
(nmzx )2 :Z¢i (nz )2 (3_10)
(nmix +2) (ni +2)

Figure 3-2 demonstrates the attractive forces due to the van der Waals interactions
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Figure 3-2 Attractive van der Waals contribution to the total interaction energy
calculated for spherical copper nanoparticles coated with AOT surfactant and
dispersed in hexane at 20°C for various particle diameters as a function of the
separation distance.
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between copper nanoparticles coated with AOT surfactant and dispersed in hexane at
25°C plotted as a function of separation distance and particle diameter. The negative
trend of the interaction energy, ®.qw/ksT, with increasing particle size is representative
of increasing van der Waals attractive forces between spherical copper particles
interacting through the hexane bulk phase.

The repulsive contribution to the total interaction energy originates from the “soft
sphere” theory developed by Vincent et al.'?and implemented by Shah et al."* where the

following relations are proposed for the osmotic and elastic interaction terms.

2
o, = SRET ¢2(1—z [z—ﬁj I<h<2 (3-11)
vsolv 2 2
47Rk.T (1 C(h1 h
b = B —— 4y |17 ————h{—j h<l 3-12
osm Vsolv ¢ (2 Zj_ (21 4 l ( )
2 2
P X1 TESTN IONE T A PR
MW, 110 2 2 I
h=d-2R (3-14)

Here again R is the particle radius and d is the center-to-center separation and from
equation 3-14, & is the separation distance from the particle surfaces. As will be seen
from the interaction energy diagrams, this separation distance at a minimum energy will
determine the dispersibility of the particles. It must also be noted that the repulsive
forces are independent of the particle material and do not contribute to the total
interaction energy until the separation distance is less than twice the ligand length /. To
obtain the ligand volume fraction, ¢, the AOT was modeled as a cylindrical structure

extending from the particle surface with a head group cross-sectional area of 75 A” and a
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Figure 3-3 Plot of the ligand volume fraction as a function of the distance
from the particle surface for various sized particles. At a distance of 9.1 A
corresponds to the length of the AOT surfactant.

79



§— 0'90(@?%5)2—321—1& (3-15)

length of 9.1A% with a 90% surface coverage determined by equation 3-15. Figure 3-3 is
a plot of the ligand volume fraction for particles ranging in diameter from 2 nm to 12 nm.
As the particle size increases, the curvature of the particle and surfactant layer decreases
causing the surfactant tails to pack together resulting in an increase in the AOT volume
fraction at distances from the particle surface. This is a rough approximation due to the
neglect of factors such as the actual surface coverage, the known cone shaped structure of
AQOT, and the overlap of the surfactant tails especially in the region of 4 < 2/ where
repulsive forces come into play.

The molecular volume of the solvent, vy, 1s required in the osmotic repulsion
term. The Flory-Huggins interaction parameter, Y, also referred to as the Chi interaction
parameter is function of the Hildebrand solubility parameters 6;. The Chi interaction
parameter can be determined by equation 3-16 where R is the ideal gas constant and v, is
the molar volume of the solvent. The solubility parameter for the solvent is related to the
cohesive energy density, £5°", and can be calculated by equation 3-17°' where AH,’is

the enthalpy of vaporization for the liquid solvents as obtained from the literature'’**.

7= (6 -8,) (3-16)
AH —RT
8y = E™ = (3-17)
3
T T 0.38
AH, = b”[Tc—T ] (3-18)
C bp
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The values obtained correspond either to the desired temperature or at the boiling point of
the liquid. In order to account for any temperature effects, the solubility parameter at the
desired temperature was determined using Watson’s correlation for latent heat, eq. 3-18%.
For a SCF a liquid-vapor phase transition does not exist and an approximation of
the enthalpy of vaporization must be used to calculate the solubility parameter. In eq 3-
19, Hs , 1s the ideal gas enthalpy, H; is the actual enthalpy, and P is the pressurez4. The
solubility parameter for SCF ethane + liquid cosolvent was obtained using a volume
fraction weighted average of the pure component values, equation 3-20.  The solubility
parameter for AOT must be estimated using a group contribution method typically
implemented for polymer solutions where a molar attraction constant is assigned for each
chemical group in the surfactant tail. There are three group contribution methods
available”’ provided by Small, Hoy, and van Krevelen resulting in values of 517.52,
510.81 and 578.42 MPa'? respectively. The Hoy method was implemented for the
liquid solvent model. For the compressed and SCF solvents an average of the three

methods was used to obtain 0, = 535.32 MPam.

AH,, —-RT - H, + PV,
8, = E :\/ o = S (3-19)
3
8, =Y ¢, (3-20)

The osmotic repulsion term deals solely with the interactions of the surfactant
tails with themselves and the bulk solvent, calculated by equation 3-11 for / < 4 < 2/ and
equation 3-12 for & < [. The key terms which determine the intensity of the osmotic
repulsive energy ared, vsoy and in particular y. These terms are significant in determining

the repulsive forces due to the surfactant tail — tail and tail — solvent interactions which
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are responsible for particle stabilization and preventing agglomeration. The Chi
interaction parameter is an indicator of the solvent interaction between the AOT tails and
the bulk solvent where solvation occurs when y < 0.5 and the solvent strength increases
as y decreases”’. The elastic repulsion term contributes to the interaction energy in the
range h <1 and represents the energy requirement for compression of the surfactant tails.
The contribution can be calculated from equation 3-13 where p and MW, represent the
surfactant density and molecular weight. The elastic term represents the surfactant tail —
tail repulsion that occurs on compression of the tails and is largely a function of the
surfactant density and volume fraction.

The contribution of each of the forces to the total interaction energy can be seen
in Figure 3-1 as a function of the separation distance of the particles. The elastic term
does not contribute greatly and it is the osmotic forces that more strongly influences the
particle dispersion by countering the attractive van der Waals forces. Along the total
interaction energy curve a minimum value exists that corresponds to an optimum position
of the particles with respect to each other. A threshold energy of -3/2 kgT or greater is
required to disperse the particles within the bulk solvent by overcoming the average
translational energy of colloidal particles undergoing Brownian motion'®. Particle
growth occurs through random exchange of micelle contents and will continue to grow
until this threshold energy limit is reached. If particle growth occurs beyond an optimum
size, the total interaction energy will drop below this threshold energy limit of -3/2 kgT
and the particles will agglomerate and precipitate out of solution. In this case, the
repulsive terms are insufficient to balance the attractive van der Waals forces thereby

resulting in an inability to disperse the particles. The total interaction energy can be
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calculated as a function of the separation distance for various particle sizes, solvents,
temperatures and pressures in order to determine the optimum operating conditions for

particle growth.

3-3.  EXPERIMENTAL

Synthesis of copper nanoparticles was described in the previous chapter and the
experimental results will be compared to the modeling results in this chapter. Silver
particles were produced in a similar manor to the copper particles with concentrations of
AgAOT = 1.0x10° M, AOT = 9.9x10> M, W = 10 and reduction using hydrazine at ten
times excess of silver™. AgAOT surfactant was synthesized by an ion exchange process
similar to the synthesis of CuAOT; by the Eastoe method discussed in Appendix A. The
Total Interaction Energy Model calculations were accomplished with a spreadsheet using

Microsoft Excel XP.

3-4.  MODELING RESULTS

3-4a. Liquid Phase Results

The previous discussion reveals the bulk solvent effects on the stabilization of
various particle sizes which can be described by the solvent-surfactant tail interactions.
The proposed interaction energy model provides an explanation for the maximum particle
sizes obtained in various solvents by balancing the attraction and repulsion forces
between AOT covered particles interacting in a bulk solvent. Figure 3-4 exhibits the
results of the total interaction energy calculations for copper nanoparticles coated with

AOT surfactant as a function of the separation distance and particle size at 20 °C and 1
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Figure 3-4 . Plot of the Total Interaction Energy, ®@wi/ksT, curves calculated
for 4nm to 20nm diameter Cu nanoparticles coated with AOT and dispersed in
hexane at 20°C and 1 bar. The model predicts an ultimate particle size of ~9
nm in diameter for hexane.
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bar in hexane. From Table 3-1, the model predicts maximum particle diameters in each
of the solvents ranging from a diameter of 10.6 nm in pentane through a diameter of 12.8
nm in cyclohexane. The calculated maximum particle diameters correspond well with
the experimental results at W values of 5 and 10 in Table 3-1. Comparison of the
experimental particle sizes and the model predictions shows good agreement for the
solvent cyclohexane with a maximum particle size of 12.6 nm. The model predicts
increasing particle size from 10.6 nm to 12.6 nm with increasing carbon number for the
n-alkane solvents with a further increase in particle size with cyclohexane. For the case
of cyclohexane, both the modeling and experimental results suggest that larger copper
particles can be synthesized using cyclohexane as the bulk solvent compared to the other
solvents investigated. Table 3-1 lists the thermophysical properties which influence the
steric stabilization of the copper particles particularly the Hamaker constant, 4, and the
Chi interaction parameter, y, which contribute to the attractive and repulsive forces
respectively. Table 3-1 displays the bulk solvent and temperature effects on A4 and .
The trends observed demonstrate that an increase in temperature results in an increase in
A and a decrease in x and thus an increase in the van der Waals attractive forces and a
decrease in the solubility of the AOT tails. This would suggest that temperature has a
dramatic effect on the stabilization of copper particles within the AOT reverse micelle
system and that synthesis at elevated temperatures is not feasible, as seen in Figure 3-5.
Solvent effects on 4 and x demonstrate that y decreases with decreasing molar density
with the exception of cyclohexane and isooctane. The properties of cyclohexane result in
a low value for 4y and 4 for which it would be expected a larger particle would be

sterically stabilized. Isooctane proves to be an interesting case where an increased value
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Table 3-1. Experimental results of the relative particle growth rates and
ultimate particle sizes obtained for Copper nanoparticles synthesized in
various alkane bulk solvents with [CuAOT;] = 0.01106 M, [AOT] =
0.1106 M and W = 5 and 10. The calculation results obtained from the
total interaction energy model show excellent agreement with the ultimate
particle sizes obtained experimentally.

Solvent W =35 W =10 Calculations
Size (nm) Size (nm) Size (nm)

Pentane 8.3 8.6 10.6
Hexane 8.6 8.9 11.1
Heptane 8.6 8.6 11.5
Octane 8.5 8.4 11.8
Decane 9.1 8.9 12.2
Dodecane 9.0 9.7 12.6
Isooctane 9.4 9.6 11.3
Cyclohexane 12.6 12.6 12.8
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Figure 3-5 Plot of the O /ksT curves calculated for 10 nm diameter Cu
nanoparticles coated with AOT and dispersed in hexane at 1 bar and
temperatures ranging from 25°C to 65°C. The model predicts that 10 nm
diameter Cu particles would be sterically stabilized in hexane at 25°C,
however as the temperature is increased to 65°C the particles would
agglomerate and precipitate out of solution.
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for x and A4 exists however particle stabilization is still possible which may exist due to a
balancing of the attractive and repulsive forces. A minimum value of 4 exists for hexane
when compared to the other solvents studied. Interestingly this minimum corresponds to
a maximum water uptake value for 0.1 M AOT in hexane reverse micellar solution.
Further comparison of the 4 for spherical water / AOT reverse micelles and y for various
bulk solvents with measurements of the CMC, maximum water uptake, percolation
threshold and phase behavior provides interesting correlation and insight into the
interaction forces within the AOT reverse micelle system.

The model predicts slightly larger particles in each alkane solvent compared to the
particle sized observed experimentally in chapter 2. The experimental results show
particle sizes ranging from 8.3 nm to 9.7 nm from pentane to dodecane, however the
maximum particle size trend predicted by the model is not as significant. From the
calculations it would be expected that larger particles would be obtained for the larger
alkanes although additional properties not accounted for by the model may contribute to
instability in the micellar system resulting in the smaller sizes observed in the
experimental results. Fletcher et al.®” discuss that for the decane and dodecane systems,
the experimental conditions explored in this study approach an upper phase transition
where it has been shown that clustering of AOT stabilized droplets in dodecane occurs
around 25°C and above. A SANS structure-factor analysis in the vicinity of this region
reveals a sharp increase in additional short range attractive interactions. If this attractive
interaction were accounted for by the model then it would have the effect of lowering the
total interaction energy curve in the region /4 < 2/ resulting in a particle size smaller than

what is predicted by the model, thereby more closely relating to the experimental data.
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Figure 3-6 a) Plot of the ®./kgT curves calculated for 6nm to 12nm diameter Ag
nanoparticles coated with AOT and dispersed in hexane at 25°C and 1 bar. b,c) TEM
image and size distribution for Ag particles synthesized in liquid hexane-AOT— water
reverse micelle system with 1.0x10~ M AgAOT, 9.9x10> M AOT, and W = 10.
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Figure 3-6a demonstrates that this model is also applicable to the synthesis of
silver particles in hexane / AOT reverse micelle systems which predicts a maximum
particle size of ~7.5 would be synthesized. Figure 3-6b,c is a TEM image and particle
size distribution of silver nanoparticles synthesized in a hexane solution with [AgAOT] =
0.001M, [AOT] = 0.099M, and W = 10 where the majority of the silver nanoparticles are
6 to 7 nm in diameter, corresponding directly to the predictions of the model.

Other properties of the system that the model takes into account which affect the
predicted ultimate particle size include temperature and percentage of particle surface
coverage by the surfactant. Figure 3-5 shows the effect of temperature on 10 nm copper
particles in hexane where the ability to sterically stabilize the particles becomes
increasingly difficult as the temperature increases to 65°C where the particles would no
longer be supported. By increasing the temperature, an increase in van der Waals
attraction and a decrease in the AOT tail solubility is observed according to the modeling
results thus decreasing the ability to sterically stabilize particles at elevated temperatures.
The same effect of temperature was observed by Shah et al."> where an increase in
temperature requires an increase in pressure of the SCF ethane to obtain an adequate
solvent interaction parameter in order to selectively separate silver nanoparticles. Figure
3-7 shows the effect of decreasing particle surface coverage from 90% to 30% which
largely influences the surfactant volume fraction calculated in equation 3-15. As the
surfactant surface coverage decreases below 50% for silver particles in hexane, the
particles would no longer be sterically stabilized by the surfactant. The effect of surface
coverage has bearing on the previously mentioned case for particles consisting of

3,4,28-32

multiple atomic species . The inability of the ionic head group to interact with the
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Figure 3-7 Plot of the ®/kgT curves calculated for 8 nm diameter Ag
nanoparticles coated with AOT and dispersed in hexane at 20°C and 1 bar with
decreasing surface coverage of AOT on the Ag particles. The model predicts
that as the percent surface coverage decreases, the ability to stabilize particles
in solution also decreases.
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particle surface directly would effectively lower the particle surface coverage and thus
restrict particle growth beyond the size of the micelle. This may explain the occurrence
of purely metallic particles exceeding the size of the original micelle where the AOT
surfactant acts to sterically stabilize the particles in solution allowing for growth beyond
the size of the water core. Further investigation of the interaction forces between the
particle surface and the ionic surfactant head group will provide a better understand the
mechanism of steric stabilization of metallic nanoparticles in the AOT reverse micelle

system.

3-4b. Compressed Propane Results

Replacing the liquid solvents with compressible and SCF solvents allows for
variation of the thermophysical properties of the bulk phase, particularly the solvent
strength of the bulk phase, with adjustments to the temperature and pressure of the
system. By adjusting the conditions of the compressible bulk phase, the density and
solubility parameter are altered, thus varying the solvent interactions with the surfactant
tails. It has been observed that more favorable solvent interactions with the surfactant
tails results in slower reaction rates and the synthesis of larger particle sizes with the
liquid solvents®. Thus, the ability to adjust the solvent strength of compressible fluids
using temperature and pressure provides control over the ultimate particle size and
growth rate. Johnston and co-workers demonstrated the size selective dispersion of
sterically stabilized silver and gold nanocrystals using SCF ethane by adjusting the

3

temperature and pressure of the system'. Thus, increasing the pressure and decreasing
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the temperature of the compressed and supercritical fluid microemulsion systems should
result in the synthesis of larger metallic nanoparticles based on this principle.

The total interaction energy model is used to investigate the stabilization of
copper nanoparticles synthesized in the compressed propane — AOT reverse micelle
system. The model examines the effects of temperature and pressure on the particle size
stabilized in this system and is compared to the particles synthesized experimentally. The
effects of temperature and pressure on the predicted ultimate particle size that would be
obtained experimentally were investigated. Figure 3-8 demonstrates that y decreases with
decreasing temperature and increasing pressure thus providing more favorable solvent
conditions. Figure 3-9 demonstrates that 4,3, also decreases with decreasing temperature
and increasing pressure although a lesser effect than for x. The increased solvent strength
(%) and decreased attractive forces (413;) would suggest that larger copper particles would
be sterically stabilized at lower temperatures and higher pressures. Table 3-3 also
illustrates that yx and 4,3, decrease with decreasing temperature and increasing pressure as
well as the effects interchanging the bulk solvent, thus providing more favorable solvent
conditions and a decrease in the attractive force between particles. The increased solvent
strength and decreased attractive forces suggest that larger copper particles would be
sterically stabilized at lower temperatures and higher pressures. The effect of the particle
size on Dy/kgT from the total interaction energy model is presented in Figure 3-10a
where the minima in the interaction energy curve decreases and crosses the -3/2 kgT
stabilization threshold as the particle size is increased from 6 nm to 15 nm in diameter.
The conditions at which the interaction energy curve crosses this threshold corresponds to

the predicted ultimate particle size synthesized. In compressed propane at 25°C and 310
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Figure 3-8 Chi interaction parameter, y, for AOT in compressed propane as a
function of temperature and pressure. Typically values of y less than 0.5 are
characteristic of good solvent conditions.
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Figure 3-9 Hamaker constant A3; for copper nanoparticles interacting through
compressed propane as a function of temperature and pressure.
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bar the model predicts the stabilization of a 9 nm diameter particle where as a 10 nm
diameter particle would not be supported since the increase in particle size results in the
interaction energy curve crossing the stabilization threshold. Figure 3-10b illustrates the
effects of pressure on the stabilization of 10 nm copper particles in compressed propane
at 25°C, predicting that the ability to sterically stabilize a particle of a given size
increases with an increase in pressure. The -3/2 kgT energy limit corresponds to a
minimum pressure required for particle stabilization and thus a minimum pressure
required for synthesis of a particular particle size as well as a tunable pressure effect on
the ultimate particle size. In the same respect that a minimum pressure is required to
stabilize a specific particle size, as the particle size is increased the minimum pressure
required for particle stabilization also increases. Application of this model to particle
synthesis suggests that as the pressure of the compressed propane system is increased, the
maximum particle size that can be synthesized and stabilized increases.  Figure 3-10c
presents the effect of temperature on @y/ksT where the model predicts a decreasing
ability to synthesize a particle of a given diameter with an increase in temperature. The
model suggests that a maximum temperature limit exists for particle stabilization of a
given size at a particular pressure. The ability to stabilize a specific particle size at
elevated temperatures must be countered with an increase in pressure to obtain the
solvent conditions necessary for particle stabilization. Similarly, as the temperature is
increased at a constant pressure, the maximum particle size that would be stabilized by
the system decreases and thus as the temperature is increased, a decrease in the maximum
particle size synthesized is predicted by the model. The effects of temperature and

pressure on the maximum particle size synthesized and stabilized as predicted by the
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model correspond to microemulsion stability measurements where an increase in pressure
and a decrease in temperature results in a more stable microemulsion and the ability to

stabilize an increased water content>*,

3-4c. Compressed and SCF Ethane Results

Interactions between ethane as the bulk solvent and the AOT surfactant tails are
decreased as compared to those of the propane solvent system and thus the model
suggests that elevated pressures are required for particle synthesis in ethane as
demonstrated in Figure 3-11 and Table 3-4. Figure 3-12 displays the interaction energy
curves calculated by the model demonstrating the effect of particle size and pressure at
25°C. The modeling results suggest that copper nanoparticle synthesis in compressed
ethane at 20°C may be achieved at pressures of 400 bar and above. As the temperature of
the ethane system is increased to 35°C, above the critical temperature of pure ethane
(32.15°C), a decrease in the ability to stabilize particles is observed where pressures of
500 bar and above are required for synthesis as demonstrated in Figure 3-11. A
continued increase in the minimum pressure required for synthesis at 550 bar is also
observed as the temperature is increased to 45°C. Additionally, a decrease in the
predicted particle size with increasing temperature at a fixed pressure is shown in Table
3-4. The prediction of the ability to synthesize copper nanoparticles in compressed and
SCF ethane is also extremely significant due to the reported inability to synthesize copper
particles in ethane without the use of a liquid cosolvent by Cason’-°, however the
pressures investigated were below those predicted by the model. Thus copper

nanoparticle synthesis in SCF ethane may be possible at pressures above 500 bar.
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Figure 3-11 Plot of the ®/ks7 curves for 9 nm diameter Cu nanoparticles
coated with AOT and dispersed in SCF ethane at 35°C as a function of
separation distance and pressure.
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The temperature and pressure effects in ethane parallel the modeling results
observed for the propane system with the exception that significantly higher pressures are
required to achieve the desired solvent conditions for particle synthesis. Table 3-3 lists
the thermophysical properties used in the model for each of the solvent systems
investigated as a function of temperature and pressure. For each of the solvents
investigated, an increase in pressure and a decrease in temperature result in a decrease in
Ajz1 and . A decrease in 4;3; represents a decrease in the attractive van der Waals forces
between particles. A decrease in ¥ demonstrates a more favorable interaction between the
solvent and AOT tails, thus an increase in the repulsive osmotic dispersion forces. The
decrease in attractive forces and increase in repulsive forces between the particles
interacting in the bulk solvent, as determined by the model, would result in an increased
ability to stabilize larger particles and thus demonstrates the effects of temperature and
pressure on the ability to sterically stabilize particles as well as provide control over the

particle sizes synthesized.

3-4d. Compressed Ethane + Cosolvent Results

The solvent strength necessary for particle synthesis in the ethane system can be
achieved at lower pressures with the addition of liquid alkane cosolvents which will
change the solvent properties of the bulk phase allowing conditions more favorable for
particle synthesis at lower pressures. The thermophysical properties in Table 3-3
demonstrate the influence of added liquid alkane cosolvent on the ethane — AOT reverse
micelle system. The stability of the ethane — AOT reverse micelle system is affected by

the addition of the liquid alkane cosolvents with increasing stability determined by
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decreasing values of y (from 0.76 to 0.71 eV) and 4,3, (from 0.36 to 0.29) for isooctane,
hexane and cyclohexane cosolvents, respectively. The results reflect a decrease in the
minimum pressure required for particle synthesis as the cosolvent is switched from
isooctane to hexane and to cyclohexane, corresponding to an increase in solvent — tail
interactions. This correlates with phase behavior measurements that indicate an increase
in microemulsion phase stability with this solvent change. The model predicts the
synthesis of 9.46 nm diameter particles in the ethane system with 7.9 mol percent
cyclohexane at 20°C and 400 bar with decreasing particle sizes as the cosolvent is
interchanged to hexane and isooctane, as shown in Table 3-4. Overall, the modeling
results indicate that particle synthesis can be achieved in the ethane — cosolvent systems
at 20°C with pressures much lower than would be required for synthesis in ethane at
20°C.

When the temperature is increased from 20°C to 45°C in the ethane + 7.9 mol
percent cyclohexane system, there is an increase in the minimum pressure required for ~9
nm diameter particle synthesis from 200 bar to 400 bar. Moreover, the predicted particle
size at a fixed pressure of 400 bar decreases with the temperature increase. This
corresponds well with the previous results where a decrease in the stability of the
microemulsion and particle size is predicted with increasing pressure. Interestingly, as
the pressure is increased the trend is reversed and the model predicts slightly larger
particle sizes at the higher temperatures despite a lower density and higher values of y
and A4;3;. This emphasizes the role of temperature in determining whether particle
synthesis is feasible and determining a minimum pressure required for synthesis rather

than providing control over the particle sizes obtained.
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The modeling results also predict a slight increase in the particle size with an
increase in the cyclohexane mol fraction from 5.8 to 10.0 mol percent. In discussing the
modeling results for varying the cosolvent concentration in the ethane system it must be
noted that the model does not account for the preferential insertion of the cosolvent into
the surfactant tail region. Roberts et al.”’ performed a solvatochromatic investigation on
the effects of adding small amounts of benzene cosolvent to the ethane — AOT reverse
micelle system and found that with the addition of 2.5 mole percent benzene, a
solvatochromic probe in the AOT tail region sensed an enhanced benzene environment
approaching near saturation’’. The model accounts for the ethane and cosolvent as a well
mixed solvent and does not account for preferential solvation of the AOT tail groups by
the cosolvent which would have the effect of a much larger volume fraction of cosolvent
in the tail region and a lower volume fraction in the bulk phase. In comparing the
modeling results with the experimental system, a much higher cosolvent concentration in
the vicinity of the AOT tail region may be observed experimentally compared to the
uniform cosolvent fraction assumed by the model. However, the presence of the
cosolvent has the effect of promoting micelle stabilization and particle synthesis as
predicted by the model and demonstrated experimentally, as will be discussed below.

For each of the bulk solvent systems investigated, the temperature and pressure
effects on the thermophysical properties of the system impacted the predicted particle
size as well as the ability to synthesize particles. It can be concluded that the ability to
sterically stabilize particles in solution, and thus synthesize them, is largely influenced by
the solvent interactions with the AOT tails. This is confirmed with values of y greater
than 0.43 that resulted in the inability to synthesize particles and with i less than 0.43,
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particle synthesis was predicted. The solvent interactions, coupled with 43, and the
attractive forces between particles also impart control over the particle size. Overall the
predicted trends of synthesized particle sizes generally parallel with microemulsion
stability where a more stable microemulsion results in the synthesis of larger particles. A

comparison with experimental results will confirm the accuracy of the model.

3-5.  CONCLUSIONS

The total interaction energy model takes a simplistic approach to modeling the
metallic particles coated with AOT surfactant as soft spheres. The model calculates the
attractive van der Waals forces acting between the metallic particles and the repulsive
osmotic and elastic forces which result from the tail — tail and solvent — tail interactions
responsible for the steric stabilization of the metallic particles. The model accurately
predicts the ultimate copper and silver particle sizes obtained experimentally in the
various liquid alkane solvents. The model is also used to predict the bulk solvent effects
on copper nanoparticle growth using a compressible fluid as the bulk phase where the
thermophysical properties can be fine tuned using temperature and pressure for tailored
nanoparticle synthesis. The ability of the model to accurately predict the size of metallic
nanoparticles further supports the steric stabilization theory for control over the
morphology of particles synthesized within the reverse micelle system. Chapter 4
presents the experimental results for the synthesis of copper nanoparticles in
compressible alkane — AOT reverse micelle system in addition to comparison of the

results with the modeling work previously discussed.
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CHAPTER 4

4. COPPER NANOPARTICLE SYNTHESIS IN COMPRESSED AND SCF PHASE
REVERSE MICELLE SYSTEMS

4-1. INTRODUCTION

Investigations of metallic nanoparticle synthesis within liquid phase, water in oil
AOT reverse micelle systems have demonstrated the influence of the bulk fluid solvent
properties on the particle growth rate and ultimate particle size'™ as demonstrated in
Chapters 2 and 3. Synthesis of nanoparticles within compressed and SCF reverse
micelles systems began with the initial work by Fulton and coworkers who discovered
the ability to form AOT reversed micelles in compressed propane and SCF ethane™.
Microemulsions in compressible fluids have been studied by various techniques to gain
an understanding of the fundamental properties which can be applied to numerous
applications’ ", including metallic nanoparticle synthesis in reverse micelle self-

assemblies'®!”.

Cason et al. first demonstrated copper nanoparticle synthesis in AOT
reverse micelle systems with compressed propane and SCF ethane + liquid isooctane
cosolvent as the bulk fluids'®. The ability to synthesize metallic nanoparticles in these
systems is closely related to the requirements for microemulsion stabilization where

specific solvent conditions are necessary to support particles in solution via surfactant

stabilization. The work of Johnston and co-workers demonstrated the ability to size
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selectively disperse dodecanethiol capped particles in supercritical ethane through
adjustments in temperature and pressure'”. As such, particle dispersibility is a function of
the solvent strength where an increase in pressure or a decrease in temperature provides

the ability to support larger particles.

In this chapter, copper nanoparticle synthesis within AOT reverse micelles was
achieved, implementing compressed liquid and supercritical fluid alkanes as the bulk
solvent of the microemulsion system. These results further demonstrate the role of the
anionic surfactant AOT in reverse micelle based nanoparticle synthesis. Initially, the
AOT creates a thermodynamically stable microemulsion system consisting of water and
metal ions encased within an AOT surfactant reverse micelle and dispersed within a bulk
oil phase. The AOT surfactant also acts as a stabilizing ligand where the surfactant tails
sterically stabilize the synthesized copper particles in solution. The experimental and
modeling results in Chapters 2 and 3 have shown that the strength of the solvent
interactions between the bulk liquid organic solvent and the surfactant tails affect the
particle growth rate and mean copper nanoparticle size synthesized within the
microemulsion system. The thermophysical properties of compressed liquids and
supercritical fluids (SCF) can be tuned through adjustments in temperature and pressure.
This affords the unique ability to control particle synthesis within the reverse micelle
systems by adjusting the strength of interaction between the surfactant tails and the bulk
solvent. Our results demonstrate that an increase in pressure or decrease in temperature
results in the ability to synthesize slightly larger particles. In compressed propane, the

median particle diameter synthesized can be shifted from 5.4 nm to 9.0 nm with an
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increase in pressure from 241 bar to 345 bar. Synthesis in compressed and SCF ethane is
achieved at a pressure of 517 bar and can be slightly adjusted with temperature and even

more so with the addition of a liquid alkane cosolvent.

This experimental results presented in this chapter demonstrate the influence of
the adjustable thermophysical properties on copper nanoparticle synthesis, particularly
the feasibility of particle growth and particle size control. The solvents investigated
include compressed propane, compressed and SCF ethane, and ethane + cosolvent
mixtures which include cyclohexane, hexane and isooctane cosolvents. Implementing
compressed and supercritical microemulsion systems for the production of nanomaterials
yields the ability to harness the adjustable thermophysical properties of the solvent that
governs particle synthesis. This method of metallic nanoparticle synthesis has proven to
be an effective method for the production of nanoparticles with relatively narrow size
distributions and mean particle diameters ranging from 6.4 to 11.3 nm under moderate
conditions. Synthesis in compressed and SCF ethane is achieved at a pressure of 517 bar
and can be slightly adjusted with temperature and even more so with the addition of a
liquid alkane cosolvent.

The compressed solvent systems allow for thermodynamic control over particle
synthesis and also offer unique particle collection techniques and spray coating methods.
Additional advantages over conventional liquid systems include the ease of solvent
removal by simply depressurizing the system, novel transport and deposition properties,

and reduction in surface tension and wetting effects during solvent removal®.
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4-2.  EXPERIMENTAL

4-2a. Materials

Sodium bis(2-ethylhexyl) sulfosuccinate (AOT) and DIUF Water were obtained
from Fisher Scientific and used without further purification. Ethane and propane gases
were purchased from BOC Gases and were passed through a High Pressure Gas Drier
moisture trap and a High Pressure Oxy-Trap oxygen trap, both purchased from Alltech.
Anhydrous hydrazine 98%, isooctane, and other alkane solvents were purchased from
Sigma Aldrich. Copper AOT (CuAOT,) was synthesized by replacing the sodium ion of
the AOT head group with a Cu®" ion to create the functionalized surfactant’’. The AOT
and CuAOT); surfactants were dried in a vacuum oven until no noticeable change in mass

was observed and any hydration of the surfactants or solvents was not taken into account.

4-2b. Phase Behavior Measurements

Phase behavior measurements were used to determine the demixing pressure for
the ethane + cosolvent / AOT / water reverse micelle system at various temperatures, W
values and cosolvent concentrations in order to determine the relative stabilities of the
microemulsion with the addition of the hexane, isooctane, and cyclohexane cosolvents
into the ethane bulk phase. The demixing pressure for a specific temperature is the point
at which the stable microemulsion is broken and a phase separation occurs as the pressure
of the system is slowly decreased. This phase separation can be observed visually by the
transition from a clear solution to a cloudy solution and the percent transmittance drops
from 100% to below 80 %. These measurements were performed using the variable

volume view cell equipped with a piston displacement hand pump in conjunction with
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percent transmittance measurements using the Ocean Optics fiber optic UV-Vis
spectrophotometer as seen in Figure 4-1 and detailed in the appendices. A quartz
window in the face allows the entire contents of the vessel to be observed. The sides of
the vessel are equipped with opposing windows which allow for UV-Vis absorption
measurements necessary to monitor in-situ nanoparticle growth as well as phase behavior
measurements. The vessel is also equipped with inlet and outlet valves, an RTD
temperature controller and a flush mount pressure transducer. The vessel has the ability
to be used as a constant volume reaction vessel by replacing the modified displacement
pump with a back plate resulting in a vessel volume of 30ml. This vessel design has
proven very useful in the measurement of solubility demixing pressures in addition to
nanoparticle synthesis in compressed and supercritical fluids where the temperature and
pressure of the system can be controlled. A Logitech QuickCam Pro 4000 web camera
and ring light have also been adapted to allow for digital monitoring of the reaction

vessel.

4-2c. Particle Synthesis

Particle synthesis in compressed propane, SCF ethane and SCF ethane + liquid
cosolvent was achieved in the 30 ml fixed volume stainless steel reactor fitted with two
opposing quartz windows for in-situ, UV-vis absorption measurements. AOT and
CuAOT, were added to the reactor in a 10 to 1 molar ratio and the vessel was then sealed,
purged with nitrogen gas and evacuated by a vacuum pump to ensure an oxygen free
environment to prevent the formation of copper oxide. The reactor was filled with the

bulk compressed fluid using an ISCO 260D high pressure syringe pump and
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Figure 4-1. High pressure reaction vessel equipped with a modified piston
displacement hand pump, opposing windows for in-situ UV-Vis
measurements, a face plate window, RTD temperature control, and flush
mount pressure transducer.
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simultaneously a Valco Instruments six port injection loop was used to introduce the
desired amount of water for a W = 5 or less (W = [H,O]/[AOT]). The W value was
determined by the amount of water added to the system neglecting any surfactant
hydration water. An RTD and temperature control device was used with heating and
insulating tape wrapped around the stainless steel vessel to achieve effective temperature
control. The reactor pressure was brought to a pressure necessary to form a
thermodynamically stable microemulsion at the desired temperature for the reaction.
Hydrazine reducing agent was then added at 10 x [CuAOT:], by the injection loop, with
stirring and the system was brought to the desired reaction pressure. A Varian Cary 300
UV-Vis spectrophotometer was used to monitor copper nanoparticle synthesis using time
resolved absorbance measurements as the reaction proceeded through the intermicellar
exchange process in the absence of stirring. Copper nanoparticles dispersed in solution
exhibit a characteristic absorption band centered at a wavelength of 566 nm. The
intensity of the absorbance band is representative of the mean particle diameter in
solution and allows for monitoring of the copper particle growth rate and the mean
particle size synthesized*.

Particle images were obtained using a Zeiss EM 10 Transmission Electron
microscope (TEM). The particles were collected by various methods. A spray coating
method was implemented by expanding the compressed particle solution through a 0.10
mm capillary tube, 5 cm in length, onto a nickel TEM grid. A second method involved
the use of a stabilizing ligand (dodecanethiol and lauric acid) in order to prevent
agglomeration. Particles were collected by redispersion in an isooctane solution with
0.01 M stabilizing ligand and placing a droplet of the solution on the TEM grid. The
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stabilizing ligand was also introduced directly into the particle solution using the
injection loop and particles collected by the spray technique. The TEM images obtained
were analyzed using Scion Image software for windows> to obtain particle size

distributions.
4-3. PARTICLE SYNTHESIS RESULTS

4-3a. Compressed Propane / AOT Reverse Micelle System

Copper nanoparticle synthesis was achieved experimentally in compressed
propane at 21°C and TEM images were used to obtain a particle size distribution for
synthesis at various pressures. Figure 4-2 displays a histogram of the particle size
distribution obtained from TEM analysis as a function of pressure and it can be seen that
as the operating pressure is increased the particle size distribution shifts slightly towards
a larger particle diameter. The experimental data supports the modeling results where an
increase in the ultimate particle size obtained increases slightly with increasing pressure.
The modeling predictions and the experimental results represented by the median particle
size listed in Table 4-1 show the same trends with some differences in the predicted
particle diameters. The model predicts a slightly larger particle size than what was
observed experimentally, however a more significant effect of pressure on the median
particle size is observed experimentally.

Table 4-1 displays the descriptive statistics of the particle distributions for the
experimental conditions investigated where the particle sizes were measured by TEM
analysis and N is the number of particles measured. From the particle size distribution
histogram in Figure 4-2 it is evident that the particle sizes represent a skewed right
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Figure 4-2. Copper nanoparticle size distribution for synthesis in compressed
propane with [AOT] = 5.5x10> M, [CuAOT,] = 5.5x10° M and W = 1.5 at
21°C and pressures of 241, 276, and 317 bar.
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frequency distribution due to the presence of larger particles most likely formed through
agglomeration during particle collection. The larger particles were included in the
particle size measurements in order to obtain a true measure of the particles synthesized
experimentally. Due to the presence of the large particle aggregate outliers, which
produce a skewed right distribution, a measure of the particle size synthesized can be
more accurately obtained from the median particle size, as opposed to the mean particle
size which can be distorted by outliers. The median provides an un-weighted, centrally
located particle size with 50% of the particles above and 50 percent below. The range of
the particle distributions can be identified by the standard deviation which relates to the
mean or by the interquartile range, IQR. The IQR measures the range of particle
diameters that makes up the middle 50% of the particles measured and discards the high
and low 25%. The IQR allows for the treatment of outliers and is descriptive of the
mono-dispersity of the particle size distribution where a lower IQR, represents a more
mono-dispersed particle size distribution. From the results listed in Table 4-1 for copper
particle synthesis in compressed propane at a constant pressure and W value, an increase
in the median particle size is observed with an increase in the reaction pressure. The
results listed for pressures of 241 bar, 276 bar and 317 bar correspond to the particle size
distributions in Figure 4-2. With an increase in particle median diameter there is also an
increase in the IQR and thus the range of particle sizes synthesized. This is also evident
in Figure 4-2 where a broader and flatter distribution is obtained at higher pressures and
can be attributed to the ability to synthesize larger particles as well as the smaller

particles.
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The increase in particle size with the increase in pressure of the compressed
propane / AOT reverse micelle system is the result of the formation of a more stable
microemulsion and the ability to sterically stabilize the particles in solution.
Experimental results have shown that the water content also plays a role in the formation
of copper nanoparticles. With a W value of 10, particle synthesis was not achieved and
with a W value of 5, particle synthesis was not consistently reproducible in propane. For
the cases of the higher water content, the microemulsion would break upon reduction and
precipitation would occur. At W values less than 1.5, particle growth was not achieved
due to the inability to get a complete reduction with hydrazine. It was found that in order
to synthesize copper particles reproducibly, a W value of 1.5 to 3 is necessary in order to
maintain a stable single phase system and achieve an effective chemical reduction of the
copper ions. It must also be noted that the particle growth rate in propane (2-3 hrs) is
observed to be much faster than for synthesis in liquid isooctane at similar W values (12-
14 hrs) indicating less favorable solvent conditions and a less stable micoemulsion”.

Figure 4-3 displays a TEM image of copper nanoparticles synthesized in propane
/ AOT / W=1.5 reverse micelle system at 241 bar T=21°C, [CuAOT;] = 5.53x107°M,
[AOT] = 5.53x10°M. The particle collection technique involved spray through 0.10 mm
capillary tubing onto a TEM grid. Dodecanethiol stabilizing ligands were also
implemented in particle collection with no noticeable effect on the particle sizes however
the thiol capping may affect the surface properties of the particles. Additional TEM
images are shown in Figure 4-4 for copper particles synthesized in propane at the

pressures investigated.
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Figure 4-3. TEM image of copper nanoparticles synthesized in propane / AOT
/ W=1.5 reverse micelle system at 241bar T=21°C, [CuAOT,] = 5.53x10°M,
[AOT] = 5.53x10>M. Particles collected by spray techniques through
capillary tubing.
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Figure 4-4 TEM images of copper nanoparticles synthesized in propane / AOT
/ W=2 reverse micelle system at bar T=21°C, [CuAOT,] = 5.53x10~°M, [AOT]
= 5.53x10”M. Images A and B were synthesized at P=275 bar, Image C at
241 bar and Image D at P=345 bar.
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4-3b. Compressed and SCF Ethane / AOT Reverse Micelle System

Synthesis in ethane without the use of a cosolvent requires a minimum pressure
and was not achieved by Cason et. al.'® because adequate pressures were not
implemented for particle synthesis. The modeling results discussed previously suggest
that particle synthesis in compressed ethane at 20°C and in SCF ethane at 35°C require a
minimum pressure of 400 bar and 500 bar respectively. In this study, copper nanoparticle
synthesis was achieved in compressed and SCF ethane at a reaction pressure of 517 bar
and temperatures of 20°C and 35°C with [CuAOT;] = 5.5x10° M, [AOT] = 5.5x10% M
and W=1.5. Figure 4-5 displays the particle growth curves for synthesis in compressed
and SCF ethane which were measured by time resolved in-situ UV-Vis absorbance
techniques’ where the average particle diameter dispersed in solution is plotted as a
function of time. From the growth curves a particle growth rate can be obtained from the
initial increase in particle diameter and an ultimate particle size can be obtained from the
leveling off of the curve at later times. The particle growth curves suggest that particle
synthesis in compressed ethane at 20°C results in a slightly larger particle size than in
SCF ethane at 35°C and the same pressure with particle diameters of 5 nm and 4 nm
respectively, thus corresponding to the modeling trends. The ultimate particle size
obtained from the UV-Vis absorbance measurements at 35°C is smaller than the median
particle diameter in Table 4-1 which may be due to the presence of particle aggregates
from the particle collection. It is also evident that particle synthesis at elevated
temperatures results in a significantly faster particle growth rate due to the increased
kinetics of the intermicellar exchange mechanism responsible for particle synthesis. The

increase in particle growth rate and decrease in particle size synthesized with an increase
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Figure 4-5. Copper particle growth curves plotted as the average particle
diameter in solution as a function of time, measured by in-situ UV-Vis
absorption techniques. The particle growth curves demonstrate the effects of
temperature and cosolvent presence on particle synthesis in the AOT — ethane
reverse micelle system.
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in temperature may also be the result of a decrease in the stability of the microemulsion
where decreased solvent interactions with the surfactant tails would result in the
formation of a less rigid micelle and a decrease in the ability to synthesize larger diameter
particles.

Figure 4-6 is a TEM image of copper nanoparticles synthesized in the SCF ethane
/ AOT reverse micelle system at 35°C and 517 bar with W = 1.5. The TEM image
appears to exhibit a bi-modal distribution of the particle diameters consisting of smaller
particles and slightly larger spherical aggregates which may have formed during the rapid
depressurization of the spray process in particle collection. However, all particles
observed were accounted for in the statistical analysis of the particle sizes listed in Table
4-1. The larger particle agglomerates observed lead to a skewed right distribution with
the presence of larger outliers. The median particle diameter for synthesis in SCF ethane
listed in Table 4-1 of 5.5 nm is slightly larger than the 4 nm particle diameter obtained
from the particle growth curve in Figure 4-5 and smaller than the particle diameter
predicted by the model. In this case the modeling results predicted the synthesis of larger
particles and do not reflect the extent of particle size control through manipulations in
temperature and pressure. However, the modeling results did prove extremely significant
in the prediction of particle synthesis at elevated pressures of 400 bar at 20°C and 500 bar
at 35°C which were not achieved previously.

Particle synthesis was also attempted at 45°C and 517 bar and upon reduction the
characteristic color change of the system from blue to brown, indicating a successful
reduction of the copper ions. The reduction was followed by progressive copper plating

on the sapphire windows at this higher temperature, prohibiting in-situ UV-Vis analysis.
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Figure 4-6. TEM image of copper nanoparticles synthesized in SCF ethane —
AOT reverse micelle system with [CuAOT,]=5.5x10", [AOT]=5.5x107 and
W=1.5 at 35°C and 517 bar. Particles were collected by spray deposition
through 0.1 micron capillary tubing.
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Attempts to analyze the particles by TEM methods resulted in the observation of large
agglomerations in the range of 100 nm to 1 um. The modeling results predict particle
synthesis would be achieved at 45°C and 550 bar however it is also possible that at the
elevated temperatures, the AOT surfactant no longer acts as an effective stabilizing
ligand and no longer has the ability to effectively sterically stabilize the synthesized

particles in solution resulting in significant agglomeration and deposition.

4-3c. Ethane + Alkane Cosolvent / AOT Reverse Micelle System

The addition of liquid alkane cosolvents to the SCF ethane / AOT reverse micelle
system creates a stable microemulsion necessary for copper nanoparticle synthesis and
stabilization. Cason et al. demonstrated the ability to synthesize copper nanoparticles in
SCF ethane with the addition of 14 volume percent isooctane'®. The model predicts a
significant decrease in pressure required for particle synthesis with the addition of a
liquid alkane cosolvent to the ethane system, particularly cyclohexane.  Thus
cyclohexane would be the cosolvent of choice to promote particle synthesis. As proposed
throughout this paper, the synthesis of copper nanoparticles parallels the trends of
microemulsion stability and thus the trends observed for the addition of cosolvents to the
ethane system for particle synthesis should mimic the effects on the microemulsion
stability determined by phase behavior demixing measurements. Demixing pressures
were measured for the ethane + cosolvent / AOT: CuAOT, / water microemulsion system
at temperatures ranging from 20°C to 65°C and surfactant concentrations of [CuAOT,] =
6.0x10° M and [AOT] = 6.0x10> M. Figure 4-7 displays the demixing pressure

measurements for the ethane system as a function of the W value, mol percent cosolvent
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Figure 4-7. Demixing pressures for the ethane — cosolvent microemulsion
system as a function of temperature, cosolvent mol fraction and water content
with [CuAOT,] = 6.0x10> M and [AOT]=6.0x107 M.




and cosolvent type. As the cosolvent is varied, the use of cyclohexane as the cosolvent
results in a decrease in the demixing pressure and thus the formation of a more stable
microemulsion. It is well known that the water content of a reverse micellar system can
dramatically affect the demixing pressures and as the W value is increased from 2 to 5 a
significant increase in the demixing pressure is observed in ethane with 5.8 mol percent
cyclohexane. As the cyclohexane cosolvent is increased from 5.8 to 7.9 to 10.0 mol
percent cyclohexane with W = 5, a decrease in the demixing pressure is observed. The
phase behavior measurements display a consistent increase in the demixing pressure with
increasing temperature, increasing W value and decreasing cosolvent mol fraction. The
demixing pressure is a measure of the stability of the ethane + cosolvent / AOT: CuAOT,
/ water reverse micelle system, which is increased with the addition of liquid alkane
cosolvent, particularly cyclohexane. Stability is also increased with an increase in the
cosolvent volume fraction, a decrease in water content and at lower temperatures.
Similarly, the trends toward microemulsion stability parallel the particle stabilization
requirements for copper nanoparticle synthesis as well as particle size control.

Copper nanoparticle synthesis in the ethane — AOT reverse micellar system with
cyclohexane as the cosolvent was achieved at the conditions listed in Table 4-1 with
surfactant concentrations of [Cu(AOT),] = 5.5x10° M and [AOT] = 5.5 x 107 M.
Particle synthesis was also achieved in ethane with 7.9 mol percent hexane and isooctane
at 20°C; however results for copper nanoparticle synthesis in the cyclohexane cosolvent
system are presented here. Figure 4-5 displays the particle growth curves for particle
synthesis with 7.9 mol percent cyclohexane with [CuAOT;] = 5.5x10° M, [AOT] =
5.5x10° M and W = 1.5 at 345 bar and temperatures of 20°C and 35°C. The particle
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growth curves suggest that an average particle diameter of 4.5 nm are synthesized at both
temperatures with an increased particle growth rate at 35°C and particle diameters similar
to those obtained with a pure ethane bulk solvent at significantly higher pressures.
Compared to the particle diameters listed in Table 4-1, a slightly larger median particle
diameter was obtained from the TEM analysis at 20°C and a significant increase was
observed at 35°C. The larger particle diameters obtained from TEM analysis can be
attributed to particle agglomeration, especially at the increased temperature where the
microemulsion stability is decreased. For many of the reaction systems, difficulties arose
with the UV-Vis absorbance techniques due to copper plating on the windows and the
decreased intensity of the absorbance peak as the particle synthesis reaction approached
completion, preventing the measurement of the particle growth curves.

For synthesis with 5.8 mol percent cyclohexane, the characteristic color change of
particle synthesis was observed but the characteristic 566nm absorbance peak was not
pronounced. TEM samples were collected revealing the presence of very small particles
with a particle diameter of 5.7 nm and a significant number of particles synthesized with
W = 1.5 at 290 bar and 20°C. As the water content is increased to W = 3, a significant
increase in the median particle size is observed as well as a decrease in the number of
particles. This can be attributed to an increase in particle agglomeration resulting from a
decrease in microemulsion stability due to the increase in water content despite the
pressure increase. The decrease in microemulsion stability does not result in the inability
to synthesize particles but rather decreases the ability of the AOT surfactant to sterically
stabilize the particles and prevent agglomeration. An increase in the microemulsion

stability is achieved with an increase to 7.9 mol percent cyclohexane where 6.1 nm and
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6.5 nm median particle diameters are obtained for W = 1.5 and 3.0 respectively. This
demonstrates that given a stable microemulsion system, the water content does not effect
the particle size synthesized, which was also demonstrated in previous studies in liquid
alkane systems™",

Particle synthesis was achieved in ethane with 10.0 mol percent cyclohexane at
40°C and 228 bar where a median particle diameter of 5.1 nm was obtained despite the
model predicting the inability to synthesize particles. For synthesis under these
conditions, significant copper plating on the vessel windows was observed as well as the
absence of the characteristic 566 nm absorbance band. The presence of significant
outliers in the particle distribution observed from TEM analysis is evident from the
difference in the median and mean particle diameter obtained from the statistical analysis.
Simultaneously, a majority of the particles collected by the spray technique were on the
order of 4 nm in diameter, the smallest obtained from each of the conditions investigated
which resulted in particle synthesis.  The occurrence of particle plating and
agglomeration are indicators of microemulsion instability and a decreased strength of
solvent interactions with the AOT stabilizing surfactant which essentially allows for the
formation of smaller particles, as compared to synthesis in the analogous, conventional
liquid systems.

Further work with metallic nanoparticle synthesis in compressed and SCF based
reverse micelle system will include a study of particle aggregation and the use of
stabilizing ligands such as alkane thiols to prevent agglomeration. Methods of particle
deposition and post synthesis particle separation to remove agglomerations will be

investigated for future applications of microemulsion based particle synthesis.
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4-4.  CONCLUSIONS

Copper nanoparticle synthesis in the compressed propane reverse micelle system
has demonstrated that variations in the pressure have a direct effect on the ultimate
particle size synthesized. By increasing the pressure of the microemulsion system, the
solvent properties of the bulk propane phase are adjusted allowing for increased solvent
interaction with the AOT surfactant tails and thus allowing for the synthesis and
stabilization of larger particles in solution. Copper nanoparticle synthesis was also
achieved in the ethane and ethane + cosolvent reverse micelle system under compressed
and supercritical conditions. The ability to synthesize particles in reverse micellar
systems hinges directly from the role of the AOT surfactant which acts to create a
thermodynamically stable microemulsion and function as a particle stabilizing ligand.

The experimental results correspond with the trends and particle size predictions
obtained from the total interaction energy model showing further evidence that copper
nanoparticle synthesis within compressed and SCF reverse micelle systems is dependent
on the thermophysical properties of the system. Overall this research has demonstrated
that control over particle synthesis can be achieved by tailoring the thermophysical
properties of the reverse micellar system, specifically the temperature and pressure of the
compressed and supercritical solvents. This control provides the ability to synthesize
particles with a median particle size ranging from 5.1 to 9.0 nm in diameter, providing
smaller particle diameters and a wider envelope of particle sizes as compared to
analogous conventional liquid systems. The use of compressed and supercritical fluids as
the bulk phase also provides significant advantage through novel spray coating

applications, as well as, effective solvent removal for particle collection by simply
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depressurizing the system. The multifunctional role of the AOT surfactant is influential
in particle synthesis, acting as a stabilizing ligand, size selectively dispersing synthesized

particles in solution through steric interactions between the AOT tails and the bulk fluid.
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CHAPTER 5

5. SOLVENT EFFECTS ON AOT REVERSE MICELLES IN LIQUID AND
COMPRESSED ALKANES INVESTIGATED BY NEUTRON SPIN-ECHO
SPECTROSCOPY

5-1. INTRODUCTION

Neutron Spin Echo (NSE) spectroscopy has been employed to study the
interfacial properties of reverse micelles formed with AOT surfactant. NSE spectroscopy
is a relatively new technique which provides means to measure small changes in energy
on the nanosecond time scale and has been implemented in the study of various colloidal
systems. NSE offers the unique ability to perform dynamic measurements of thermally
induced shape fluctuation in the AOT surfactant monolayer. This study investigates the
effects of the bulk solvent properties, water content, and the addition of octanol co-
surfactant on the bending elasticity of AOT reverse micelles and the influences on
reverse micelle dynamics. By altering these properties, specific trends in the bending
elasticity constant, k, are observed where increasing k corresponds to an increase in
micelle rigidity. We have also investigated the use of compressed propane as an
adjustable bulk solvent where variations in temperature and pressure are used to tune the
properties of the bulk phase. A decrease in the bending elasticity is observed for the d-
propane / AOT / W = 8 reverse micelle system by simultaneously increasing the
temperature and pressure to achieve a constant density and viscosity while maintaining a

constant translational diffusion of the reverse micelles through the bulk phase.
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AOT reverse micelles are thermodynamically stable dispersions of spherical
water droplets within a bulk oil phase where the surfactant provides structure and
stability. Simultaneously, the reverse micelles are very dynamic in nature consisting of
translational diffusion, shape deformations and intermicellar exchange of the aqueous
cores'. Gale et. al.” first demonstrated the ability to synthesize AOT reverse micelles in
compressed propane and supercritical ethane. Since then AOT reverse micelles dispersed
within compressed and supercritical alkanes have been studied by a wide variety of
techniques including: phase behavior and conductivity measurements to determine water
uptake, phase transitions and stability; dynamic light scattering (DLS), small angle x-ray
scattering (SAXS) and small angle neutron scattering (SANS) to determine structure and
size; and fluorescence and solvatochromic spectroscopic methods to characterize local
environments. In this study, the method of Neutron Spin Echo Spectroscopy (NSE) is
used to determine the effects of water content and bulk solvent properties on AOT
reverse micelle dynamics in hexane, cyclohexane, and compressed propane solvents with
variations in temperature and pressure.

Neutron spectroscopy provides unique instrumentation for the study of colloidal
systems based on the premise that neutrons possess a neutral charge and interact solely
with the atomic nuclei and hydrogen in particular, thus making non-hydrogenated species
virtually transparent to neutrons. Using contrast variation methods and forming AOT
reverse micelle microemulsions with deuterated water, deuterated bulk solvent and
hydrogenated AOT surfactant, the motions of the AOT surfactant monolayer can be
isolated. Neutron Spin Echo is complementary to the more common Small Angle
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Neutron Scattering (SANS) technique, however NSE allows for dynamic measurements
of the scattering system while SANS only relates a static picture. SANS has been widely
used in studying microemulsion systems in order to determine the size and shape of
surfactant aggregates by measuring elastic neutron scattering. NSE is a quasielastic
method which can be used to measure excitations in the range of 0.01 to 200
nanoseconds, bridging the gap in time scale between conventional inelastic neutron
spectroscopy and dynamic light scattering (DLS). The ability to measure shape
fluctuations in thin films and micellar diffusion with NSE affords a powerful technique

for studying reverse micelle dynamics®”.

5-2.  REVERSE MICELLE MICROEMULSION BACKGROUND

Properties of surfactant films include interfacial tension, rigidity, spontaneous
curvature, saddle-splay elasticity and bending elasticity, each of which are dependant on
the surfactant structure, additives, ionic strength, solvent properties and temperature'*'?.
The Helfrich stabilization model, equation 1, has proven to be able to successfully relate
the bending energy of a spherical microemulsion droplet to the bending elasticity &,

saddle-splay elasticity k, and the spontancous curvature''. The Helfrich expression

includes two radii of curvature R; and R, and the spontaneous radius of curvature R;.

E,,, =5de .1l 2 + k| ds ! (1)
2 R, R, R, RR,

The surfactant film properties largely control micelle dynamics and play an
important role in micelle kinetics with applications to reactions and nanomaterial

synthesis. In a previous study, we demonstrated that the interactions of the bulk alkane
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solvent with the AOT surfactant tails affect the growth rate of copper nanoparticles
within the AOT reverse micelle system. In particular, the growth rate in cyclohexane was
shown to be considerably lower than in other n-alkane liquid solvents'’. The growth rate
of metallic nanoparticles within AOT reverse micelles is related to an intermicellar
exchange process by which the contents of the aqueous cores of two reverse micelles are
exchanged resulting in the combination of the metallic species within the cores and the
growth of metallic nanoparticles. Similar results were observed by Towey et. al. where
an increase in the growth rate of quantum sized cadmium sulfide particles within the
AOT reverse micelles was observed as the solvent was altered form cyclohexane to
heptane to decane'*. Investigations of other reaction systems have demonstrated similar
trends for the effects of the bulk solvent properties on the intermicellar exchange rate'>'°,
In particular, Fletcher et. al. performed an in depth study of the solvent effects on the
kinetics of the AOT intermicellar exchange rate. They observed an increase in the
intermicellar exchange rate with increasing chain length of n-alkane solvents as well as a
significantly slower exchange rate with cyclohexane as the bulk solvent'.

The water content of the AOT reverse micelle system, where W = [H,O] / [AOT],
is related to the radius of the reverse micelle water core by the following relation'”:
R(nm) = 0.18 W. Fletcher et. al. demonstrated a decrease in the intermicellar exchange
rate with increasing water content when W > 10. Additional studies on intermicellar
exchange rates and reverse micelle mediated reactions, including our study on copper
nanoparticle synthesis"'*'*'®!* have demonstrated that a decrease in the intermicellar
exchange or particle growth rate occurs as the water content is increased for higher water
contents with W > 10. Additionally, these studies have also demonstrated a decrease in
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the exchange and growth rates as the water content is decreased with W < 10.
Comprehensive review of these results suggest a maximum in the exchange and growth
rates in the vicinity of W = 10182,

Many of the discussions concerning intermicellar exchange rates and nanoparticle
growth rates within AOT reverse micelles suggest that the physical properties of the AOT
monolayer govern micelle dynamics and particle synthesis within the media. The
property most commonly referred to is the micelle rigidity, however the physical
properties of surfactant monolayers also includes lateral elasticity, bending elasticities,
interfacial forces and spontaneous curvature. Helfrich’s model accounts for each of these
contributions to the interfacial elasticity of surfactant monolayers. Values for the
parameters have been determined by a variety of macroscopic and microscopic
techniques with somewhat inconsistent results. Binks et. al. determined the bending
elasticity constant for AOT aggregates in brine systems using macroscopic interfacial
tension and ellipsometry measurements and found that the bending elasticity, &,
decreased with increasing chain length from n-heptane to n-tetradecane with values
ranging from 1.1 to 0.6 kT respectively®’. Other methods, including DLS and SANS
have been used to probe the properties of the AOT surfactant monolayer allowing
determination of the micelle size, shape and polydispersity by scattering techniques.
Both light and neutron scattering methods are based on Bragg’s law as a function of the
momentum transfer function, Q where Q = 4nsin(0)/A, 20 is the scattering angle and A is
the wavelength of incident light or neutrons™. The polydispersity values obtained for
AOT reverse micelles, as well as other colloidal systems, have been indirectly used to

determine values for the bending elasticity of surfactant layers, both independently and in
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conjunction with other methods. The various methods used to determine the bending
elasticities for the liquid phase AOT system have resulted in inconsistencies in the values
reported throughout the literature. NSE has been demonstrated to be an effective method
for determination of the bending elasticities of surfactant monolayers based on the
abilities to accurately measure small changes in energy on the order of 10” to 10> meV
and time scales of 0.01 to 100 ns”,

The spontaneous curvature, saddle splay elasticity and bending elasticity can be
determined from shape fluctuations in the reverse micelles which are measured by NSE.
This study examines the effect of the bulk solvent and water content on the properties of
the AOT reverse micelles. The liquid alkane solvents investigated include d-hexane, d-
cyclohexane, and d-decane, which are similar in composition but vary in structure,
viscosity, and solvent strength. The influence of the W value on micelle dynamics is also
of interest due to the demonstrated effects on the intermicellar exchange rate.
Compressible fluids used to form microemulsions afford the ability to adjust the
properties of the microemulsion by taking advantage of the tunable solvent properties.
Previous temperature and pressure studies on AOT reverse micelles involving NSE
employed d-decane as a fairly incompressible bulk solvent that exhibits a critical phase
transition in the vicinity of the operating conditions. The compressed propane
microemulsion is a thermodynamically stable system over a wide range of temperatures
and pressures allowing for significant adjustments in the density and thermophysical
properties of the bulk solvent. In this study, the effects of varying bulk compressed
propane solvent properties on the dynamics of microemulsions through changes in

temperature and pressure are investigated using neutron scattering techniques
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5-3. NEUTRON SCATTERING BACKGROUND

The most widely used method of neutron scattering for the study of
microemulsion systems is SANS, which is effective in determining the size and shape of
surfactant aggregates. SANS techniques have been used extensively in studying
microemulsions as they exist in single and multiple phases in order to understand the
thermodynamics and interaction energetics associated with phase transitions at various
positions on the oil / water / surfactant ternary phase diagram®*>'. The studies of AOT

3236 ysing SANS were influential in

microemulsions in compressed propane and ethane
determining the ability to form a stable microemulsion as well as temperature and
pressure effects on the phase behavior and reverse micellar interactions. As mentioned
previously, reverse micelles are very dynamic systems and describing their structure
using SANS requires the use of a polydispersity term which accounts for the range of
micelle diameters observed by the “static picture” of the entire microemulsion system.
The polydispersity is related to spherical reverse micelles by equation 2 where Ry is the
mean radius, R; is the radius of spontaneous curvature and f{¢) is the mixing entropy per

droplet as a function of the volume fraction ¢,
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The polydispersity equation also demonstrates the contribution of the bending elasticity k&

and saddle-splay elasticity k and in several studies values of the elastic terms have been

9,39

determined from SANS measurements Comparison of the bending elasticity terms

obtained from SANS with other methods of determination reveal significant

8,40-43

inconsistencies which have been discussed in the literature . Typical values of k are

143



on the order of kg7 or smaller, however the values obtained from SANS measurements

39,44

are generally higher which may be a result of the dynamic fluctuations not being

measured directly as is achieved with NSE***.

The principals of NSE are based on neutrons which posses spin and magnetic
moment. Neutrons undergo precession in magnetic field with the Larmor frequency
which depends on the strength of the magnetic field. The neutron precession can be used
as an internal clock for each neutron which allows for the measurement of very small
velocity changes in the neutron beam due to quasi-elastic scattering by measuring the
phase difference in the precession. From the phase difference, an inelasticity term can
be separated and related to a change in wavelength allowing for the measurement of very
small changes in energy on the order of 10” to 102 meV. From the measurements taken,

an intermediate scattering function, /(Q,t) / I(Q/0) is obtained which can be related to the

effective diffusion coefficient, Desr by equation 3 where ¢ is the decay time.

1(0.1)
1(0,0)

=exp-D,, (0)0] 3)

The Q-dependant effective diffusion is comprised of a translational diffusion coefficient,
Dy, and a deformation diffusion coefficient, Dq4.(Q) representative of the droplet shape
deformations (equation 4). The energy associated with droplet deformations resulting
from thermal fluctuations in the surfactant monolayer can be used to determine the
spontaneous curvature of the AOT film, the saddle-splay modulus, polydispersity of the

micelles and in particular the bending modulus of elasticity of the AOT monolayer®™™’.
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D,(0)=D, +D,(0) (4)
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with  £,(OR,)=[4,,(OR,)- OR,js(OR, )}
From the Q-dependant D,(Q) term, equation 5 is used to determine values for the
damping frequency of the droplet deformation A, and the mean square displacement of
the 2™ mode spherical harmonics (Jaa|*) where j,(x) is the n™ spherical Bessel function
and Ry is the mean droplet radius’’. The A, and (jas*) terms are obtained by fitting
Dy.AQ) with equation 5 as a function of Q. A, is related to the elastic properties of the
reverse micelle by equation 6 where 7 is the bulk solvent viscosity and 77’ is the D,O core
viscosity. Using the methods of Kawabata et. al.””** based on the theory of Milner and

Safran,’ k is determined by equation 7 from combining equations 2 and 6.

= a3t ST (g 2 ©)
nR,| R,k 4nk 231'+32n

:L kBT2+/1277R03 23n'+32n 7
48 | np 3n

Previous neutron spectroscopy studies on AOT and other surfactant systems have
concentrated mainly on microemulsion phase transitions, as well as, micelle structure,
dynamics, and shape fluctuations. Huang and co-workers have performed several studies
on the AOT reverse micelle system with decane as the bulk phase including the effects of
water content for W = 8 to 40%, as well as, the effects of pressure and the addition of
butanol cosurfactant®®. The bending elasticity and diffusion constant were found to be
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unaffected by the variations in W although a majority of the W values investigated were
rather large compared to those studied for many applications, including nanoparticle
synthesis. At lower W values, the surfactant head groups have a greater influence on the
water environment and can limit the mobility of the water'. The addition of butanol co-
surfactant to the AOT — decane system was found to result in a decrease in the bending

26,50

modulus®®’. Takeda and co-workers** have also used NSE to study the temperature and

153 1t was found that an

pressure effects on AOT reverse micelles dispersed in decane
increase in temperature and decrease in pressure result in a decrease in & for both the two
phase system’' and with W = 18.4 (conditions similar to the current study)’’. An increase
in pressure was found to increase the rigidity of the AOT membrane while the membrane
becomes more flexible with temperature increases. In a later study it was concluded that
size fluctuations and droplet diffusion are enhanced by increasing the temperature as well
as decreasing the pressure™. These results were observed with decane, a relatively
incompressible fluid as the bulk solvent, which leads to an interesting question
concerning the effects of temperature and pressure on the reverse micelle shape
fluctuations dispersed in a compressible fluid such as propane or ethane.

The goal of this study is to investigate the role of the bulk solvent and water
content on the elasticity properties of the AOT reverse micelle system. The deuterated
bulk solvents studied include cyclohexane, hexane, decane, and compressed propane.
Each of the solvents form single phase, stable reverse micelle microemulsions at the
conditions investigated and regions of phase transitions were avoided. The liquid

solvents, cyclohexane and hexane, were implemented as alkane solvents with the same

carbon number with differences in molecular structure, density, viscosity, and strength of
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interaction with the AOT surfactant tails. The cyclohexane and hexane results were

37,53 and

compared with decane results from the work of Kawabata and co-workers
measurements performed at the 2003 NIST Center for Neutron Research (NCNR)
Summer School on Methods and Applications of Neutron Spectroscopy. Decane is a
straight chain solvent with density and viscosity more comparable to cyclohexane than
hexane. Compressed propane was also investigated as the bulk solvent where
adjustments in temperature and pressure result in variation of the bulk solvent properties.
The influence of water content in the cyclohexane system was investigated for W values
of 5, 10, and 18. The addition of octanol co-surfactant to the cyclohexane, W = 10,
microemulsion was also studied. Investigation of these aspects of the AOT reverse
micelle system by neutron spectroscopy will provide further insight into the system and

the governing properties of micelle dynamics with applications to the kinetics of

nanoparticle formation.

5-4. EXPERIMENTAL

The liquid phase microemulsions consisted of dj;-cyclohexane (99.5% D from
Norell Inc.) or djs-hexane (99% D from Sigma-Aldrich) as the bulk organic solvent,
0.137 M AOT Surfactant (Sigma-Aldrich) and the necessary amount of D,O (Norell Inc.)
for the desired water content. The addition of 1-octanol (Sigma-Aldrich) at 1.0 vol. %
was simply added to the stable microemulsion. The resulting microemulsions were
single phase, stable, clear and colorless solutions. The solutions investigated included W
values of 5, 10 and 18 in d-cyclohexane bulk solvent, W = 10 with d-hexane bulk solvent,

and W=10 in d-cyclohexane with 1.0 volume % 1-octanol. Typically W is referred to as
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the molar ratio of H,O to surfactant, however for the contrast matching neutron scattering
measurements it is necessary to use D,O and for simplicity W will be used
interchangeably for both cases.

The AOT reverse micelle microemulsion in compressed alkanes consisted of ds-
propane (98% D from Cambridge Isotope Labs) with 0.06 M AOT. The microemulsion
was formed within a custom built 316 stainless steel high-pressure vessel, specifically
designed and built for high-pressure NSE measurements at Auburn University. Details
on the design of the high pressure vessel and the heating block assembly can be found in
Appendix D. The vessel design consists of two circular sapphire windows (12.5 mm
thick, 44.45 mm diameter) sealed with Viton o-rings and three 1/8” HiP fittings for
inlet/outlet, RTD temperature control, 10,000 psi relief valve and a Heise digital pressure
gauge. The capacity of the vessel is approximately 8ml with a path length of 6.2mm
which was reduced to 3.0mm with the addition of quartz spacer windows. The accessible
sample area for the neutron beam was 38.1 mm in diameter to obtain the maximum signal
from the 35mm diameter neutron beam. An aluminum heating block was also
constructed for temperature control using a silicone oil temperature bath and RTD
temperature control device. The vessel was pressure tested to 500 bar for 48 hours

without rupture.

5-4a. SANS Measurements

The SANS measurements were performed at the NIST Center for Neutron
Research on the NG1 8m SANS with a distance of 3.6m from the sample to the 2-D

detector. The liquid phase microemulsions were loaded in 1.0mm path length SANS
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liquid sample holders. The wavelength of incident neutrons was 10A with a momentum
transfer (Q) range from 0.006A" to 0.1A". The compressed propane SANS
measurements were performed using the high pressure vessel with a path length of
3.0mm. The wavelength of incident neutrons was 6 A with q from 0.01 A™ t0 0.17 A™.

Data reduction and fitting was done with Igor Pro 5.01 software.

5-4b. NSE Measurements

The NSE measurements were performed at the NIST Center for Neutron Research
on the NG5 Neutron Spin Echo Spectrometer with 6A wavelength neutrons and AMA =
17.5%. Measurements included the samples, backgrounds (vessel + solvent at each
condition) and CarboPac (completely inelastic scattering sample to measure instrument
resolution) at each of the O values, and the percent transmission of the neutron beam for
each sample. For each sample the detector was positioned at four different scattering
angles to encompass the desired Q ranges, the Fourier times were determined by the
decay rate of the intermediate scattering function and the collection times were

determined by the intensity of the scattered neutrons.
5-5.  RESULTS AND DISCUSSION

5-5a. SANS Measurements

The liquid alkane phase AOT reverse micelle microemulsion was investigated
using SANS with hexane as the bulk solvent and W=10, as well as, in cyclohexane with
W =5, 10, and 18. The addition of 1.0 volume % 1-octanol co-surfactant to cyclohexane

with W=10 was also investigated. Figure 5-1 displays the SANS results, plotting
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Figure 5-1. SANS results for liquid phase AOT reverse micelle microemulsion
with [AOT] = 0.137 M and varying bulk solvent, W value and octanol
additive. The solid lines represent the PCF-HS modeling fit of the data points.
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the scattered intensity (/(Q)) as a function of O on a log — log scale. The information
obtained from SANS is a static measurement which takes an overall picture of the system
and has been widely used on emulsion systems to determine size and geometry of
surfactant aggregates. The reverse micelle system studied consists of a bulk solvent and
water core have been contrast matched in order to isolate the surfactant shell. ~ The
reverse micelles are modeled with a poly core form factor P(Q) which, describes
monodisperse spherical particles with a core shell structure, and a hard sphere structure

factor S(Q) which accounts for hard sphere interparticle interaction.

1(Q)=nP(Q)S(Q) ®)

The variables taken into account by the poly core form — hard sphere (PCF-HS)
model include the micelle volume fraction, average core radius (A), polydispersity, shell
thickness (A), scattering length density (SLD) of the core (A™), shell SLD (A™), solvent
SLD (A?) and the background (cm™). The terms held constant during the fitting of the
SANS data include the micelle volume fraction determined from the experimental
conditions, the shell SLD for AOT at 6.42 x 107 A as obtained from the literature,”* and
the solvent SLD at values of 6.7 x 10° A and 6.14 x 10° A for d-cyclohexane and d-
hexane respectively as determined by equation 9 by the atomic contribution of the bound
coherent scattering length for n atoms in the solvent molecule™.

> b,

SLD = lv— )

m

The background values were measured by the scattering of the pure solvents over the O
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range and were fixed at 0.08 cm™ for d-cyclohexane and 0.1 cm™ for d-hexane. The
average core radius, polydispersity, shell thickness and core SLD were determined from
the model fitting. For the case of the d-hexane W=10 system, it was necessary to fix the
shell thickness in order to obtain acceptable results from the model and a shell thickness
of 10 A was assumed based on the cyclohexane results and previously reported values™.
The D>O core SLD was allowed to vary during the curve fitting and an initial value of
6.37 x 10° A? was used. The results obtained from the data fitting confirm the core-shell
structure and are listed in Table 5-1 and the reverse micelle radius is obtained from the
sum of the core radius and the shell thickness. The results demonstrate the expected
decrease in core radius with decreasing W as well as a decrease in the scattering length
density of the core which maybe the result of an increased influence of the surfactant
head group or the presence of hydrogenated water that was not removed during surfactant
drying. The polydispersity is influenced by the bulk solvent as well as the water content
at low W values. An increased polydispersity was observed with d-hexane as the bulk
solvent, compared to d-cyclohexane. An increase in polydispersity is also observed in d-
cyclohexane with W = 5 compared to W = 10 and 18. Interestingly, the addition of 1.0
volume percent octanol, known to act as a co-surfactant, had negligible effect on the
polydispersity and micelle size. In contrast, the addition of butanol co-surfactant to the
AOT — decane reverse micelle system was reported to increase the polydispersity™.
Figure 5-2 plots the measured SANS intensity as a function of Q for the AOT / d-
propane / D,O microemulsion with W = 3, [AOT] = 0.06M and temperatures of 20°C and
35°C and pressures of 138, 241 and 345 bar with solvent densities ranging from 11.57 to
12.63 mol/L. The SANS data reveal very little change with temperature and pressure
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Figure 5-2. SANS results for the AOT reverse micelle microemulsion in
compressed propane with [AOT] = 0.6 M at various temperatures and
pressures. The lower curves are the measured backgrounds for the pure d-
propane.
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with a slight increase in scattering intensity at the higher temperature. The data was fit
with the PCF-HS model, as well as a poly core form factor (PCF) model which neglects
any interparticle interactions by setting S(Q) = 1. Both models fit the data well with a
reverse micelle radius of ~16 A within + .05 A, polydispersity of 0.62 within + 0.04 and
background values consistent with the measured values. Other model constraints
included fixing the shell thickness at 10.0 A and volume fraction at 0.03, floating the
background and consistently negative fitted values for the D,O core SLD. The closeness
of fit for the two models, demonstrates the relative weakness of interparticle interactions,
confirming the observations of Eastoe et al. for the AOT / h-propane / D,O system with
W = 20 and polydispersity values for the D,O core on the order of 0.20°°. The SANS
results obtained for the d-propane / W = 3 microemulsion correspond well with the
previous studies in compressed h-propane®*~*°.

SANS is an excellent method for determining the size and shape of micellar
aggregates in solution, as demonstrated by the presented data and comparison with
literature results. The pertinent information for size and shape is obtained from the
scattered neutron intensity at lower Q values (Q < 0.1 A™") which are easily accessed.
Detailed information pertaining to the polydispersity term is generally located in the
vicinity of Q values equal to 7 / R(A) where a local minimum is located as seen in Figure
5-1 for W=18 with the largest micelle radius. Ideally, we would have liked to obtain the
SANS measurements at higher O values up to 0.22 A, however beam time was limited to
the 8 M SANS instrument with a configuration unable to access the wider Q range.
Despite not making measurements at higher O values, the modeling provided excellent

fits of the measured data and acceptable values for the fitted parameters, although we are
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not confident in determining elasticity properties from the SANS data beyond the
polydispersity (eg. elasticity constants). The SANS measurements for the propane W=3
microemulsion implemented incident neutrons with a wavelength of 6 A, accessing a
slightly wider Q range. According to the O [De(Max)] = m / R(A) relation, 16 A radius
micelles would exhibit information pertaining to micelle dynamics in the Q range of
0.196 A" and from the SANS curves in Figure 5-2, it may be perceived that in this Q
range, the signal would be lost in the background. For this reason, the NSE study in
compressed propane investigated a higher W value where information on the micelle
dynamics would be more accessible. The results obtained from the SANS measurements
which are implemented in the NSE study include the reverse micelle size and

polydispersity for the liquid phase microemulsions.

5-5b. Liquid Phase NSE Measurements

Liquid phase AOT reverse micelle microemulsions corresponding to those studied
by SANS, were investigated using NSE and Figure 5-3 displays the intermediate
scattering function, /(Q,?) / 1(Q,0), decay curves for various Q values. A majority of the
measured decay curves were eliminated for clarity of presentation. An indication of the
micelle dynamics can be inferred from the decay rates where an increased decay is
observed with a decrease in solvent viscosity from d-cyclohexane to d-hexane and with a
decrease in micelle radius at lower W values. The increased decay rate is indicative of
increased micellar effective diffusion where the /(Q,f) / I(Q/0) data is fit by equation 3
resulting in the O-dependant D¢y shown in Figure 5-4. The diffusion curves demonstrate

a O-independent translational diffusion term, Dy, and a distinct Q-dependant peak which
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Figure 5-3. The Intermediate Scattering Function decay curves measured by NSE
for the liquid phase AOT microemulsions for a) d-cyclohexane W = 10, b) d-
cyclohexane W = 5 and c) d-hexane W = 10. The solid lines are to guide the eye.
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Figure 5-4. O-dependant diffusion results obtained by NSE for the liquid

phase AOT reverse micelle microemulsion. The solid lines represent the
fitting of the data points with equations 4 and 5.
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accounts for the deformation diffusion, Dg.r. The reverse micelle size and the viscosity of
the bulk solvent impact the Dy, which corresponds nicely with the Stokes-Einstein

relation, given in equation 10:

_(1=¢)k,T (10)
67nR,

r

where # is the bulk viscosity. The viscosity of the deuterated solvents was estimated
from the hydrogenated solvent viscosity with density adjustments, assuming the force
independent, kinematic viscosity is similar to that of the hydrogenated solvent. In the
same respect, the Stokes-Einstein relation can be used to determine a correlation length,

&, from the measured Dy, by equation 11.

(1 — ¢)kBT

o 6znD,

(11)

¢ has been used to determine the degree of interparticle interactions between the reverse
micelles in solution by differences in ¢ and the micelle radius®. With the correlation
length, &, being greater than the micelle radius would suggest an increase in the
interparticle interactions which are influential in micelle dynamics. Table 5-2 lists the
results obtained from the NSE measurements as well as a comparison of the micelle radii
determined by NSE, SANS and the correlation length. The micelle radius predicted by
the SANS measurements are consistently higher than the NSE values but show very good
agreement. Comparison of & and the micelle radii show excellent agreement for the
reverse micelles in d-cyclohexane; however for d-hexane ¢&. suggests a slightly increased
interparticle interaction, relative to d-cyclohexane. This increase may be explained by a

decrease in the solvent interaction with the AOT tails as the bulk solvent is changed from

d-cyclohexane to d-hexane. The solvent interaction can be characterized by the

159



LT 0S°1 Il | LL'Y Il (g1 ba) 18y/y

61°0 ST0 7o €70 91°0 (L ba) 184y
8$T 0°Z€ 9T 107 (A4 (Y) 3 wSud “a110)
L'LT L'T¥ 9'8¢ 87T 6'LT (SNVS) (V)d
692 08¢ (44 81 L'ST (A@SN) (Y)d
X | €1 6€°1 IS'T (43| q/ (xen)’a
I'L 'S 0L 06 I'L1 (su/.y) "a
LIT0 €80°0 STI'0 €LT0 W7o snipey] / Id
911°0 780°0 124N 0L1°0 021°0 (.Y [(xen) *dlo
20-490°1 €0-40€°6 €0-A8L’L €0-490°L 20-AET ppmdury
LO+AYTE LO+ASY'T LO+ATTY 80+167°1 LO+AL6'L (zH) boay Surdureq
[oueQ %[0A 0'I SI=M 01=M S=M

+ 0T=A JUEXOYOPA) ouUEXIYOPA) ouexoyops) ouexoyopky O M PUEWH

"SPOYIUI JUSIALJIP 0M) AQ PIUIILINOP I8 SNNPOU AJIONSE[d JUIPUAq Y} J0J san[eA dy ], "YISUQT UOIR[ALI0)) oY} pue JSN
‘SNVS Aq pauIuIojop snipel 9[[901W 9SI9AI Y} Jo uostredwod pue suorsjnuaoiorw aseyd pinbiy oy 107 s3nsa1 SN *7-S dqe L

160



Hildebrand Chi interaction parameter, x, of 0.011 for cyclohexane — AOT and 0.11 for
hexane — AOT where the AOT solubility parameter is calculated by the Hoy group
contribution method"*~’. The greater y for the hexane system would suggest enhanced
self association of the AOT surfactant tails due to the decreased solvent — tail
interactions.

The Q-dependant Dger contribution to the diffusion curves contains two distinct
pieces of information, the position of the peak, O [D.r(Max)], and the relative intensity,
Des(Max)/Dy. The peak position is significant because it is identical to the O-dependant
relation (n/micelle radius) as demonstrated in Table 5-2. In a similar NSE study by Hirai
et. al. on AOT microemulsions in d-heptane with W = 5, 10 and 20 it was concluded that
at low W, the predicted Q [Des(Max)] = w / R relation does not hold true’. In contrast,
this study with d-hexane and d-cyclohexane as the bulk organic solvent demonstrates
convincing evidence that the predicted relation does hold true and thus corresponds with

. 6,39.,49
neutron scattering theory

. Analyzing the Dger peak it is observed that the intensity
increases with increasing micellar dynamics, including Dy. In previous studies, it has
been suggested that the relative intensity of this peak is related to the dynamic properties
of the surfactant monolayer ** as discussed below.

Implementing the methods of determining the AOT monolayer bending elasticity
from equation 7 using the SANS polydispersity and the dampening frequency, A, from
the NSE measurements, the values of k/kgT listed in Table 5-2 are obtained. The
dimensionless bending elasticity constants obtained are small in comparison to previously
obtained values, however the values are acceptable in that they are positive and less than

40,44

1, corresponding more closely with accepted values and those obtained by Binks et.
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al.?* (~1.0 kT to 0.06 kgT), as opposed to the significantly larger values obtained by
SANS methods both independently and in conjunction with DLS"#445%8 = Granted, the
differences in k/kgT for the liquid phase systems are small, the relative trends observed
correspond well with the predictions of micelle rigidity as seen by micelle dynamics
studies. As the bulk solvent is changed from d-cyclohexane to d-hexane, k/kgT decreases
from 0.22 to 0.19 and thus a decrease in the bending elasticity would correspond to a
decrease in the micelle rigidity. The addition of 1.0 volume percent octanol co-surfactant
to the d-cyclohexane W = 10 microemulsion also resulted in a decrease in k/kgT,
corresponding to a decrease in micelle rigidity. The addition of 5 volume % octanol to
the d-cyclohexane, W = 10 microemulsion resulted in decreased stability of the
microemulsion and a two phase system. These observations are consistent with a
decrease in the bending modulus observed with the addition of butanol to the decane /
AOT microemulsion by Farago®®’. The effect of W on k/kgT is also small with a
minimum observed for W = 10. This suggests an increase in micelle rigidity would exist
at both lower and higher W values. Despite the small changes in k/kgT, the observed
trends correspond with previously observed solvent and water content effects on micelle
dynamics measured by the intermicellar exchange rate where a decrease in micelle
bending elasticity or rigidity would result in an increased intermicellar exchange
rate! 1859

The bending elasticity constants for the AOT surfactant monolayer have been
determined by various techniques. The most commonly referenced study by Binks et al.
used ellipsometry to determine & for AOT in the lamellar phase and reported values of 1

ksT with heptane, octane, and decane as the oil phase at 20°C. As the oil phase increased
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in carbon number to undecane, dodecane, and tetradecane, k decreased to 0.4, 0.16, and
0.06 respectively as a transition to a bicontinuous phase was observed***. In another
study, Nagao et al. used NSE and SANS to study the decane / AOT microemulsion in the
dense droplet regime with equal volume fractions of D,O and n-decane at 25°C and
reported k = 1.4 kgT"'. The d-decane / AOT reverse micelle system has also been
investigated with defined W values including the initial study by Huang et al. in 1987
who reported k ~ 5 kgT using NSE*. The d-decane / AOT / D,O microemulsion has
since then been studied using NSE by Farago et al. [k = 3.0 kg7 with W =24.51°, [k=3.8
ksT with W = 24.4]*°, and by Kawabata et al. with similar methods to this study [k = 0.3
ksT with W = 18.4]*". A wide range of values for k have been determined from different
research groups, instrumentation, and methods. The d-decane / AOT / W = 184, T =
20°C, reverse micelle system was also studied on the NG5 NSE spectrometer at the
NCNR during the 2003 NCNR Summer School on Methods and Applications of Neutron
Spectroscopy. Results from this study yielded: A, = 1.77 x 10, (Jaa*) = 8.64 x 107, D, =
4.5 A’/ns, R(NSE) = 39.2 A, R(SANS) = 42.0 A, polydispersity = 0.25, & = 40.5, and k =
0.22 kgT. This k value is comparable to that obtained by Kawabata and again is low with
respect to other values listed in the literature, but is very consistent with the vales
determined in this study. The k determined for d-decane / W = 18.4 is less than that for
d-cyclohexane / W = 18, suggesting a less rigid micelle would be formed with decane as
the bulk solvent, as compared to cyclohexane. The reverse micelle radii determined in
the two systems by SANS and NSE show excellent agreement. The increased correlation
length suggests some interparticle interaction which may be expected based on

microemulsion stability and an accessible phase transition around 60°C*’. The D, values
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obtained for d-cyclohexane and d-decane also correspond nicely for micelles of
comparable size and bulk solvents with similar viscosities.

ko (Lj Dy[Max] | (12)
kT \09) D

trans

The bending elasticity constant was also determined using equation 12, which was
previously implemented by Huang et. al.*’ and based on the theory of Milner and Safran®.
The Huang study, mentioned previously, investigated the d-decane / AOT / D,O
microemulsion with W ranging from 8.2 to 40.8 and found bending elastic constants of
~5 kgT and D.(Max) / Dy ~2.5 for all cases. Equation 12 makes several assumptions,
including the ratio of micelle radius to the spontaneous micelle radius is equal to 0.5, and
is taken as a rough approximation, implemented for comparison. Table 5-2 lists the
bending elasticity constants determined using equation 12 resulting in consistently higher
values than those determined by equation 7. Interestingly, the values determined by
equation 12 exhibit the same trends observed for the previous results with enhanced
influence of the bulk solvent, water content and co-surfactant. A more significant
decrease in k is observed as the bulk solvent is changed from cyclohexane to hexane for
W = 10. The addition of octanol to the cyclohexane / W = 10 microemulsion also
resulted in a decrease in k. A minimum in k& is observed in cyclohexane at W = 10
compared to W = 18 and W = 5. The values obtained from equation 12 are significant
because they are slightly higher than accepted values for typical microemulsion systems
but not unreasonable, as the NSE techniques based on the theory of Milner and Safran
have received some criticism as differing from other methods of determination by a

factor of two or more***>%,
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The bending elasticity is not the only contribution to the properties of the
surfactant monolayer that can be determined from NSE. As discussed in the theory
section, the saddle-splay elasticity, spontaneous curvature, and interfacial tension also
play a role in micelle dynamics. Despite the ability to determine the saddle-splay
elasticity constants from the methods provided, this study has been limited to the

determination of the bending elasticity.

5-5c.  Compressed Propane Phase NSE Measurements

Figure 5-5 displays the O-dependant D results obtained by NSE for the d-
propane / AOT / W = 8 reverse micelle microemulsion at three conditions of varying
temperature and pressure. The results at 20°C, 180 bar and 35°C, 290 bar demonstrate
the effects of increased temperature and pressure such that the density and viscosity are
varied only slightly with values of 0.536 g/ml and 0.156 cP respectively. The NSE
results at these conditions yielded excellent results with a distinct peak where QO
[Des{Max)] = m / R and nearly identical values for Dy, which would be expected for the
same bulk solvent viscosity. The NSE results at 20°C and 345 bar are questionable
where the expected peak in the Dy curve was not observed. The results do indicate
acceptable behavior in the low Q range with a decrease in Dy, observed, corresponding to
an increased viscosity of 0.184 cP for the bulk solvent. The NSE results presented in
Table 5-3 for measurements at 20°C, 180 bar and 35°C, 290 bar demonstrate a decrease
in the damping frequency, A,, an increase in (|as|”) with increased temperature and
pressure, as well as, excellent agreement for the reverse micelle radius, Dy, and the Q

[Des(Max)] = m / R relationship. The NSE temperature and pressure study on the
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Figure 5-5. O-dependant diffusion results obtained by NSE for the compressed
d-propane / AOT / W=8 reverse micelle microemulsion.
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Table 5-3. NSE results for the compressed d-propane / AOT / W=8
microemulsions as a function of temperature and pressure. The values for the
bending elasticity modulus are determined by two different methods.

D-Propane / AOT /W=8  20°C 2600psi 35°C 4200psi 20°C 5000psi

Damping Freq.(Hz) 3.59E+08 7.26E+07 3.60E+07
Amplitude 5.40E-03 4.53E-02 4.34E-01
0 [D,;; (Max)] (A™) 0.146 0.140 NA
Pi / Radius 0.147 0.145 NA
D,. (A%/ns) 50.0 49.3 36.1
D, (Max) / D,, 1.34 1.07 NA
R(A) (NSE) 21.4 21.7 25.1
Corr. Length & (A) 26.8 28.4 314
I/kgT (Eq. 7) 0.37 0.19 0.20
k/kgT (Eq. 12) 1.17 0.26 NA
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d-decane / AOT / W = 18.4 by Kawabata et al. showed that (ja,|*) increased with
temperature and decreased with pressure, indicating that the micelle shape fluctuations
are enhanced with increasing temperature and suppressed with increasing pressure’ .
This study demonstrates an increase in (|a,|*) with increased temperature and pressure at a
constant bulk solvent viscosity, suggesting a greater effect of temperature on shape
fluctuations, which was also observed by Kawabata®’. Comparison of the calculated
correlation length with the micelle radius show little deviation and thus any interparticle
interaction is minimal which is expected for a stable microemulsion at conditions far
from a phase transition™*,

Determination of the bending elasticity constant using equation 7 was achieved
assuming a constant polydispersity of 0.20%, yielding values of 0.43 kT at 20°C, 180 bar
and 0.20 kg7 at 35°C, 290 bar. In the case that a polydispersity of 0.30 is used, slightly
lower values of 0.34 kg7 and 0.11 kgT are obtained which exhibit the same decreasing
trend. Determination of the bending elasticity from the ratio Deg(Max) / Dy by equation
12, again predicts slightly larger values but is consistent in predicting a significant
decrease in k with increased temperature and pressure at a constant density. Previous
NSE studies of temperature and pressure effects on the AOT microemulsion system
include the Kawabata study and the previously mentioned Nagao study of n-decane in the
dense droplet regime. Nagao et al. found that & decreased from 1.4 kg7 to 0.4 kgT with an
increase in temperature from 25°C to 40°C at 1 bar and increased to 2.6 kg7 with an
increase in pressure from 1 bar to 600 bar at 25°C>'. Kawabata et al. also reported a
decrease in k with increasing temperature and an increase in k with increasing pressure’’,

however the effect of temperature less than that of pressure, as well as the observations of
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Nagao. For the d-propane system, a decrease in k£ with simultaneous increases in
temperature and pressure, suggests that temperature may influence k& more so than

pressure despite the compressible nature of the bulk fluid.

5-6.  CONCLUSIONS

This work has demonstrated the effects of the bulk solvent, water content and
octanol co-surfactant on the AOT reverse micelle system by measuring shape fluctuations
to determine the bending elasticity of the surfactant monolayer. The results revealed
subtle differences in the bending elasticity for each of the liquid systems investigated,
however the trends observed correspond very well with the results obtained by alternative
methods of studying AOT reverse micelle dynamics, particularly microemulsion stability
and intermicellar exchange rates. The bending elasticity constants are consistently low
compared to previous values in the literature, but are convincing in that the observed
increases in bending elasticity correspond to increases in micelle rigidity in the liquid
phase AOT microemulsion. To our knowledge, this is the first NSE study of temperature
and pressure effects on a microemulsion formed within a compressible solvent. The
measurements performed on the compressed propane / AOT W = 8 reverse micelle
system demonstrate the use of a tunable solvent to adjust the properties of the reverse
micelle surfactant monolayer without changing the density or viscosity of the bulk fluid.
This affords the ability to alter the micelle rigidity while maintaining constant

translational diffusion through the bulk fluid, or vice versa.
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CHAPTER 6

6. CHLORIDE ION EFFECTS ON SYNTHESIS AND DIRECTED ASSEMBLY OF
COPPER NANOPARTICLES IN LIQUID AND COMPRESSED ALKANE
MICROEMULSIONS

6-1. INTRODUCTION

The field of nanotechnology is rapidly progressing with the development of a vast
variety of novel materials with length scales of less than 100nm. Particular interest in
metallic and semi-conductor nanomaterials exists based on the unique properties that
depend on the size and shape of the nanoparticles. Several methods of nanoparticle
synthesis have been and continue to be developed which consist mainly of the “bottom
up” method of particle synthesis from atomic species or “building blocks™'. The methods
of particle synthesis are evolving beyond the formation of spherical particles and focus
has been placed in two main areas. The first is deposition techniques and the directed
assembly of mono-dispersed particles into uniform, closely packed thin films and
multilayers, implementing capping ligands with specific functionalities and methods of
depositing particles on surfaces both uniformly and with desired packing order'™.
Applications for highly ordered, uniform nanoparticle arrays include data storage,
catalysts, electronics, optics, coatings, and sensors™’. The second is directed synthesis of
nanomaterials with specific geometry and composition consisting of single and multi

component materials in core-shell configurations with geometries of varying aspect ratios
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resulting in spheres, rods and wires. Other particle geometries include nanodisks®,

12,13

nanocubes’ !, nanoboxes'>"”, nanotubes and 1-D nanoplates with triangular, diamond,

pentagon and hexagon shapes'*?’.

In most cases the synthesis of nanoparticles with
specified geometries is achieved with the use of a colloidal mediator or stabilizing agent
such as polypeptides, poly(vinyl pyrolidone) (PVP)*, poly(vinyl alcohol) (PVA)?,

%16 and other

poly(ethylene glycol) (PEG)'*®, cetyltrimethylammonium (CTAB)
surfactants. Nanocrystal seed mediated synthesis in the presence of colloidal agents has
also been demonstrated as an effective method for the production of novel nanomaterials,

particularly nanowires and nanowhiskers' =",

The ability to reproducibly synthesize
these materials is of significant interest for potential applications which require
nanomaterials of uniform size, shape, and dispersion. A further understanding of the
governing factors which direct the synthesis of these novel nanomaterials is necessary to
fully harness the use of nanomaterials for future applications. For many of the
nanomaterials previously investigated, different aspects of the synthesis conditions were
studied to determine their effects on the resulting size, shape, crystallinity, structure and
composition. The concentrations of stabilizing agent and metallic precursor have been
demonstrated to influence the size and uniformity of synthesized materials, eg. silver
nanocubes stabilized by PVP'?, cuprous oxide (Cu,O) nanocubes stabilized by PEG or
CTAB”', and various alkanethiolate stabilized metallic particles. For the synthesis of
Cu,;0 nanocubes synthesized in the presence of CTAB, the concentration of CTAB is
directly related to the nanocube size’. Similarly, the synthesis of copper nanocubes has
been demonstrated with the use of CTAB surfactant, as well as within a multiple phase

16,19

Cu(AOT), — isooctane — water solution with the addition of NaBr salt™ . It has been
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suggested that the presence of the Br ion in CTAB and NaBr is responsible for the
formation of the nanocubes by selective anion absorption onto the (111) and (100) fcc
faces®. Chloride ions have been shown to enable the synthesis of copper nanorods
where the aspect ratio varies with the Cl” concentration. This has been demonstrated with
the use of CTAC surfactant as well as the addition of NaCl to a Cu(AOT), — isooctane —
water three phase emulsion and again is explained by anion absorption of specific crystal
faces 61930

In this study, we will investigate the effects of chloride ion addition to the AOT
reverse micelle system on copper nanoparticle synthesis utilizing liquid isooctane and
compressed propane as the bulk organic solvent. Previous studies have demonstrated the
synthesis of spherical copper nanoparticles in single phase AOT reverse micelles with
varying water content ( W = [H,O] / [AOT] ) and bulk organic solvent ranging from

conventional liquid solvents to compressed and supercritical fluids®'’

. Compressed and
supercritical fluids are emerging as a unique media for nanomaterial synthesis and
processing due to their adjustable properties such as density, viscosity, diffusivity, and

solvent strength*®".

Compressed and supercritical fluids have also been utilized as
effective means of particle deposition, separation, and collection.  This study
demonstrates the novel synthesis of diamond-shaped copper nanoparticle assemblies

which is unique to the compressed propane / Cu(AOT), — AOT / W = 3 reverse micelle

system with small concentrations of HCI dissolved in the micelle core.
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6-2. EXPERIMENTAL METHODS

All chemical reagents used in the copper nanoparticle synthesis were obtained
from Sigma Aldrich Chemical, excluding nitrogen and propane gases that were obtained
from BOC gasses. Similar methods of microemulsion based copper nanoparticle
synthesis within sodium bis-2-ethylhexyl-sulfosuccinate (AOT) reverse micelles are

323551 pa oo . .
~>7". Liquid isooctane phase nanoparticle synthesis was

detailed in previous literature
performed with [AOT] =0.11 M and W = 10 (where W = [H,O] / [AOT])) in an oxygen
free environment obtained by nitrogen purging. The copper precursor was introduced at
0.011 M concentration by two methods; first using Cu(AOT), co-surfactant synthesized
by an ion exchange method that replaces the sodium ion on the AOT head group with
Cu”" and secondly by dissolving CuCl, salt in the water core of the reverse micelles.
Copper nanoparticle synthesis is achieved by reduction of the Cu** with anhydrous
hydrazine at [NoH4] = 3 x [Cu®*] that is added to the single phase reverse micelle
microemulsion. Synthesis using CuCl, involves introduction of the CI” ion via. the
copper salt. In the case of Cu(AOT), the Cl" ion was added by using dilute HC] within
the reverse micelle core at concentrations of 0.42 M, 0.042 M, and 0.0042 M to yield
overall CI” concentrations of 1x10” M, 1x10° M, and 1x10™ M respectively for W = 10.
Particle synthesis was monitored in situ via UV-vis absorbance measurements, as
detailed previously’®, to obtain the particle growth rate and average particle size
synthesized. The synthesized particles were also characterized using a Zeiss EM 10
transmission electron microscope (TEM) to determine particle sizes and a Jeol JEM 2010
for individual particle analysis including selected area electron diffraction (SAED)

patterns and energy dispersive X-ray spectroscopy (EDS). The synthesized particles were
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collected by evaporating a small droplet of the surfactant-particle solution on a TEM
support. The TEM supports used were obtained from Ted Pella Inc. and included 200
mesh nickel grids and 400 mesh copper ultra thin grids. In many cases, the excess AOT
surfactant resulted in poor TEM particle imaging and a liquid — liquid extraction
technique was implemented to remove the excess surfactant. The extraction involved
vigorous mixing of the surfactant / particle solution with an equal volume of a 50%
ethanol — water solution followed by a phase separation and removal of the aqueous
phase containing the excess surfactant. The addition of a 0.01 M dodecanethiol or
dodecylamine particle stabilizing agent in isooctane solution prior to surfactant extraction
was used to prevent particle agglomeration and precipitation. An alternate particle
collection technique utilized a Pelco all-glass nebulizer obtained from Ted Pella Inc. to
obtain a fine mist of the particle solution, providing uniform particle deposition on the
TEM support.

Particle synthesis in the compressed propane reverse micelle system was achieved
using methods detailed previously’' in a 30ml high pressure reaction vessel with
[Cu(AOT),] = 5.5x10~ M, [AOT] = 5.5x10, W = 3, and [N,H,] = 10 x [Cu]. To study
the influence of Cl ions on particle synthesis, dilute HCl was added to the aqueous
micelle core at the concentrations mentioned above, yielding overall Cl" concentrations of
1.5x107 M, 1.5x10™* M, and 1.5x10™ M respectively with W = 3. Synthesis using CuCl,
salt precursor was not achieved due to the inability to form a single phase microemulsion
with the salt present in the core of the propane reverse micelle system. Particle collection
methods from the propane system included a spray-coating technique where the particles

dispersed in compressed propane were sprayed through 400 micron diameter capillary
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tubing onto a TEM grid approximately 6 inches from the nozzle tip. In addition to this
spray technique, particles were collected after depressurization of the vessel. Once
completely depressurized, a surfactant — particle matrix was present in the bottom of the
vessel, which was re-dispersed in 10 ml of isooctane solution containing 0.01 M
stabilizing agent. The AOT surfactant was then removed with 10 ml of 50% ethanol
solution as described above. Particle samples were collected from the isooctane phase
both before and after the liquid — liquid extraction of the AOT surfactant by droplet
evaporation as well as nebulizer spray. Furthermore, during the surfactant removal, a
precipitate was observed at the aqueous — oil interface and after removal of the two liquid
phases, this solid precipitate was re-dissolved in acetone and these samples were also

collected.

6-3. RESULTS AND DISCUSSION

6-3a. Particle Synthesis in Liquid Phase AOT Reverse Micelles

Our previous investigations of copper nanoparticle synthesis in the AOT reverse
micelle system demonstrated the effects of the bulk solvent and water content on particle
synthesis and stabilization®>. The anionic surfactant, AOT, acts to sterically stabilize the
copper particles via. ionic interaction with the particle surface which has been
demonstrated as being influential in metallic nanoparticle synthesis. This study
investigates the effects of chloride ion on copper nanoparticle synthesis by the addition of
dilute HCI1 to the aqueous core of AOT reverse micelles with both isooctane and
compressed propane as the bulk organic phases. Hasegawa reported the buffer-like
action of AOT reverse micelles for the pH range from 2 to 11.5 within the aqueous core
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for W = 10 in heptane®®. The buffering of the micelle core allows for the addition of
dilute HCI to the micelle core without creating an acidic environment which would
prohibit the synthesis of copper nanoparticles. Copper nanoparticles are easily oxidized
and must be synthesized in an oxygen free environment. Similarly, an acidic
environment is not favorable for copper nanoparticle synthesis. The addition of 0.42 M
HCI to the isooctane / Cu(AOT), - AOT / W = 10 reverse micelle system resulted in the
inability to synthesize copper particle upon reduction. Particle synthesis was achieved
with the addition of 4.2 x 10” M HCI and 4.2 x 10 M HCI to the micelle core. Figure
6-1 displays the copper nanoparticle growth curves obtained from in situ UV-vis
absorbance measurements. Spherical copper nanoparticles dispersed in solution exhibit a
characteristic absorbance band consistently centered at a wavelength of 566 nm.
Previous studies have demonstrated the relationship of the average particle diameter

32,3553 The relative

dispersed in solution to the relative absorbance intensity at 566 nm
absorbance intensity is measured by the ratio of absorbance intensities located at 566nm
and 500nm (a position off the main peak) where an increase in the absorbance ratio
corresponds to an increase in the average copper particle diameter. As a reference point
for comparison, a measured absorbance ratio equal to 1 corresponds to approximately 10
nm spherical particles dispersed in solution. The particle growth curves demonstrate that
the presence of HCI does not significantly affect the maximum particle size synthesized
but there is an influence on the particle growth rate as demonstrated by the initial rate of
increase in the absorbance ratio. As the HCI concentration is decreased in the W = 10

reverse micelles from 4.2 x 102 M to 4.2 x 10° M to no HCI, a decrease in the particle

growth rate is observed. Two separate experiments are displayed for 4.2 x 10° M HCI,
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Figure 6-1. Copper nanoparticle growth curves measured in situ by the
absorbance ratio of the intensity at A = 566 nm relative to A = 500 nm. The
time resolved UV-vis absorbance measurements demonstrate the kinetics of
spherical copper nanoparticle synthesis within the isooctane / AOT -

Cu(AOT), / H,O reverse micelle microemulsion with varying W value and
HCI concentration within the micelle core.
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W = 10 to demonstrate the reproducibility of these growth curves. The particle growth
curve for 4.2 x 10° M HCL, W = 5 is equivalent to W = 10 with no HCI illustrating the
influence of W on the growth rate. This observation corresponds with our previous
observations of a decreasing particle growth rate as the W value decreases from 10 to 5
with no CI present.

The effect of CI" ion on the copper nanoparticle growth rate is of interest in
determining the mechanism of particle synthesis. Previous studies have demonstrated
that the properties of the reverse micelles, particularly the rigidity and intermicellar
exchange rate, correlate with the nanoparticle growth rate within the reverse micelles
where increases in rigidity and decreases in the intermicellar exchange rate result in
decreased particle growth rates’>*>***". The addition of NaCl to AOT microemulsions
has been shown to induce phase separations, as well as, affect the elastic properties and
spontaneous curvature of the surfactant film**®.  Studies of chloride addition to AOT
reverse micelles have been performed in various alkane solvents, including isooctane and
propane, demonstrating a significant decrease in water uptake of the microemulsions with

the addition of small amounts of NaCl and other salts>*¢!.

The induced phase
separation and decrease in water uptake are indicative of a decrease in micelle stability
and thus a decrease in the intermicellar exchange potential and hence an increase in the
nanoparticle growth rate would be expected.

TEM analysis of the particles synthesized in isooctane with W = 10 and varying
HCI concentrations were with a Ziess EM with 60 keV accelerating voltage and

magnification up to 160,000X. The use of a particle stabilizing agent and removal of the

surfactant by the liquid — liquid extraction technique significantly improved the ability to
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200 nm

Figure 6-2. TEM image of copper nanoparticles synthesized in isooctane / AOT —
Cu(AOT), / W = 10 reverse micelle microemulsion with [HCI] = 4.2 x 102 M within
the micelle core. The copper particles are stabilized by dodecylamine, and the AOT
surfactant was removed prior to particle collection. The image displays the uniformity
of particle deposition and details of particle agglomerates with increasing
magnification.
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image the particles and obtain uniform particle dispersions, shown in Figure 6-2. Similar
methods have been implemented for particle stabilization and the removal of surfactant
from nanoparticles synthesized by emulsion techniques®®.  Following the surfactant
removal, particle concentration and size selective precipitation techniques can be used to
obtain uniform, mono-dispersed particles, deposited in closely packed particle arrays,
similar to those obtained by the phase transfer catalyst methods of particle synthesis and

processing developed by Brust and others'*"%%,

The methods investigated in this study
were limited to particle synthesis and the collection methods discussed previously,
however the size selective precipitation and particle concentration techniques for
obtaining particle arrays were not implemented. A variety of particle stabilizing agents
including dodecylamine, lauric acid, and (3-Aminopropyl)trimethoxysilane were
implemented with no noticeable effects on the particle size distributions. The commonly
used particle stabilizer, dodecanethiol was also used but immediately following thiol
addition, particle precipitation was observed and in some cases the formation of a gel like
matrix of was formed. For this study, the analysis will concentrate on the use of
dodecylamine as the stabilizing agent. The surfactant extraction technique following
particle stabilization was found to be most effective using 50 % to 20 % ethanol / water
solutions. Extraction with pure water resulted in minimal AOT removal and with pure
ethanol, a phase separation was not observed. The effectiveness of AOT removal was
judged by drying the extracted aqueous phase, as well as observing improved TEM

imaging and EDS analysis. Qualitative atomic analysis using EDS was performed on a

JEOL JEM 2010 TEM demonstrating a significant decrease in the intensity of peaks
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corresponding to sodium, sulfur and oxygen when the AOT was extracted from the
particle dispersion.

Figure 6-3 displays the particle size distributions obtained by TEM analysis, by
plotting a histogram of particle diameters determined using ImageJ software. Figure 6-3a
presents the particle size distribution for dodecylamine capped copper particles
synthesized in the Isooctane / Cu(AOT), - AOT / W = 10 reverse micelle system with no
CI present illustrating an 11.1 nm mean particle diameter and a standard deviation of 4.5.
Figure 6-3b presents the particle size distribution for dodecylamine capped copper
particles synthesized in the Isooctane / Cu(AOT), - AOT / W = 10 reverse micelle system
with [HCI] = 4.2 x 10°M having a 10.0 nm mean particle diameter and a standard
deviation of 3.6. Figure 6-3c displays the particle size distribution with for particle
synthesis with [HCI] = 4.2 x 10”M and interestingly, the particle diameters exhibit
bimodal distribution with two peaks centered at 5 nm and 17 nm. The TEM image
presented in Figure 6-2 displays the dodecylamine caped copper particles synthesized
with [HCI] = 4.2 x 10°M, collected after removal of the AOT. The deposited particles
appear to be evenly distributed however, on analysis of individual particles at a higher
magnification, it appears that the larger particles actually consist of aggregates of smaller
particles which form a single particle. This observation corresponding to the increased
[CI'] concentration may be the result of the chloride ion interacting with the particle
surface therefore competing with the capping agent. Upon the liquid — liquid extraction,
the chloride ion is removed with the aqueous phase allowing for further particle
agglomeration. In addition, this interaction between ionic species and the particle

surfaces would result in stabilization of smaller particles during synthesis®. This CI ion
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Figure 6-3. Particle size distributions obtained from TEM analysis of copper
nanoparticles synthesized within isooctane / AOT — Cu(AOT), / W = 10 reverse
micelle microemulsion with HCI concentrations within the micelle core of a) 0.0 M, b)
42x10°M.c)4.2x 107 M.
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surface interaction combined with aggregation upon extraction results in the bimodal

distribution observed. To support this theory, an interaction energy model*'3%7

was
implemented to predict the interaction energy between dodecylamine coated spherical
copper nanoparticles dispersed in isooctane as a function of separation distance and
particle size. Figure 6-4 displays the interaction energy curves where a decrease in the
curve minimum is observed for increasing particle sizes from 12 nm to 22 nm. As
particle size is increased, the curve minimum crosses the -3/2 kg7 stabilization threshold
(minimum energy required to disperse particles in solution) at approximately 19 nm and
thus the model predicts that a maximum particle diameter of 19 nm would be stabilized in
isooctane by the dodecylamine stabilizing agent. This corresponds well with the size
distribution peak centered at 17 nm and it is viable that the van der Waals attractive
forces between particles would promote the formation of larger particles during the
stabilization, extraction and collection procedures.

The interaction of chloride ions with the nanoparticle surfaces has an effect on the
particle synthesis of spherical copper nanoparticles as well as the stabilization methods.
Previous studies of metallic nanoparticle synthesis in liquid solvents with chloride ions

1630 1p contrast, the

present (via NaCl), resulted in the formation of copper nanorods
particle geometries synthesized by the methods presented here consist solely of spherical
nanoparticles and aggregates of spherical nanoparticles. However, synthesis of copper
nanorods was achieved using the methods presented here with lower water contents in
the isooctane / Cu(AOT), — AOT / W = 3 reverse micelle system with [HCI] =4.2 x 10

M within the reverse micelle core. Overall, the copper nanomaterials synthesized in this

manor consisted of a combination of spherical copper nanoparticles and randomly
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Figure 6-4. Total interaction energy of two spherical copper nanoparticles
coated with dodecylamine and dispersed in isooctane as a function of the
particle diameter and separation distance.
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dispersed copper nanorods of inconsistent lengths and aspect ratios. Figure 6-5 presents
an example of the copper nanorods synthesized.

Particle synthesis was also attempted using CuCl, as the copper precursor
dissolved in the aqueous core of the AOT / Isooctane / W = 10 reverse micelle system,;
however microemulsion stability and reproducibility issues were experienced. Despite
the ability to maintain a stable, single phase microemulsion during synthesis with CuCl,,
copper nanoparticles were formed as well as larger aggregates ranging is size up to the
100 nm range and the presence of the occasional copper nanocube, as observed

. 16,30
previously ™.

6-3b. Particle Synthesis in Compressed Propane — AOT Reverse Micelles

Synthesis of nanoparticles within compressed and supercritical fluids offer a
several advantages over conventional fluid based synthesis methods including adjustable
solvent properties, ease of solvent removal, and particle deposition techniques. We
previously demonstrated copper nanoparticle synthesis within compressed propane /
AOT reverse micelles including the effects of the adjustable bulk solvent properties on
particle synthesis. This study investigates the effects of chloride addition on copper
nanoparticle synthesis within compressed propane / Cu(AOT), — AOT / W = 3 reverse
micelles at 20°C and 310 bar. Particle synthesis was monitored in situ by UV-vis
absorbance measurements, however, difficulties arose due to copper plating on the vessel
windows during the later stages of particle synthesis. Immediately following the
introduction of the hydrazine reducing agent, copper nanoparticle synthesis in the

compressed propane system in the absence of chloride ions results in an initial deep blue
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Figure 6-5. TEM image of copper nanorods synthesized in isooctane / AOT —
Cu(AOT), / W = 3 reverse micelle microemulsion with [HCI] =4.2 x 10 M.
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solution color exhibiting a broad intense peak centered at 670 nm. The broad peak at 670
nm steadily decreases with a color change to light brown, followed by the appearance of
the characteristic absorbance peak centered at 566 nm indicating spherical copper
nanoparticle synthesis (similar to spectrum b in Figure 6-6). Unlike particle synthesis in
the liquid isooctane reverse micelle system where the addition of HCI did not affect the
UV-vis absorbance spectra during particle synthesis, the addition of HCI to the
compressed propane reverse micelle system significantly affects the shape and position of
the absorbance peak observed during particle synthesis. Spectra a and ¢ in Figure 6-6 are
the absorbance spectra measured 3 hours after the initial reduction for synthesis with CI’
concentrations of 4.2 x 10° M and 4.2 x 107 M respectively. An increase in intensity
and a shift to higher wavelengths for the absorbance spectra of copper nanoparticles in
solution has previously been attributed to the formation of interconnected networks of

- 1,72
copper nanoparticles’ "’

. It has also been suggested that an increase in intensity and a
shift to higher wavelengths for the copper absorbance band would be observed with an
increase in the aspect ratio of copper nanoparticles, as predicted from Mie theory” and
observed experimentally for copper nanorods’’. The observed differences in the
absorbance spectra prohibit the ability to monitor the particle growth rates, as
demonstrated previously, however the changes do suggest alterations in the geometry or
assembly of the copper nanoparticles during synthesis. TEM analysis of the copper
nanoparticles synthesized in the compressed propane / Cu(AOT), — AOT / W = 3 reverse
micelle system at 20°C and 310 bar with the addition of HCI reveals the formation of

diamond shaped aggregates of copper nanoparticles as shown in Figure 6-7 and Figure

6-8. To our knowledge, the formation of copper nanoparticle assemblies in this distinct
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Figure 6-6. In situ UV-vis absorbance spectra of copper nanoparticles,
synthesized in compressed propane / AOT — Cu(AOT), / W = 3 reverse
micelle microemulsion. Spectrum a was measured in situ, 3 hours after copper
reduction with [HCI] = 4.2 x 10 M at 20°C and 310 bar. Spectrum b was
measured form the organic isooctane phase after the liquid — liquid extraction
step of the particle collection methods for the experiment corresponding to
spectrum a. Spectrum ¢ was measured in situ, 3 hours after copper reduction
with [HCI] =4.2 x 10> M at 20°C and 310 bar.
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diamond shaped geometry is unique to this compressed propane method of particle
synthesis and has not been observed in any other method of nanomaterial production.
TEM images of the diamond-shaped particle assemblies shown in Figure 6-7 were
obtained from particle synthesis in the compressed propane / Cu(AOT), — AOT /W =3
reverse micelle system with [HCI] = 4.2 x 10? M at 20°C and 310 bar. The geometry and
structure of the diamond-shaped assemblies are consistent with an apparent two
dimensional, well defined parallelogram exterior geometry and a disordered array of
small particles within the outer structure. The diamond-shaped assemblies vary widely in
size and the number of smaller particles which fill the outer geometry. However, the
assemblies are remarkably consistent in their shape and structure where 0; = 58° + 2° and
0, = 180° - 0,. Each of the assemblies has either a diamond-shaped outer structure or a
closely related parallelogram structure with length scales of approximately 500 nm for
the aggregate outer edges. A majority of the diamond-shaped assemblies also contain a
distinct particle or dense agglomeration of particles in the center that is considerably
larger than the surrounding particles within the outer structure. Variations were also
observed in the large particles located in the center of the assembly, where in some cases,
such as Figure 6-7a, it appears to be spherical and polycrystalline. For other cases, as
observed in Figure 6-7b, the center particle appears to be crystalline with 5-fold geometry
or in Figure 6-7c the center particle appears as a single crystal with hexagonal structure.
High resolution TEM and SAED investigations confirm the varying degrees of
crystallinity where the larger central particles are polycrystalline with fcc structure with
twin boundaries. Overall the central particles appear to consist of a crystalline core

particle with smaller fcc crystalline particles attached to the core particle with different
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Figure 6-7. TEM Images of diamond shaped assemblies of copper
nanoparticles synthesized in compressed propane / AOT — Cu(AOT), / W =3
reverse micelles with [HCI] = 4.2 x 102 M within the micelle core. Particles
were collected by a,b) spray process from the propane system and c,d) droplet
method for particles re-dispersed in isooctane + 0.01 M dodecylamine.
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Figure 6-8. TEM image of diamond shaped aggregates of copper particles
collected as a precipitate at the aqueous — oil interface during the liquid — liquid
extraction of the AOT surfactant followed by re-dispersion in acetone. Synthesis
was performed in com;)ressed propane / AOT — Cu(AOT), / W = 3 reverse micelles
with [HCI1=4.2 x 10~ M.
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orientations. The internal structure of these diamond-shaped assemblies is of significant
interest and will be investigated in depth in future studies with focus on determining the
origin of these intricate structures. ~We have observed that the experimental conditions
that favor the formation of diamond-shaped assemblies of copper nanoparticles requires
both the synthesis of copper nanoparticles within a compressible solvent based reverse
micelle microemulsion with W = 3 and the presence of chloride ions at concentrations of
42 x 107 M and 4.2 x 10° M. In our previous investigations of copper nanoparticle
synthesis within compressed propane and supercritical ethane based AOT
microemulsions in the absence of chloride ions, the formation of the diamond-shaped
copper particle assemblies was not observed. Similarly, in the isooctane liquid phase
microemulsion system discussed previously with the addition of chloride ions, the
formation of the diamond-shaped assemblies was not observed. Thus, the formation of
these interesting structures requires the use of a compressed fluid as the bulk solvent and
the presence of low concentrations of chloride ions, however the exact mechanism of
formation is still under investigation. The question remains whether the diamond-shaped
particle assemblies are synthesized in the observed geometry in solution or if the
assemblies are the result of some type of crystallization that occurs during the
depressurization (solvent decompression) during particle collection process. The
differences observed in the UV-vis absorbance spectra with and without CI" suggest the
formation of copper nanoparticles with geometries or structures other than spherical
particles; however this observation is not conclusive for the formation of the diamond-
shaped structures. In the same respect, it is difficult to rule out the effects of

depressurization that occur during particle collection, including rapid removal of the
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propane solvent and a significant temperature drop due to the Joule-Thompson effect
during solvent expansion. The solvent removal and temperature drop are both
occurrences which would promote crystallization and the formation long range ordering
of the copper nanoparticles into the defined diamond-shaped geometry.

Another interesting property of the diamond-shaped copper nanoparticle
assemblies is the stability of the structure formed. After particle synthesis and removal
of the compressed solvent by depressurization, the precipitated particle / surfactant
matrix left in the reaction vessel was re-dispersed in isooctane with 0.01 M
dodecylamine, followed by a liquid — liquid extraction of the AOT surfactant using a
50% ethanol / water solution by methods similar to particle collection in the liquid
isooctane phase. The TEM images in Figure 6-7 were obtained from copper nanoparticle
synthesis in the compressed propane / Cu(AOT), — AOT / W = 3 reverse micelle system
with [HC1] = 4.2 x 102 M at 20°C and 310 bar. The particles in Figure 6-7a and 6-7b
were collected by the spray technique through capillary tubing during depressurization
for two separate experiments at identical experimental conditions. Figure 6-7b
demonstrates the overlap of two diamond-shaped structures. The TEM images in Figure
6-7¢ and 6-7d were obtained from samples prepared by placing a droplet of the isooctane
solution with 0.01 M dodecylamine and the re-dispersed particle / surfactant matrix
resulting from the same experiment as Figure 6-7b. Figure 6-7c and 6-7d demonstrate
the consistency of the overall diamond-shape geometry, as well as the variation in the
size and shape of the larger center particle. Interestingly, the size of the central particle
corresponds to the size of the diamond-shaped structure. Comparison of the two particle

collection techniques demonstrates that well defined and isolated structures are obtained
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by the spray process while the re-dispersed samples result in agglomeration of the
diamond-shaped aggregates. The observed agglomerations may be due to the
precipitation of the surfactant / particle matrix during depressurization or possibly an
effect of the droplet collection technique used for collection of the re-dispersed solutions.
Following re-dispersion, the liquid — liquid extraction method for the removal of the
AOQOT surfactant was implemented and upon which, a significant amount of precipitation
from the isooctane phase occurred at the interface of the two liquids. Prior to the
precipitation, the isooctane phase exhibited a cloudy, red-brown color and after
precipitation the isooctane phase appeared clear with a very slight red tint having
negligible UV-vis absorbance and no copper particles on the TEM grid. The cause of the
precipitation is likely the partitioning of ethanol from the aqueous phase into the
isooctane phase. Ethanol addition has been used extensively and effectively in the
precipitation of dodecanethiol stabilized metallic particles from organic phases in size
selective particle fractionations®®’*. The precipitate was isolated from the liquid phases
and re-dispersed in acetone. The TEM images in Figure 6-8 were obtained by the droplet
collection method of the acetone precipitate dispersion, demonstrating the extent of the
diamond-shaped structure synthesis and the stability of the structures to withstand
extensive solution processing.  The synthesis of the diamond-shaped structures is
reproducible and from our observations a majority of the nanoparticles synthesized exist
in the diamond-shaped structure.

Several modifications to the experimental procedure were examined in order to
gain a better understanding of the underlying mechanism for the formation of these

structures. The particle collection process was performed for the compressed propane /
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Cu(AOT), — AOT / W = 3 reverse micelle system with [HCI] = 4.2 x 10% M at 20°C and
310 bar, without the introduction of the hydrazine reducing agent, as well as immediately
following hydrazine reduction while the microemulsion exhibited the beep blue color. In
both cases, the presence of diamond-shaped structures was not observed. This suggests
that the diamond-shaped structures are either synthesized as such in solution or that the
presence of copper particles is necessary for the formation of the structures on
depressurization. In addition, spherical particles synthesized in isooctane with HCI and
reagent concentrations equivalent to those in the propane synthesis were collected by
nebulizer spray and diamond-shaped structures were not formed. The fine mist produced
by the nebulized particle solution simulates the compressed propane spray process in that
the isooctane is quickly evaporated from the atomized solution coupled with a
temperature drop due to solvent evaporation. Interestingly, the effects of the chloride ion
on particle geometry from the isooctane microemulsion was evidenced by the observation
of copper nanorods at the lower water content (W = 3) and not with higher water content
(W = 5 or 10). This suggests that the low water content necessary for copper
nanoparticle synthesis in compressed propane’’ may facilitate the formation of the
diamond-shaped assemblies within the microemulsion system.

EDS analysis was also performed on the diamond-shaped copper nanoparticle
assemblies. Figure 6-9a presents the EDS spectrum from the presented sample in Figure
6-7b where the sample was collected by the propane spray technique on a nickel TEM
grid. The EDS measurement shows evidence of Ni from the grid bars of the TEM grid,
Cu from the nanoparticles, and S, Na, and O from the AOT surfactant. Interestingly, the

presence of Cl is not observed. Figure 6-9b presents the EDS spectra for copper particles
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collected on a copper grid after the liquid — liquid extraction of the AOT surfactant,
corresponding to Figure 6-10c,d and demonstrating the effective removal of the AOT
surfactant. Again, the presence of Cl was not observed.

Another aspect to take into consideration is the concentration of HCI. High
concentrations of HCl (0.42 M) within the micelle core resulted in the inability to
synthesized copper nanoparticles, as also observed in the isooctane study. Particle
synthesis was achieved with low HCI concentrations of 4.2 x 10” M within the micelle
core as demonstrated with the UV-vis absorbance spectra in Figure 6-6 and the TEM
images in Figure 6-10. The diamond-shaped assembly of copper nanoparticles was again
observed with this low HCI concentration (4.2 x 10~ M) in propane. It is important to
note, however, that particle synthesis in propane with no HCI present resulted in
dispersed spherical particles and the diamond-shaped assemblies were not observed.
Figure 6-10a presents the TEM image of the sample collected by the spray process
following synthesis in the compressed propane / Cu(AOT), — AOT / W = 3 reverse
micelle system with [HCI] = 4.2 x 10 M at 20°C and 310 bar. The copper particles in
Figure 6-10b were collected by the droplet method of the particle / surfactant matrix re-
dispersed in isooctane + 0.01 M dodecylamine. The copper particles in Figure 6-10c and
6-10d were collected using the particle nebulizer and a solution of the particle precipitate
resulting from the liquid — liquid extraction procedure, dispersed in acetone. TEM
analysis of copper particles synthesized at the lower HCI concentration (4.2 x 10 M vs
42 x 102 M) reveals several interesting observations, particularly the absence of the
large particle located in the center of the diamond-shaped structure. From our study, a

few occurrences of the large center particle were observed, but for the most part, the
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Figure 6-9. EDS spectra measured from diamond shaped assemblies of copper
nanoparticles collected by a) spray technique following synthesis in
compressed propane, on a nickel TEM grid (Figure 7a) and b) by the droplet
method on a copper grid of particles re-dispersed in acetone following
precipitation during the liquid — liquid extraction of the AOT surfactant
(Figure 10c).
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Figure 6-10. TEM images of copper nanoparticles synthesized in compressed
propane / AOT — Cu(AOT), / W = 3 reverse micelles with [HCI] = 4.2 x 107
M and collected by a) spray process, b) re-dispersion in isooctane + 0.01 M
dodecylamine, and c,d) by precipitation during the liquid — liquid extraction of
the AOT surfactant and re-dispersed in acetone.
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large particle was absent. Another observation is the apparent decrease in the defined
diamond-shaped geometry and an increase in the occurrence of isolated individual
particles. The particle collection process described for the synthesis with [HCI] = 4.2 x
102 M was also applied to the synthesis with [HCI] = 4.2 x 10> M and similar results
were observed with one exception. During the liquid — liquid extraction process,
precipitation to the liquid interface was observed to a lesser extent. The cloudy, red-
brown isooctane phase became clear, but retained the red-brown color. UV-vis
absorbance analysis resulted in spectrum b in Figure 6-6 and TEM analysis resulted in
the observation of mostly spherical copper nanoparticles and a few diamond-shaped
particle assemblies with little structure. The UV-vis absorbance spectrum b is
characteristic of spherical copper nanoparticles dispersed in solution with the
characteristic absorbance band at 566 nm. Comparison of the spectra in Figure 6-6 and
assuming that the 600 nm wavelength peak in spectrum c is representative of diamond-
shaped copper nanoparticle assemblies dispersed in solution, spectrum a (lower HCI
concentration) appears to exhibit characteristics of both spectra b and ¢ with a broad peak
centered at 600 nm and a small shoulder at 566 nm. This would suggest the presence of
both diamond-shaped assemblies and independent spherical copper nanoparticles
dispersed in compressed propane, 3 hours after copper reduction with [HCI] = 4.2 x 10
M within the micelle cores. This suggestion corresponds with the observations made in
the TEM analysis of the synthesized nanomaterials for this lower HCI concentration.

The results observed for copper nanoparticle synthesis with [HC1] = 4.2 x 10° M
demonstrates an effect of CI” concentration on the formation of diamond-shaped copper

nanoparticle assemblies. UV-vis analysis and the inability to obtain diamond-shaped
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geometries prior to and immediately following copper reduction suggests that the
diamond-shaped copper nanoparticle assemblies are synthesized in their observed
geometries while dispersed within the compressed propane / AOT reverse micelle
system. Conversely, the inability to synthesize the diamond-shaped copper nanoparticle
assemblies in conventional alkane liquid solvents, such as isooctane, demonstrates that
the use of a compressed fluid as the bulk phase is required for the synthesis, from which
solvent removal by depressurization is required for particle collection and TEM analysis.
At this point, conclusive evidence of the governing factor which promotes the formation
of diamond-shaped copper nanoparticle assemblies is not available, however further

investigations will examine this novel method of nanomaterial production.

6-4.  CONCLUSIONS

This study has demonstrated the effects of chloride ion on the synthesis of copper
nanoparticles within the AOT reverse micelle system utilizing both liquid isooctane and
compressed propane as the bulk solvent. Copper nanoparticle synthesis can be achieved
with the addition of HCI to the micelle core at concentrations which are effectively
buffered by the AOT surfactant. The concentration of chloride ion affects the particle
growth rate in liquid isooctane as well as the effects of particle dispersing ligands. The
addition of chloride ion to particle synthesis in compressed propane has a significant
effect on the geometry and structure of the copper nanomaterials produced. As a result of
HCI addition to the compressed propane / Cu(AOT), — AOT / W = 3 reverse micelle
system at 20°C and 310 bar, the consistent formation of diamond-shaped copper

nanoparticle assemblies is observed. Synthesis of the diamond-shaped assemblies
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requires both the use of compressed propane as the bulk solvent and the presence of HCI
within the AOT reverse micelles at concentrations low enough to be effectively buffered
and high enough to promote interactions with the particle surfaces. The copper
nanoparticle assemblies exhibit unique structure and retain their structure through
repeated solvent processing. Future studies will further investigate the physical
properties and mechanism of synthesis for the copper nanoparticle assemblies, as well as
the ability to selectively separate and assemble the diamond-shaped copper nanoparticle

structures for potential applications.
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CHAPTER 7
7. CONCLUSIONS AND RECOMMENDATIONS OF FUTURE WORK

7-1.  CONCLUSIONS

This dissertation reflects the work performed on investigating metallic
nanoparticle synthesis within microemulsion systems, utilizing both conventional liquid
solvents as well as tunable, compressed and supercritical fluid solvents. This research
has provided an increased understanding of metallic nanoparticle synthesis within the
AOT reverse micelle system. In the initiation of this research, it was perceived that the
AOT spherical reverse micelles acted as a somewhat rigid template for the formation of
the nanoparticles within the aqueous micelle cores. After extensive investigation of the
nanoparticle synthesis process, convincing arguments have been made that the synthesis
of copper nanoparticles within the AOT microemulsion is governed by a directed
assembly mechanism where the AOT surfactant acts to sterically stabilize the synthesized
particles in solution during the growth process until an ultimate particle size is achieved.
The role of the AOT surfactant is two-fold. Initially, the surfactant forms a
thermodynamically stable, reverse micelle microemulsion with nano-sized water pools
dispersed within the bulk organic solvent. These aqueous environments act as nano-
reactors for the chemical reduction of the metallic precursors and the metallic

nanoparticle synthesis. Secondly, the surfactant acts as a stabilizing agent, effectively
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dispersing synthesized particles in solution and preventing agglomeration. The steric
stabilization of the copper particles in solution by the AOT surfactant during synthesis is
significant in that interactions between the surfactant tails and bulk solvent determine the
maximum particle size that can be dispersed in solution, as demonstrated by the total
interaction energy modeling results. Based on the “bottom up” type synthesis methods
used, the ability to control the maximum particle size dispersible in solution by adjusting
the bulk solvent conditions allows for control over the ultimate particle size synthesized.
The ability to tailor metallic nanoparticle synthesis using thermodynamics to control the
nanoparticle growth rate and more so, the particle size is itself intriguing based on the
fact that conventional “top down” methods for particle size control consist of a physical
nature, eg. grinding, sonication etc.

The use of compressed and supercritical fluids as the bulk solvent takes full
advantage of the adjustable solvent — surfactant tail interactions through changes in
temperature and pressure, with applications to particle dispersion and size control. Other
advantages of particle synthesis within compressed fluids include the ease of solvent
removal by simply depressurizing and novel particle collection techniques. Particle spry
coating techniques have been demonstrated as an effective method of particle deposition
with the absence of wetting effects observed with deposition involving the drying of
conventional liquid solvents. Also, following depressurization and the rapid removal of
the bulk solvent, a surfactant — particle matrix is precipitated in the reaction vessel. The
formation of this surfactant — particle matrix provides effective means for transport and

handling of the stabilized nanoparticles which can later be re-dispersed for application.
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The steric stabilization of the copper nanoparticles by the AOT surfactant is
believed to also play a role in the particle growth kinetics where interactions between the
surfactant head group and particle surface effectively suppress the particle growth rate as
compared to the synthesis of silver and gold nanoparticles by the same methods. The
slower growth rate of the copper nanoparticles is significant because it affords the ability
to easily study the particle growth kinetics by UV-vis absorbance spectroscopy, however
it is remarkable that the copper growth rate is much slower than other metals and would
provide an interesting future study. Other aspects which contribute to the kinetics of
copper nanoparticle synthesis are related to interfacial properties of the micelle surfactant
monolayer, specifically the bending elasticity and micelle rigidity. Comparison of the
particle growth rates observed in this research with the measurements of the intermicellar
exchange rates and other micelle kinetics studies by other researchers have demonstrated
remarkably similar trends investigated as a function of the bulk solvent properties, water
content, temperature, and the addition of salts and cosolvents. The use of Neutron Spin
Echo spectroscopy to measure the properties of the AOT monolayer assembled in reverse
micelles demonstrated the same trends observed in the nanoparticle growth kinetics
studies as well as those reported in the literature determined by other methods. NSE is a
relatively new technique that has found application in the study of micelle dynamics.
The work presented in this dissertation is the first high pressure NSE study using
compressible near-critical fluids and included the design and construction of a high

pressure vessel and temperature control system.
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The molecular structure of AOT is an inverted cone shape with a packing
parameter greater than 1 and thus AOT self assembles in solution to form a minimum
energy geometry of spherical reverse micelles. It is thought that a similar driving force
directs the assembly of spherical nanoparticles. In the literature, researchers have used
various surfactant / polymer systems as templates in attempt to synthesize nanomaterials
with specific geometries. Various anionic species such as ClI" and Br  have been
demonstrated to promote the synthesis of nanorods and nanocubes by interacting with
specific crystalline faces on the nanoparticles, direct growth in specific directions. The
results from this study investigated the synthesis of copper nanoparticles in the presence
of chloride ions utilizing both liquid isooctane and compressed propane as the bulk
solvent. Particle synthesis within the isooctane — AOT reverse micelle system was shown
to be influenced by the Cl” concentration. Specifically, the particle growth rate and the
interactions of stabilizing ligands with the particle surface were affected by the presence
of CI'. At low water contents, W = 3, the synthesis of copper nanorods was observed.
The addition of chloride ion to particle synthesis in compressed propane has a significant
effect on the geometry and structure of the copper nanomaterials produced. As a result of
HCI addition to the compressed propane reverse micelle system at 20°C and 310 bar, the
consistent formation of diamond-shaped copper nanoparticle assemblies was observed.
Synthesis of the diamond-shaped assemblies requires both the use of compressed propane
as the bulk solvent and the presence of HCl within the AOT reverse micelles at
concentrations low enough to be effectively buffered and high enough to promote

interactions with the particle surfaces. The copper nanoparticle assemblies exhibit unique
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structure and retain their structure through repeated solvent processing. Future studies
will further investigate the physical properties and mechanism of synthesis for the copper
nanoparticle assemblies, as well as the ability to selectively separate and assemble the

diamond-shaped copper nanoparticle structures for potential applications.

Overall, the goal of this research: to gain an increased understanding of metallic
nanoparticle synthesis within microemulsion systems was accomplished and exceeded.
This research has demonstrated the effects of various components of the microemulsion
system on copper nanoparticle synthesis as well as the advantages of emulsion based
nanoparticle synthesis. The advantages of using compressed solvents were also
investigated which range from the tunable solvent properties to novel particle collection
methods to the synthesis of unique assemblies of particles. This work has encompassed
several disciplines of study beyond chemical engineering including: Materials science in
the analysis of the nanomaterials by TEM, Mechanical engineering in the design of high
pressure vessels and a high pressure fiber optic reflectance probe, Fundamental
thermodynamics in the use of compressed and supercritical solvents as well as the
application of the interaction energy model, Interfacial science for the work with
surfactants and microemulsions, Fundamental science from the neutron scattering studies,
and most importantly chemistry / chemical engineering in understanding the synthesis
and stabilization of nanoparticles and the production of novel nanomaterials with

applications to the advancement of the nanotechnology field.
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7-2. FUTURE WORK

The recommended future work for this project includes the continued use of
compressed and supercritical fluids for the synthesis and processing of metallic
nanomaterials by emulsion based methods as well as other techniques. The use of gas
expanded liquids (GXL’s) as a new adjustable solvent phase for the synthesis and
processing of nanomaterials is also recommended. Continued investigation of the effects
of chloride ions and other ionic species on the formation of nanomaterials with unique
uniform geometries is also an area of interest. The application of nanomaterials is also a
natural progression of this research. To this point, a majority of the research in the field
of nanotechnology has concentrated on the synthesis of nanomaterials. The future of
nanotechnology lies in the application of these materials and one avenue of research is
the functionalization of nanoparticles and the ability to manipulate the assembly of
nanoparticles in arrays with specific ordering and functionality. The use of various

chelating agents may be an area of interest.

7-2a. Continued Investigation of Synthesis within Tunable Solvents

As discussed previously, the adjustable solvent properties of compressed and
supercritical fluids can be utilized to control the particle sizes which can be synthesized
or dispersed in solution. The work of Johnston et al. demonstrated the size selective
dispersion of dodecanethiol stabilized silver particles using supercritical ethane.
Compressed and supercritical fluids have demonstrated attractive solutions for the
synthesis of nanomaterials, as presented in this dissertation, as well as solutions for

particle processing, including size selective separation and deposition methods. The
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compressed solvents are attractive based on the adjustable solvent properties, in addition
to the ease of solvent removal, increased transport properties, and decreased surface
tensions as compared to conventional liquid solvents. GXL’s are also attractive reaction
media because of the adjustable solvent conditions but in a manor different from SCF’s.
GXL’s consist of an organic liquid solvent which has a high affinity for the dissolution of
a gas, typically carbon dioxide. The addition of carbon dioxide to an organic solvent
such as hexane, acts to swell the liquid phase and in doing so, change the properties of
the bulk solvent. The amount of CO; dissolved in the hexane phase is controlled by the
pressure of the system and thus the properties of the gas expanded liquid can be
controlled with the CO, pressure. Preliminary experiments have shown that the addition
of CO, to dodecanethiol stabilized metallic nanoparticles dispersed in hexane promotes
the size selective precipitation of the particles from solution where the average particle
diameter dispersed in solution decreases with increasing pressure as CO, is added to the
system causing the organic phase to swell. Similarly, the tunable properties of the GXL’s
may influence the size of metallic nanoparticles synthesized as was observed in the
compressed alkane solvents. The advantages of using GXL’s includes the adjustable
bulk solvent, as with the compressed and SCF’s, however the GXL’s have solvent
properties more closely resembling conventional liquid solvents. This provides the
ability to investigate the effects of tunable solvent properties at much lower pressures

with values less than the vapor pressure of the expanding gas.
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7-2b. Particle Deposition Applications

As discussed previously, compressed and SCF’s offer advantages in the methods
of particle collection and particle deposition on surfaces. GXL’s also have potential of
being advantageous in particle processing, post synthesis. The work from this
dissertation has convincingly demonstrated a direct relationship between particle
dispersibility and the solvent interactions with the particle stabilizing agent tail group.
The advantage of using tunable solvents is the ability to adjust this solvent — tail
interaction and thus control particle dispersibility. The composition of the dispersed
particles also plays a role in the interparticle attractive van der Waals forces and thus
affects the particle dispersibility. Using these tools which influence particle dispersion,
the deposition of particles from solution in a desired manor can be achieved. The extent
of this deposition control can be extended to the use of multiple metallic species, particles
of varying sizes and alteration of the stabilizing ligand. The application of using multiple
metallic species (eg. a mixture of monodispersed copper and silver particles of the same
size) is based on the differences in van der Waals attractive forces for different materials
resulting in particle precipitation of the two materials at different solvent conditions. For
the case of 8 nm diameter copper and silver particle dispersed in compressed propane, as
the pressure is slowly decreased a point would be reached when the silver particles
precipitate out of solution. The copper particles should precipitate at a lower pressure as
a result of a decreased interparticle attractive force between copper particles as opposed
to silver due to the lower Hamaker constant of copper. This method of particle

deposition would theoretically result in the formation of a bimetallic double layer of
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particles with each layer 8 nm thick. Similar methods of particle deposition can be
achieved using particles of differing sizes where the larger particles would precipitate
first due to the increased interparticle van der Waals attraction. Another method would
involve the use of particles with different stabilizing agents having varying strengths of
interaction with the bulk fluid and thus as the bulk fluid solvent strength is decreased, the
particles with the less favorable solvent interaction would precipitate first. Manipulation
of these components of the particle dispersions in conjunction with the thermophysical
properties of the bulk fluid may enable the directed assembly of multi layered

nanoparticle arrays with specific 3 dimensional structures.

7-2c. Anion Effects on Nanomaterial Synthesis within Compressible Fluids

The synthesis of the diamond shaped copper nanoparticle assemblies is interesting
on many levels. First of all, the geometry of the structures is very defined and
reproducible. The exterior parallelogram structure is very ordered while the arrangement
of nanoparticles on the interior is disordered with the exception of the large
agglomeration of particles at the center which only occurs reproducible with higher CI’
concentrations. The formation of the diamond shaped assemblies is exclusive to
synthesis with compressed propane as the bulk solvent and the presence of HCI within
the AOT reverse micelles at concentrations low enough to be effectively buffered and
high enough to promote interactions with the particle surfaces. The structure was also
found to be dependant on the concentration of chloride ion and robust enough to
withstand rapid solvent removal, multiple redispersions, and liquid — liquid extraction of

the excess surfactant. Further investigation on the formation of these novel structures is
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required to determine the influence of ionic species on the formation of nanomaterials
with unique structures and geometries. High Resolution TEM analysis is required to
further determine the structure, crystallinity, and physical properties of these assemblies
in attempt to determine the mechanism of formation as well as any potential for
application. Additional experimental studies should examine the effects of temperature
and pressure as well as application to SCF ethane and other compressed solvents. The
use of ionic species other than HCI should be investigated, including HBr, NaCl, NaBr,
and the chloride and bromide salts of cationic co-surfactants such as CTAC and CTAB.
The synthesis reproducibility and ability to withstand repeated solvent processing enables
these structures to undergo deposition investigations in order to form ordered arrays of

these structures aligned either axially or closely packed for potential application.

7-2d. Nanoparticle Functionalization

The ability of AOT to act as an effective stabilizing agent during particle
synthesis is also significant in that the surfactant can be easily replaced by more
conventional capping ligands and stabilizing agents with a desired chemical functionality
in the tail region. The functionality of the capping ligand can be specifically designed for
a desired application ranging from dispersion in aqueous versus organic phases, adhesion
to a particular surface, or assembly and the formation of particle arrays. The mechanism
of particle synthesis via AOT steric stabilization has similarities to the recently developed
and much popularized method of silver and gold nanoparticle synthesis using a two phase
method with a phase transfer catalyst and thiol capping ligands. This method, developed

by Brust and co-workers is a simple solution based synthesis that effectively produces

217



large quantities of relatively monodispersed particles and has been used quite extensively
in recent investigations of particle deposition techniques and the formation of highly
ordered, uniform particle arrays. In order to obtain the uniform particle arrays, a
thorough size selective precipitation process is necessary to obtain a very narrow size
distribution of particles. Also the process is limited to the functionality associated with
the thiol capping agent present during synthesis. The reverse micelle method of particle
synthesis has the advantage of affording the ability to use capping agents with varying
functionality. The post synthesis size selective precipitation process to obtain highly
monodispersed particles is also applicable to the microemulsion process.

Proposed future work involves the use of the microemulsion technique for
nanoparticle synthesis followed by the selective functionalization of the particle surface.
Suggested functional groups include azobenzene compounds, hydrophilic species, ligands
with specific terminating functional groups, and ligands with dual functionality with
hydrophobic and hydrophilic components. Ligands of varying lengths may be used to
adjust the interparticle spacing of the deposited particle. The azobenzene compounds
have the unique ability to go through a photo induced cis-trans rearrangement transition.
It is believed that this rearrangement would enable the extension and collapse of the
ligand tail groups providing for switchable particle dispersion with the application of UV
illumination. The use stabilizing ligands with hydrophilic functionality may enable the
formation of an aqueous dispersion of nanoparticles, as well as the arrangement of
particles at an oil interface with a high degree of order. The ability to direct the assembly

of particle arrays may be achieved through specific functionalization of the terminating
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groups. Ligands with terminating benzene groups could take advantage of the planar
structure and preferential stacking of the ring structures with respect to each other.
Ligands terminating with siloxane groups may find applications in attaching to silicate
substrates in ordered arrays for electronics applications. Ligands terminating with
functionalities capable of hydrogen bonding are also of interest for the formation of
interconnected arrays of particles. This may be achieved with the use of carboxylic acid
terminated ligands or by the mixing of a particle solution with alcohol terminated ligands
and a particle solution with an ether dithiol ligand. Preliminary investigation of this type
of mixture resulted in instantaneous particle precipitation, potentially due to the
formation of a hydrogen bonded network of particles. Further analysis may lead to
reversible interconnected networks which are responsive to temperature or the addition of
CO; to disrupt the hydrogen bonding. Copper nanoparticles dispersed in solution are
notoriously susceptible to oxidation and it has been suggested that the use xanthalate
ligands, with two adjacent thiol groups, will inhibit particle oxidation and actually
enables aqueous phase synthesis of copper nanoparticles at ambient conditions. This

method of particle synthesis has also been examined and requires further investigation.

7-2e. Initial Stages of Copper Nanoparticle Synthesis

Finally, it has been observed that for particle synthesis within the compressed
solvents, the initial solution color change from light blue to deep blue to light brown is
extended and the deep blue color can persist on the order an hour. This deep blue
solution exhibits an intense, broad UV-vis absorbance peak centered at 630 nm. It has

been suggested that this solution color and UV-vis absorbance peak is possibly indicative
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of copper nanoparticles in the 1 to 2 nm diameter range which exhibit quantum
confinement properties similar to the CdS and CdSe nanoparticles which fluoresce
different colors depending on the particle size. Another possibility is the formation of 1
to 2 nm CuO semiconductor nanoparticles which were previously thought to be unstable
and nonexistent with length scales below ~20 nm. Further investigation of the initial
stages of copper nanoparticle synthesis within the compressible solvents may result in the

formation of another novel nanomaterial unattainable by alternate methods of synthesis.
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APPENDIX A

A. RESEARCH METHODS

A-1.  SYNTHESIS OF Cu(AOT), AND AgAOT

A-la. Synthesis of Cu(AOT), Batch Method

This method is very similar to the method used by Cason previously'. The method by
Cason was adapted from the method introduced by Pileni’.

Get 2 500 ml Flasks.
Cull SO4, AOT, Na Resin, H" Resin, HPLC Water, Ethanol.
Make 1 L of 50/50 ethanol / water solution (may use 20% ethanol solution).
CuSOy solution 1 M solution 50 g CuSOy4 in 200 ml of Water in flask 1.
Mix 20g AOT in 300 ml of ethanol / water solution.
Add 20g of Na Resin to Cu solution in flask 1. Cover and stir for 40 minutes.
Remove from stir and let settle, pour off liquid. Add 200 ml of ethanol / water
solution to blue resin and stir for 1 to 1.5 hours.
After stirring, check PH and adjust to 7 by adding a few drops of 10N NaOH,
stir for 30 minutes. Recheck pH and repeat as needed. Do not add NaOH too
quickly.
If solution is too basic — add HCI
If solution is too acidic — add 10N NaOH

Once AOT solution (flask 2) is dissolved add 14 to 15 g H' resin. Cover and
stir for 1 hour.
Once Cu solution (flask 1) is at pH 7 pour off only liquid down sink with lots
of water.
Add 200 ml of ethanol / water solution and stir for 20 minutes. Check pH
between 6 — 7 and pour off liquid (or vacuum filter with filter flask).
Take AOT solution (flask 2) and let settle. Pour off only the liquid onto blue
resin to perform exchange H* AOT — Cu(AOT), (do not let H' resin go into
blue resin, may want to vacuum filter).
Cover and stir for 1 hour.
After conversion pour off liquid and dry
Use a RotoVap if available. If not then use vacuum oven.
Once dry in round bottom flask from Rotovap.

- Besure it is completely dry.

- Dissolve Cu(AOT); in Isooctane and let settle or filter to remove any

insoluble particulates.
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e Continue to dry and when solution becomes very viscous, pour into flask and
continue to dry in vacuum oven. Do not over heat to help avoid burning.

e This method works well but can only achieve ~75% conversion.

e Conversion is measured by creating aqueous solution and analyzing at soils
lab by doing a trace analysis and find the ratio of Cu to Na.

A-1b. Synthesis of Cu(AOT), Using Columns
This method was adjusted from the batch method mentioned previously in attempt to

obtain a better conversion of NaAOT to Cu(AOT),. The solution analysis report
demonstrates that this method is much more efficient with increased conversion.

e Dissolve 20g AOT in 300 ml of 25% ethanol/water solution (0.15M solution).

e Dissolve 50g CuSOy4 in 200 ml water — 1.0 m solution

e H' resin — 1.7 mmol H'/ml resin, 0.7g/ml resin.

e Use 50% excess of H resin

20g AOT — 27.8g H' resin.
e Na resin — 2.4 mmol/ml resin, 0.7g/ml
e Use 300% excess Na resin.

20g AOT — 26.28g Na resin.

e Get two 50 ml graduated burrets to use as columns and pack the bottom with a
little bit of glass wool. (a double A battery works nicely to pack down the
glass wool).

e Take each of the resins in a beaker already massed out and add one volume
equivalent of water.

e Mix the resin and water to make a slurry and pour into the columns and let
them drain.

e Add alittle glass wool to the top to keep resin in place.

e Equilibrate the H" resin column with three bed volume equivalents of 25%
ethanol / water solution.

e Then pass the AOT solution over the H' resin at a slow drip rate and collect
the H" AOT.

e Check the pH of the H” AOT effluent and should be between 0 and 1.

e Wash the column with 25% Ethanol solution until pH is between 4 and 5.

e Equilibrate the Na resin column with three bed volumes of water.

e Pour the CuSO; solution over the Na resin at a slow drip rate and then wash
the column with water until the effluent is clear (~250ml).

e Save the CuSQy solution collected.
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Pass the H” AOT solution over column 2 (Cu resin) at a slow drip rate (pH ~4
to 5).

Pass the CuSOj solution from before over the bed again.

Pass the AOT solution over the column again to make sure the exchange is
complete.

Wash the column with three bed volumes of 25% ethanol solution.

Collect the Cu(AOT), and wash and Rotovap to dry.

Dissolve the dry Cu(AOT), in Isooctane and filter out particulates (just let
settle and separate).

Continue drying in Rotovap or vacuum oven.

A-Ic. Column Regeneration

H' Resin: Wash column with two bed volumes of 1N HCI or nitric acid (when
using Ag), then wash with DI water until pH ~5.

Na Resin: Wash column with three bed volumes of 0.5 N NaOH at a flow rate
of 1 ml/min per cm® cross second area. Conversion is complete when pH is
greater than 9. Rinse with four bed volumes of DI water.

Specifications on Various Resins Used

H' Resin Na Resin Anionic Resin
AG 50W-X8 Bio-Rex 70 AG 4x4
Cat # 143-5441 Cat # 142-5822 Cat # 143-3341
Capacity 1.7 meq/ml resin 2.4 meq/ml resin 0.8 meq/ml
Density 0.8g/ml 0.7g/ml 0.7g/ml
Selectivities

H =1.0 Na'=1.5 Cu* =29

Cu =523 Ag =76

Can use selectivities to determine % excess needed or also the # of bed
volumes for regeneration. (See biorad booklet.)

Things to keep in mind when working with Ion Exchange

Keep in mind the selectivity of different Ions.
Eg. When have Cu ions on resin and pass through H'AOT and
resin have a strong affinity for the Cu ion and will compete.
General Rule use 30% excess capacity.
Pay attention to pH.
Try not the use more than 25% ethanol because it may degrade resin.
For equilibration use three to four bed volumes for bulk solvent to be used.
Try not to let the bed go dry. Keep wet.
Use as little glass wool as possible.
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A-1d. Synthesis using an Anion Exchange Resin

This alternate method was attempted to remove the SO, anion from the product. This
method was unsuccessful due to a higher selectivity for the surfactant than the SO,
anion on the resin.

A-le. Synthesis of Silver AOT using Columns

This method is similar to the copper column method with the substitution of Ag" for

2+
Cu™.

Using AgNO; with a 2:1 ratio of Ag to AOT.

Create 1M AgNOs solution with water.

0.15 M AOT solution with 25% ethanol / water solution.

For this run use 5.67g AgNO;

5.67g AgNO; =0.0334 mol Ag NOs3

0.0334 mol AgNO; =7.41g AOT

7.41g AOT mol AOT =0.1113 L 25% ethanol solution

0.0334 mol Ag NO; = 33.4 ml water

Na Resin: 33.4 mmol AgNOs; — 9.74g Na resin

H" Resin: 0.0167 mol AOT — 15.7g H" Resin at 100% excess

Dissolve 5.67g AgNOs in 33.4ml water

Dissolve 7.41g AOT in 111.3mL 25% ethanol solution

Set up column 1 with 9.74g Na resin

Set up column 2 with 15.7g H' resin.

Equilibrate columns and then.....

Pass AgNOj solution through column 1 (Na resin). Repeat two more
times passing AgNOs solution over Na resin three times.

Wash column 1 with two bed volume equivalents of 25% ethanol solution.
Pass AOT solution over column 2 (H" resin) to obtain H'AOT solution.
Wash with two bed volume equivalents of 25% ethanol solution and collect.
Pass H'AOT solution over column 1 (Ag resin) to obtain AgAOT. Wash with
two bed volume equivalents of 25% ethanol solution.

Collect solution and dry by Rotovap as before.

Column Regeneration

H' Resin: same as before
Na Resin: same as before only use more volume of NaOH because there is a
higher selectivity for Ag.
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A-1f. Synthesis of Cu(AOT)2 by the Eastoe Method

This synthesis method was later obtained from the work by Eastoe et al.’ where the
synthesis of Cu(AOT), was performed without the use of ion exchange resins and rather
simply used the natural preferential selectivity of copper over sodium on the AOT head
group. The synthesis is as follows.

e Create 250 ml saturated aqueous solution of Cu(NOs),.

e Create 125 ml of IM AOT solution in ethanol and mix the two solutions.
Mixing is best done in a 500ml separation funnel, venting frequently.

e Add 50 ml of diethyl ether to the solution to extract the Cu(AOT), from the
ethanol / water solution containing excess Cu(NOs), and NaNOs.

e Mix vigorously for several minuets, venting frequently and allow to settle and
separate into two phases. The upper phase will contain the diethyl ether and
Cu(AOT),

e (Collect the upper phase and wash twice with one volume equivalent of water
to remove any residual NOs™ anion.

e Dry the Cu(AOT), solution in a vacuum oven. Purification by dissolving in
isooctane, filtering and re-drying was not found to be necessary.

e This method is by far much simpler and requires less time and resources than
the ion exchange resin methods.

e A similar method was also performed to synthesize AgAOT, successfully.

A-lg. Method for Determining Conversion
The conversion of AOT surfactant to Cu(AOT), and AgAOT by the methods mentioned
previously was determined by sending surfactant solutions to the Auburn University Soils
Testing Laboratory where a trace solution analysis was performed.
e Make solutions ~100 ppm Cu. Addition of small amount of ethanol may be
necessary to dissolve surfactant.
e May also add standards of CaCl or KCl salts at known amounts to back out
true concentrations. Salt Concentration ~ 1x10° m
e FElements detected by soils test. Ca, K, Mg, P, Cu, Fe, Mn, Zn, B, Al, Ba, Co,
Pb, Na.

A-2. RESULTS

The results dated March 18, 2002 are for three different batches of Cu(AOT),
synthesized by the Batch method discussed previously. The Copper to Sodium ratio
ranges from 3.4 to 2.3 and given that two AOT molecules are required to form one
Cu(AOQOT), molecule, the AOT conversion is ~ 85% and the percent of Cu(AOT), in the
product is ~75 mol percent.
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For the results dated August 29, 2002, samples A and B were synthesized by the
batch method with results similar to the previous test. Sample C was synthesized by the
column method discussed previously. As can be seen by the increase in Cu concentration
and the decrease in Na concentration, the column method is much improved with an AOT
conversion of 94% and the product having 88 mol percent Cu(AOT),. Sample D was
AgAOT synthesized by the column method. The solution analysis was unable to test for
silver however the limited amount of Na present would prove that the conversion was
successful. Sample E was simply a standard solution that contained the original AOT in
solution.

The results dated March 13, 2003 correspond to Cu(AOT), synthesized by the
Eastoe method. Samples #1 and #2 demonstrate an improved Cu to Na ratio over the
methods using exchange resins with a AOT conversion of 98.7% and 97.3 mol percent
Cu(AOT); in the final product. This analysis also includes a nitrate test to determine the
presence of the salt anion, showing the low anion concentration in the product. Sample
#3 was again an AOT standard.

From these results it is apparent that the Eastoe method is by far the superior
method, not only by the results but also by the ease of the synthesis.
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Auburn University

Auburn University, Alabama 36849-5411

College of Agriculture and
Agricultural Experiment Station System

Department of Agronomy and Soils Reply: Soil Testing Laboratory
Telephone: 844-3958 Auburn University
Area Code: 334 Auburn University, AL 36849-5411

SOLUTION ANALYSIS REPORT

March 18,2002

NAME :Christopher Roberts/Chris Kitchens
SAMPLE I.D. :Surfactant

LAB I.D. :F32-02

ANALYSTIS :Solution

INCLUDES :Minerals/Nitrate-Nitrogen

ppm in solution

Ca K Mg P Cu Fe Mn
I 32.7 45.4 0.0 1.8 53.8 0.0 0.0
II 31.6 44.9 0.0 1.8 47.8 0.0 0.0
ITT 31.4 47.4 0.0 1.6 45 0.0 0.0
ppm in solution
Zn B Al Ba Co Cr Pb
I 0.3 0.0 0.1 0.0 0.0 0.0 0.0
II 0.4 0.0 0.0 0.0 0.0 0.0 0.0
ITI 0.3 0.0 0.1 0.0 0.0 0.0 0.0

ppm in solution

Na
I 15.8
1T 18.2
ITI 19.7

A LAND-GRANT UNIVERSITY

227



Auburn University

Auburn University, Alabama 36849-5411

College of Agriculture and
Agricultural Experiment Station System

Department of Agronomy and Soils Reply: Soil Testing Laboratory
Telephone: 844-3958 Auburn University
Area Code: 334 Auburn University, AL 36849-5411

SOLUTION ANALYSIS REPORT

August 29,2002

NAME :Christopher Roberts/Chris Kitchens
SAMPLE I.D. :Surfactant

LAB I.D. :07-02

ANALYSTS :Solution

INCLUDES :Minerals

--— ppm in solution ---

Ca K Mg P Cu Fe Mn
A 27.5 34.2 0.0 1.9 45.3 0.0 0.0
B 32.4 38.2 0.0 1.8 39.2 0.0 0.0
C 33.3 37.9 0.0 2.8 67.0 0.0 0.0
D 32.9 38.0 0.0 0.3 3.0 0.0 0.0
E 0.0 0.0 0.0 0.0 0.0 0.0 0.0

--- ppm in solution ---

Zn B Al Ba Co Cr Pb
A 0.4 0.0 0.0 0.1 0.0 0.0 0.1
B 0.4 0.0 0.0 0.0 0.0 0.0 0.2
C 0.6 0.0 0.0 0.1 0.0 0.0 0.2
D 0.4 0.0 0.0 0.1 0.0 0.0 0.0
E 0.2 0.3 0.0 0.1 0.0 0.0 0.0

ppm in solution

Na

20.7
24.5
9.0

5.2
54.5

0o Q w >

A LAND-GRANT UNIVERSITY
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Auburn University

Auburn University, Alabama 36849-5411

College of Agriculture and
Agricultural Experiment Station System

Department of Agronomy and Soils Reply: Soil Testing Laboratory
Telephone: 844-3958 Auburn University
Area Code: 334 Auburn University, AL 36849-5411

SOLUTION ANALYSIS REPORT

March 13,2003

NAME :Christopher Roberts/Chris Kitchens
SAMPLE I.D. :Surfactant, 3-4-03

LAB I.D. :F16-03

ANALYSTIS :Solution

INCLUDES :Minerals/Nitrate-Nitrogen

--—- ppm in solution ---

Ca K Mg P Cu Fe Mn
#1 28.6 30.1 0.0 1.6 57.0 0.0 0.0
#2 26.9 27.9 0.0 1. 49.7 0.0 0.0
#3 27.4 27.0 0.0 0.0 0.0 0.0 0.0

--- ppm in solution ---

Zn B Al Ba Co Cr Pb
#1 0.6 0.0 0.0 0.0 0.0 0.0 0.0
#2 0.5 0.0 0.0 0.0 0.0 0.0 0.0
#3 0.1 0.0 0.0 0.0 0.0 0.0 0.0
--— ppm in solution ---

Na NO3-N
#1 1.6 4.7
#2 1.3 3.2
#3 19.2 0.1

A LAND-GRANT UNIVERSITY
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A-3.

A-3a.

RESEARCH METHODS FOR COPPER NANOPARTICLE SYNTHESIS

Copper Nanoparticle Synthesis in Liquids

Calculate and mass out the desired amount of Cu as copper salt or Cu(AOT),
and AOT.
Eg.  Bulk solvent = hexane — 50mL
[AOT]=0.1106M — 2.3862¢g
[Cu(AOT);] =0.01106M — 0.5825g (assume 75% conv. of Cu(AOT),)
for copper salts, the salt should be dissolved in the water before addition
to the solution
Dissolve Cu(AOT), + AOT in solvent but use less than final volume.
Once dissolved then you may want to add some mol sieves to dry out the
system to get a more accurate determination of the amount of water in the
microemulsion. If mol sieves are added then do not stir the solution much
because it will become cloudy from small pieces of the mol sieves breaking
off. Let stand for awhile with the sieves.
Pour solution into a 50mL volumetric flask, careful not to get any mol sieves
into the flask.
Add the desired amount of water for the right W value.
Add some solvent to the beaker that the surfactants were dissolved in and
rinse then add to the volumetric flask to bring the volume. If solvent is very
flammable then may want to over shoot mark to account for evaporation
during deoxygenating.
Use red/orange rubber septum to seal the flask and evacuate oxygen from
system.
It is very important to get all the oxygen out of the system to avoid the oxide
formation. This is best done by purging the solution with pure Nitrogen gas,
bubbling it through the solution using a long needle and a short vent needle.
The best method used is to begin purging the solution and immerse in a
sonication bath for about one to two minutes to de-air the solution and then
continue to purge the system with N, for another one to two minutes in order
to replenish the dissolved air in solution and bring to equilibrium. (Weaker
microemulsions with Decane or Dodecane as the bulk solvent are not
susceptible to sonicating but can be purged for longer because it is not as
volatile.
The cuvette to be analyzed in the UV must also be purged for ~10 minutes
and should be sealed with one of the red/orange rubber septums as well. The
septum caps that come with the cuvettes are not gas tight and allow oxygen
into the system forming oxides. The long stem cuvettes are best for the
reaction.
Once the cuvette and solution are purged, the reducing agent should be
introduced to the 50mL bulk solution and stirred by swirling or spinning. Try
to avoid shaking. If reducing agent does not want to go into solution then try
sonicating to get good mixing.
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Using a gas tight syringe, pull three ml of solution out of the flask while
replacing with N, and inject into the cuvette through the septum.
Wipe the cuvette with a Chem wipe and begin the UV time acquisition.

Reduction Reaction

A-3b.

As the reaction proceeds, if oxide forms then the absorbance around the 800
nm and will increase dramatically, but regardless as particles form the over all
absorbance will grow and eventually some particles will fall out of solution
and the overall absorption will fall but the absorbance ratio 566/500 will stay
the same.

Copper Nanoparticle Production in Compressible Solvents

The high pressure reactor is equipped with an RTD temperature control
device, a pressure transducer, inlet and outlet ports with HiP valves and
opposing quartz windows for UV-Vis absorbance measurements. The quartz
windows are sealed with nitrile-butyl rubber o-rings on each side and secured
with side plate bolted to the reactor. For experiments at elevated temperatures
viton o-rings must be used.

The desired amount of surfactant and a stir bar are added to the reactor and the
final reactor plate is sealed with an o-ring and bolted to the reactor. For
experiments with high absorbance that require a shorter path length, a quartz
window spacer supported by a Teflon insert may be placed between the
opposing exterior windows.

Once the reactor is sealed, evacuate the cell with a vacuum pump and then
purge with N, and repeat one or two times as desired, making sure to purge
completely and remove all oxygen to prevent copper oxidation.

Before this is done the syringe pump should be filled with the desired solvent
and pressurized. Alltech Gas Dryer trap and Oxy-trap may be used to remove
the oxygen and water from the solvent.

For experiments that require the use of a liquid cosolvent, a gas tight syringe
with a luer lock 16 guage needle fitted with a HiP fitting and valve can be
used to introduce the desired amount of cosolvent into the evacuated vessel.

A high pressure Valco six port injection loop should be used to introduce the
desired amount of water into the system on filling the vessel with solvent.
Nitrogen should be purged through the injection loop prior to use to prevent
oxygen from entering the system.

The cell should then be filled with the solvent from the syringe pump above
the de-mixing pressure and allowed to equilibrate to the desired temperature
and become one phase.

Excess reducing agent should be used with the injection loop where excess
passes through the loop cleaning it out then while still flowing, turn the loop
to trap the desired amount of reducing agent.

Fill with additional solvent through the injection loop to introduce the
reducing agent into the system and bring the vessel to the desired pressure.
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Stir the contents for a few seconds to get it well mixed and a full color change
from light blue to dark blue and finally a light brown color indicating a
complete reduction of Cu”" to Cu”. Remove the vessel from the stir plate and
begin the in-situ time resolved UV-Vis measurements.

A-4. PARTICLE COLLECTION METHODS

Deposit on carbon coated grids for TEM Analysis.
Liquids

Put small drop on grid using a microliter syringe. Surfactant is some times too
thick to see particles.

Use nebulizer to spray fine mist of particles on grids (this process emulates
the spray coating process).

Mix particle solution with an equal volume 20/50 or 50/50 ethanol/water
solution to remove excess surfactant. Remove the aqueous phase and deposite
particle solution on the TEM grids.

The above liquid — liquid extraction of the excess surfactant is more effective
with the introduction of a particle stabilizing agent such as dodecylamine,
undecanoic acid or dodecanethiol.

SCF (under pressure)

Spray particles onto grids through capillary tubing nozzle when
depressurizing.

After depressurization, then take surfactant and particles that fell out of
solution and re-dissolve in another solvent and collect by the liquid methods.
Selective functionalization can be achieved by redispersing the particle
surfactant matrix in a 0.01 M alkane solution with a desired stabilizing agent.

These methods can also be applied to silicon wafers or carbon block for analysis

on the AFM.

(1) Cason, J. P.; Miller, M. E.; Thompson, J. B.; Roberts, C. B. Journal of
Physical Chemistry B 2001, 105, 2297.

(2) Lisiecki, I.; Lixon, P.; Pileni, M. P. Progress in Colloid & Polymer
Science 1991, 84, 342.

3) Eastoe, J.; Fragneto, G.; Robinson, B. H.; Towey, T. F.; Heenan, R. K_;
Leng, F. J. Journal of the Chemical Society-Faraday Transactions 1992, 88, 461.
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APPENDIX B

B. SYNTHESIS OF COPPER METALLIC NANOPARTICLES IN AOT REVERSE
MICELLE SYSTEMS

B-1.

EXPERIMENTAL GROWTH CURVES

In order to determine the effects of water content, bulk solvent, and the method of
introducing the copper ion; the particle growth curves were measured in-situ by UV-Vis
absorbance measurements where the ratio of the absorbance at 566 nm and 500 nm can
be related directly to the average particle size dispersed in solution. The following plots
display the measured absorbance ratio as a function of time. Multiple experiments were
performed for each of the experimental conditions and compositions and a regression

analysis was performed to obtain the particle growth rate and the ultimate particle size.

B-1a.
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B-2.  SYNTHESIS OF COPPER METALLIC NANOPARTICLES IN AOT
REVERSE MICELLE SYSTEMS EXPERIMENTAL GROWTH CURVES

REGRESSION ANALYSIS

The regression analysis on the particle growth was done using the statistical
software package Minitab 13'. A quantitative representation of the relative growth rate is
determined from the initial 1 to 6 hours of particle growth depending on the experimental
conditions. The growth rates are obtained from the slope of the particle size vs. time
plots, where the particle sizes are obtained from the Absses/Abssoy to particle size
relationship. The slope was determined by a linear regression analysis of multiple
experimental growth curves for each of the bulk solvents and W values. How well the
regression analysis fits the particle growth curves is represented by an R* value. The
error in the particle growth rate represented by the slope is determined from a 95%
confidence interval calculated by twice the standard error obtained from the regression
analysis'. The results from the linear regression analysis are listed below including the
time length of the initial growth. These results corresponding to the experimental data

plotted in the previous section of this appendix and take into account each data set
plotted.

B-2a. Effects of Bulk Solvent Type on Particle Synthesis with W =5
Regression Analysis: Pentane versus Time (First 4 hours)

The regression equation is
Pentane 0.252 + 1.74 Time Pent
Predictor Coef SE Coef
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Constant 0.2517 0.1761 1.43 0.160

Time Pen 1.73825 0.07056 24.63 0.000
S = 0.5113 R-Sg = 93.4% R-Sg(adj) = 93.2%
Analysis of Variance

Source DF SS MS F
Regression 1 158.63 158.63 606.84
Residual Error 43 11.24 0.26

Total 44 169.87

Regression Analysis: Hexane versus Time (First 4 hours)
The regression equation is
Hexane = 0.416 + 1.62 Time Hex

Predictor Coef SE Coef T P
Constant 0.41064 0.2065 2.02 0.047
Time Hex 1.62140 0.08273 19.60 0.000
S = 0.8477 R-Sg = 81.4% R-Sg(adj) = 81.2%
Analysis of Variance

Source DF SS MS F
Regression 1 276.04 276.04 384.15
Residual Error 88 63.23 0.72

Total 89 339.27

Regression Analysis: Heptane versus Time (First 5 hours)
The regression equation is
Heptane = 0.884 + 1.36 Time Hept

Predictor Coef SE Coef T P
Constant 0.8842 0.1983 4.46 0.000
Time Hep 1.36102 0.06456 21.08 0.000
S = 1.156 R-Sq = 72.4% R-Sg(adj) = 72.3%
Analysis of Variance

Source DF SS MS F
Regression 1 593.92 593.92 444 .41
Residual Error 169 225.86 1.34

Total 170 819.78

Regression Analysis: Octane versus Time (First 3.5 hours)
The regression equation is
Octane = 0.451 + 1.96 Time Oct

Predictor Coef SE Coef T P
Constant 0.4509 0.1609 2.80 0.007
Time Oct 1.95758 0.07288 26.86 0.000
S = 0.5496 R-Sq = 92.0% R-Sg(adj) = 91.8%
Analysis of Variance

Source DF SS MS F
Regression 1 217.95 217.95 721.46
Residual Error 63 19.03 0.30

Total 64 236.98

Regression Analysis: Decane versus Time (First 3 hours)
The regression equation is
Decane = 1.11 + 1.77 Time Dec

Predictor Coef SE Coef T P
Constant 1.1078 0.1539 7.20 0.000
Time Dec 1.77249 0.08704 20.36 0.000
S =0.7191 R-Sg = 84.5% R-Sg(adj) = 84.3%
Analysis of Variance

Source DF SS MS F
Regression 1 214.42 214.42 414.67
Residual Error 76 39.30 0.52

Total 77 253.72
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Regression Analysis: Dodecane versus Time (First 3 hours)
The regression equation is
Dodecane = 0.996 + 2.00 Time Dod

Predictor Coef SE Coef T P

Constant 0.9963 0.1675 5.95 0.000

Time Dod 1.99740 0.09476 21.08 0.000

S = 0.7146 R-Sg = 87.6% R-Sg(adj) = 87.4%

Analysis of Variance

Source DF SS MS F P
Regression 1 226.91 226.91 444.33 0.000
Residual Error 63 32.17 0.51

Total 64 259.08

Regression Analysis: Isooctane versus Time (First 6 hours)
The regression equation is
Isooctane = 0.886 + 1.25 Time Iso

Predictor Coef SE Coef T P

Constant 0.8865 0.1746 5.08 0.000

Time Iso 1.24765 0.04988 25.01 0.000

S = 0.8993 R-Sq = 86.5% R-Sg(adj) = 86.3%

Analysis of Variance

Source DF SS MS F P
Regression 1 505.90 505.90 625.60 0.000
Residual Error 98 79.25 0.81

Total 99 585.15

Regression Analysis: Cyclohexane versus Time (From hour 4 to hour 11)
The regression equation is

Cyclohexane = - 1.27 + 1.09 Time Cyclo

Predictor Coef SE Coef T P

Constant -1.273 1.070 -1.19 0.241

Time Cyc 1.0917 0.1371 7.96 0.000

S = 1.987 R-Sg = 59.6% R-Sg(adj) = 58.7%

Analysis of Variance

Source DF SS MS F P
Regression 1 250.28 250.28 63.41 0.000
Residual Error 43 169.72 3.95

Total 44 420.00

B-2b. Effects of Bulk Solvent Type on Particle Synthesis with W = 10

Regression Analysis: Pentane versus Time (First 5 hours)
The regression equation is
Pentane = 1.48 + 1.16 Time Pent

Predictor Coef SE Coef T P

Constant 1.4761 0.1103 13.39 0.000

Time Pen 1.16214 0.03772 30.81 0.000

S = 0.5234 R-Sg = 92.0% R-Sg(adj) = 92.0%

Analysis of Variance

Source DF SS MS F P
Regression 1 259.98 259.98 949.07 0.000
Residual Error 82 22.46 0.27

Total 83 282.45

Regression Analysis: Hexane versus Time (First 4 hours)
The regression equation is
Hexane = 0.791 + 1.87 Time Hex
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Predictor Coef SE Coef T P

Constant 0.7913 0.2335 3.39 0.002
Time Hex 1.86592 0.09958 18.74 0.000
S =0.7111 R-Sg = 91.6% R-Sg(adj) = 91.4%
Analysis of Variance

Source DF SS MS F
Regression 1 177.56 177.56 351.10
Residual Error 32 16.18 0.51

Total 33 193.75

Regression Analysis: Heptane versus Time (First 4 hours)
The regression equation is
Heptane = 1.35 + 1.44 Time Hept

Predictor Coef SE Coef T P
Constant 1.35116 0.09880 13.68 0.000
Time Hep 1.43666 0.04213 34.10 0.000
S = 0.3685 R-Sq = 96.0% R-Sg(adj) = 95.9%
Analysis of Variance

Source DF SS MS F
Regression 1 157.90 157.90 1162.84
Residual Error 49 6.65 0.14

Total 50 164.55

Regression Analysis: Octane versus Time (First 4 hours)
The regression equation is
Octane = 1.62 + 1.39 Time Oct

Predictor Coef SE Coef T P
Constant 1.6234 0.1148 14.15 0.000
Time Oct 1.39049 0.04893 28.42 0.000
S = 0.4280 R-Sg = 94.3% R-Sg(adj) = 94.2%
Analysis of Variance

Source DF SS MS F
Regression 1 147.91 147.91 807.47
Residual Error 49 8.98 0.18

Total 50 156.88

Regression Analysis: Decane versus Time (First 3.5 hours)
The regression equation is
Decane = 1.46 + 1.85 Time Dec

Predictor Coef SE Coef T P
Constant 1.4565 0.1247 11.68 0.000
Time Dec 1.85140 0.06061 30.54 0.000
S = 0.5071 R-Sg = 94.1% R-Sg(adj) = 94.0%
Analysis of Variance

Source DF SS MS F
Regression 1 239.94 239.94 932.94
Residual Error 58 14.92 0.26

Total 59 254.85

Regression Analysis: Dodecane versus Time (First 3 hours)
The regression equation is
Dodecane = 1.13 + 2.31 Time Dodec

Predictor Coef SE Coef T P
Constant 1.1279 0.4339 2.60 0.016
Time Dod 2.3131 0.2455 9.42 0.000
S =1.171 R-Sq = 78.7% R-Sg(adj) = 77.8%
Analysis of Variance

Source DF SS MS F
Regression 1 121.73 121.73 88.80
Residual Error 24 32.90 1.37
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Total 25 154.62

Regression Analysis: Isooctane versus Time (First 3.5 hours)
The regression equation is
Isooctane = 0.891 + 2.11 Time Iso

Predictor Coef SE Coef T P

Constant 0.8907 0.1881 4.73 0.000

Time Iso 2.11275 0.09147 23.10 0.000

S = 0.5412 R-Sq = 95.0% R-Sg(adj) = 94.8%

Analysis of Variance

Source DF SS MS F P
Regression 1 156.23 156.23 533.46 0.000
Residual Error 28 8.20 0.29

Total 29 164.43

Regression Analysis: Cyclohexane versus Time (First 6 hours)
The regression equation is
Cyclohexane = 0.094 + 1.55 Time Cyclo

Predictor Coef SE Coef T P

Constant 0.0936 0.7377 0.13 0.900

Time Cyc 1.5507 0.1921 8.07 0.000

S = 1.425 R-Sg = 76.5% R-Sg(adj) = 75.3%

Analysis of Variance

Source DF SS MS F P
Regression 1 132.26 132.26 65.17 0.000
Residual Error 20 40.59 2.03

Total 21 172.85

B-2c. Effects of W Value on Particle Growth for Isooctane Bulk Solvent

Regression Analysis: Iso 3 versus Time (First 6 hours)
The regression equation is
Iso 3 = 1.91 + 0.136 Time 3

Predictor Coef SE Coef T P

Constant 1.91200 0.04973 38.45 0.000

Time 3 0.13600 0.01421 9.57 0.000

S = 0.1281 R-Sq = 79.9% R-Sg(adj) = 79.1%

Analysis of Variance

Source DF SS MS F P
Regression 1 1.5028 1.5028 91.63 0.000
Residual Error 23 0.3772 0.0164

Total 24 1.8800

Regression Analysis: Iso 5 versus Time (First 6 hours)
The regression equation is
Iso 5 = 0.895 + 1.24 Time 5

Predictor Coef SE Coef T P

Constant 0.89406 0.1743 5.13 0.000

Time 5 1.24446 0.04979 24.99 0.000

S = 0.8976 R-Sg = 86.4% R-Sg(adj) = 86.3%

Analysis of Variance

Source DF SS MS F P
Regression 1 503.32 503.32 624.70 0.000
Residual Error 98 78.96 0.81

Total 99 582.28

Regression Analysis: Iso 6.5 versus Time (First 4 hours)
The regression equation is
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Iso 6.5 = 0.633 + 1.91 Time 6.5

Predictor Coef SE Coef T P
Constant 0.6333 0.2810 2.25 0.031
Time 6.5 1.9054 0.1198 15.90 0.000
S = 0.8556 R-Sq = 88.8% R-Sg(adj) = 88.4%
Analysis of Variance

Source DF SS MS F
Regression 1 185.16 185.16 252.91
Residual Error 32 23.43 0.73

Total 33 208.58

Regression Analysis: Iso 8 versus Time (First 3.5 hours)
The regression equation is
Iso 8 = 0.630 + 2.23 Time 8

Predictor Coef SE Coef T P
Constant 0.6303 0.1847 3.41 0.001
Time 8 2.23286 0.08984 24.85 0.000
S = 0.6509 R-Sg = 93.5% R-Sg(adj) = 93.3%
Analysis of Variance

Source DF SS MS F
Regression 1 261.75 261.75 617.76
Residual Error 43 18.22 0.42

Total 44 279.97

Regression Analysis: Iso 10 versus Time (First 3.5 hours)
The regression equation is
Iso 10 = 0.912 + 2.11 Tme 10

Predictor Coef SE Coef T P
Constant 0.9117 0.1902 4.79 0.000
Tme 10 2.10571 0.092406 22.77 0.000
S = 0.5470 R-Sg = 94.9% R-Sg(adj) = 94.7%
Analysis of Variance

Source DF SS MS F
Regression 1 155.19 155.19 518.63
Residual Error 28 8.38 0.30

Total 29 163.57

Regression Analysis: Iso 12 versus Time (First 3.5 hours)
The regression equation is
Iso 12 = 0.676 + 2.34 Time 12

Predictor Coef SE Coef T P
Constant 0.6763 0.1849 3.66 0.001
Time 12 2.34500 0.08991 26.08 0.000
S = 0.5319 R-Sq = 96.0% R-Sg(adj) = 95.9%
Analysis of Variance

Source DF SS MS F
Regression 1 192.47 192.47 680.25
Residual Error 28 7.92 0.28

Total 29 200.39

Regression Analysis: Iso 15 versus Time (First 3.5 hours)
The regression equation is
Iso 15 = 1.33 + 1.64 Time 15

Predictor Coef SE Coef T P
Constant 1.3338 0.1788 7.46 0.000
Time 15 1.63786 0.08695 18.84 0.000
S = 0.5144 R-Sg = 92.7% R-Sg(adj) = 92.4%
Analysis of Variance

Source DF SS MS F
Regression 1 93.890 93.890 354.79
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28
29

Residual Error
Total

7

.410 0.265

101.300

B-2d. Effects of Copper Salt on Particle Synthesis

CuNOj; Effect

Regression Analysis: Hex W=5 versus Hex Time (First hour)

The regression equation is
Hex W=5 =

Predictor Coef
Constant 1.0790
Hex Time 3.5636
S = 0.4532 R-Sg = 86.

Analysis of Variance

Source DF
Regression 1
Residual Error 37
Total 38

Regression Analysis: Hex W=10 versus Hex Time (First hour)

The regression equation is
Hex W=10 =

Predictor Coef
Constant 0.6913
Hex Time 3.1474
S = 0.2761 R-Sg = 93.

Analysis of Variance

Source DF
Regression 1
Residual Error 24
Total 25

Regression Analysis: Iso W=5 versus Iso Time (First 1.5 hours)

The regression equation is
Iso W=5 =

Predictor Coef
Constant 0.5208
Iso Time 4.7119
S = 0.5865 R-Sg = 93.

Analysis of Variance

Source DF
Regression 1
Residual Error 55
Total 56

Regression Analysis: Iso W=10 versus Iso Time (First 1.5 hours)

The regression equation is
Iso W=10 =

Predictor Coef
Constant 0.7358
Iso Time 2.6358
S = 0.4993 R-Sg = 86.

Analysis of Variance

Source DF
Regression 1
Residual Error 36
Total 37

SE
0
0

4%

48
9
55

SE

25.
1.
26.

1.08 + 3.56 Hex Time

Coef T
.1370 7.87
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SS MS
.239 48.239
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.837

0.691 + 3.15 Hex Time

Coef T
.1023 6.76
.1735 18.14
R-Sg(adj) =
SS MS
086 25.086
830 0.076
916

0.521 + 4.71 Iso Time

SE Coef T
0.1494 3.49
0.1701 27.70

3% R-Sqg(adj) =

SS MS

263.88 263.88
18.92 0.34

282.80

SE

0.
0.

0%

55.

64.

0.736 + 2.64 Iso Time

Coef T
1557 4.72
1774 14.86
R-Sg(adj) =
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048 55.048
.975 0.249
022
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Regression Analysis: Cyclo W=5 versus Cyclo Time (First 1.5 hours)
The regression equation is
Cyclo W=51 = 1.22 + 1.32 Cyclo Time 1

Predictor Coef SE Coef T P

Constant 1.2217 0.1277 9.57 0.000

Cyclo Ti 1.3229 0.1417 9.34 0.000

S = 0.32406 R-Sg = 82.1% R-Sg(adj) = 81.2%

Analysis of Variance

Source DF SS MS F P
Regression 1 9.1872 9.1872 87.20 0.000
Residual Error 19 2.0019 0.1054

Total 20 11.1891

Regression Analysis: Cyclo W=10 versus Cyclo Time (First 1.5 hours)
The regression equation is
Cyclo W=10 1 = 1.07 + 1.26 Cyclo Time 1

Predictor Coef SE Coef T P

Constant 1.06857 0.07545 14.16 0.000

Cyclo Ti 1.25905 0.08371 15.04 0.000

S = 0.1918 R-Sq = 92.3% R-Sg(adj) = 91.8%

Analysis of Variance

Source DF SS MS F P
Regression 1 8.3223 8.3223 226.24 0.000
Residual Error 19 0.6989 0.0368

Total 20 9.0212

(1) Kitchens, L. J. Exploring statistics : a modern introduction to data
analysis and inference; West Pub. Co.: St. Paul, 1987.
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APPENDIX C
C. UV-VIS ABSORBANCE DATA TOOLS

C-1. DETAILS ON THE OCEAN OPTICS SD2000 FIBER OPTIC DUEL
SPECTROMETER

The Ocean Optics UV-Vis fiber optic spectrometer is a versatile instrument that is
capable of recording UV-Vis absorbance measurements in the range of 785nm to 176nm
in wavelength on a millisecond time scale. This is done with the use of diffraction
gratings where the entire spectrum is recorded at once rather than performing a scan of
the wavelength spectra. This allows for the measurement of fast reactions; however there
is a trade off in the resolution of the data. To compensate for this and improve the
resolution, a duel spectrometer is used where two spectrometers run in parallel are used
to divide the spectrum in half and achieve a resolution of less than 0.2 nm. The
spectrometer has two channels, a master channel which records the lower half of the
spectrum and a slavel channel which records the upper half of the spectrum.

The spectrometer is set up with a Tungsten / Deuterium light source fed through a
400 micron fiber and a collimating lens then into the sample. A second collimating lens
receives the transmitted light and a bifurcated fiber feeds into the two spectrometer
channels. The collimating lenses allow for collimated light to pass through the sample
and thus measurements can be taken in daylight without having to shield the sample from
ambient light.

The software used to run the fiber optic spectrometer is OOI Base32. The
software has multiple functionality however this description will go through the setup of
a typical time resolved absorbance measurement. The spectrometer is connected to a
computer by a USB connection and the software is compatible with Windows 98 and XP.
Below describes a typical absorption experiment where both channels are used
independently and several measurements are taken at specific time intervals. The output
data stores each spectra in a separate file and the data can then be compiled and reduced
into a single excel file using the VBA program written by Chris Kitchens.

C-2. UV-VIS TIME RESOLVED MEASUREMENTS USING THE OCEAN OPTICS
FIBER OPTIC SPECTROMETER METHOD

e Spectrometer Configuration: Once the software is opened the spectrometer can be
configured to tailor to various experiments. On the toolbar, go to Spectrometer and
then to Configure. In this window, either the Master or Slavel channels can be
activated or deactivated if you want to look at the upper or lower or both ends of the
spectrum.
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C-3.

It has been observed that for some samples which absorb differently in the UV and
Visible ranges that it is better to have two different windows open, one for each
channel. For this case, open two spectrum windows and under the window menu
choose Tile Vertically. Then highlight Spectrum 1 window and go to Spectrometer
— Configure, click on Slavel and uncheck Channel Enable and OK. Then highlight
Spectrum 2 window and go to Spectrometer — Configure, click on Master and
uncheck Channel Enable and OK.

The two windows should now display the entire spectrum. For each of the two
windows, the Integration Time should be adjusted in msec such that the Intensity
maximum is around 3500 counts (excluding the spike at 656 nm from the UV lamp).
The Average value may also be adjusted to suit the particular experiments.

Collect a Global Dark Spectrum by totally blocking the light path so no light is
transmitted and click on the dark light bulb at the top of the screen. Next, collect a
background by allowing light to transmit but without the sample and collect the
Global Reference by clicking on the yellow light bulb. The Absorbance mode should
now be active, the A’s turn blue and can be clicked on to go into absorbance
collection mode.

The Spectrometer is now ready to record data but still needs to be set up for time
acquisition.

Open Exploring and create a folder where you would like the data to be stored.*
Highlight Spectrum 1 window and in the menu bar go to Time Acquisition —
Configure — Configure Acquisition. Browse and find the folder recently created and
enter the time acquisition file name for the master channel (UV data). This file is to
be used later in the data reduction!** Check save full spectrum with each acquisition.
Set Initial Delay, Frequency, and Duration.

Highlight the Spectrum 2 window and repeat the previous step for the Slavel channel
(Vis Data) using a different time acquisition file name.

The OOIBase32 software also has the ability to set Time Channel Acquisitions —
Channels A thru F plus 2 Combinations. For each of the two spectrometer channels
the time channels can be set by Time Acquisition — Configure — Configure Time
Channels where the wavelengths and channels can be set. (If the Channel is not active
then a bad value will be stored.) The Time Channel Configuration can be saved for
use in the Data Reduction step later*** and also if these time channels are to be used
repetitively then they can be restored. Time Acquisition — Configure — Restore /
Save Parameters.

Activate the Time Acquisition for each window by clicking on the alarm clock so that
the play button turns green or go to Time Acquisition — Activate Time Acquisition.
The measurements are now ready to be run and can be started by clicking the green
Play Button.

DATA COMPILER AND REDUCER
VBA macros were written to compile and process the output from the time

resolved absorbance measurements using the Ocean Optics Fiber Optic Spectrometer.
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The output from the measurements stores each data acquisition in a separate file as well
as the time cannel data. This Compiler reads in all the data into a single file, reduces the
data and plots the spectra in a single file. The program is fully automated and is fairly
user friendly. To use the compiler, open the excel file Ocean Optics Data Compiler or
Ocean Optics Data Compiler Copper (includes an Info page which plots the
566nm/500nm Ratio as a function of time). When opening be sure to enable macros. In
the menu bar go to Tools — Macro — Macros select Oceanoptics and Run. The macro
will proceed as follows.

e The program will ask for the file name to save the compiled data under as an excel
file. Enter a file name for the excel file.

e Enter the number of spectra that were collected during the experiment. The folder
created previously (refer to *) which contains the raw data will label the individual
files with consecutive numbers starting with 00000 and for example, if 37 scans were
collected, then the numbers will end with 00036. In this case you would enter 37 in
the window.

e The next window will ask for the Time Acquisition File. This is the file name that
you entered in the Configure Time Acquisition step previously (refer to **). This file
name will have a *.time file extension.

e The program will then ask if a second spectrometer was used and in this case there is
the Slavel channel, so click yes. In the case that both of the spectrometers were used
in a single spectrum window then the *.time files for each spectrometer would be the
same. In the case that only one of the spectrometers were used then click no.

e Next, select the Time Acquisition File (*.time) for the Slavel Spectrometer if it is
asked for.

e The program will then import the time acquisition data and will ask if the original
* time files should be saved in the excel format. It is suggested that you select No for
both files.

e The program will then ask if there is a Time Acquisition Parameters File. This is the
* TimeParameters file (refer to ***) that was created under Configure Time Channels
and was either saved or restored. If this step was skipped or not saved/restored then
select no. If you configured the time channels but did not save the file, you will be
able to enter the wavelengths manually.

e Ifyou select Yes the program will ask for the *. TimeParameters file. This file type
may not be available initially, so you must select all files under the Files of type:
menu and then find the *. TimeParameters file. This will input the headings into the
time channels data pages and the same headings can be used for each spectrometer or
if separate configurations were used for each of the spectrometers, different headings
may be used.

e Ifthere is not a parameters file to use, the headings for each of the spectrometers may
be entered manually when prompted.

e Next the program will Import all of the raw data that was stored in the individual files
and place it into the single excel worksheet. The program will ask if you want to save
the raw data file before the data is reduced. This is up to your preference.
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e Next is the data compression step which averages the data to the nearest wavelength
and prompts for the wavelength ranges for each spectrometer. Default wavelengths
are available.

e The compressed data can then be plotted and the raw data can be removed. (The raw
data may have been saved two steps previously so it may not be lost permanently if
the final file is saved under a different name.

e For the case of Copper Nanoparticle Experiments there is now the option to create an
Info page which will extract the absorbance date at 500nm and 566nm and plot the
Absorbance Ratio as a function of time.

e Once the Data Reduction is completed, the file can be saved and the original files can
be cleaned up to conserve disk space.

This Concludes the Details on the Ocean Optics Fiber Optic Spectrometer and Data

Compiler/Reduction. For more information refer to the instrument manual or VBA code.

C-4. VISUAL BASIC APPLICATIONS FOR EXCEL CODE FOR REDUCING
DATA FROM VARIAN CARY 3 UV-VIS SPECTROMETER

VBA macro was written to process the output from the time resolved absorbance
measurements using the Varian Cary 3 UV-Vis Spectrometer. In rare cases the output
file would miss an absorbance value for a particular wavelength and thus the macro
analyses the data to repair these vacancies. The macro also plots the absorbance data in
an Excel file and extracts the absorbance values at 500 nm and 566 nm wavelengths and
calculates the absorbance ratio and plots the ratio as a function of time. The macro is
available upon request.

248



APPENDIX D

D. HIGH PRESSURE VESSELS FOR COMPRESSED AND SUPERCRITICAL
FLUID REASCTIONC

D-1. VARIABLE VOLUME VIEW CELL APPARATUS

In collaboration with Joe Aderholt, our departmental machinist, I was able to
design and build a multi-functional, high pressure variable volume view cell. The cell
uses a modified high pressure piston displacement hand pump, attached to the cell with a
quartz window in the face, such that the entire content of the vessel is visible. The sides
of the vessel are equipped with opposing windows which allow for UV-Vis absorption
measurements, necessary to monitor the growth of nanomaterials, in-situ. The cell also
has input and output valves as well as an RTD temperature controller and a flush mount
pressure transducer. The cell has the ability to be used as a constant volume reaction
vessel by replacing the modified displacement pump with a back plate giving the vessel a
volume of ~30ml. The vessel has been pressure tested up to 10,000 psi at room
temperature and has proven very useful in the measurement of critical points and
solubility cloud points, in addition to running reactions in compressed and supercritical
fluids where the temperature and pressure of the system can be controlled to determine
the thermophysical properties of the reaction system. A web cam and ring light have also
been adapted to allow digital monitoring of the reaction vessel, which has safety and
research advantages.
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D-2. HIGH PRESSURE VIEW CELL
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D-3.  HIGH PRESSURE NEUTRON SPIN ECHO CELL

The design and construction of a high pressure vessel was required to perform the
Neutron Spin Echo measurements at the NIST Center for Neutron Research. The
requirements of the vessel were have a variable path length of 6 mm or less and a sample
area accessible by a 35 mm diameter neutron beam. The vessel required 1.75 inch
diameter, 0.5 inch thick sapphire windows, inlet/outlet ports, 10,000 psi relief valve,
temperature and pressure control and constructed with non-magnetic material (3-16
Stainless Steel). An aluminum temperature control block was constructed and acted as a
vessel holder compatible with the NSE instrument. The vessel was pressure tested to 500

bar for 48 hrs without rupture and utilized viton o-rings to seal around the windows.
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D-4. HIGH PRESSURE FIBER OPTIC PROBE ASSEMBLY

This high pressure fiber optic probe assembly was designed for applications with
the Ocean Optics fiber optic UV-vis spectrometer for high pressure absorbance
measurements. The probe was designed to act as a reflectance probe where a single fiber
within a seven fiber bundle of 400 micron high OH fibers supplies the source light and
the remaining six ‘read’ fibers transmit the reflected light to the dual spectrometer (3
fibers per spectrometer). The fiber assemble was constructed by Polymicro Technologies
and consisted of a trifurcated bundle encased within 1/8” OD Stainless Steel encasement.
The entire assembly was designed to be contained within 1/4” HiP tubing. The fiber
assembly is never exposed to pressure and is held in place by a 1/4” to 1/8” swageloc
coupler. The 1/4" tubing housing effectively seals at two points. The first is on the
exterior of the 1/4” tubing with swageloc 1/4” fittings and removable Vespel / Graphite
ferrules from Alltech. The second pressure seal is made on the inside of the tubing
assembly with an o-ring seal. A biconvex sapphire lens serves dual functionality acting
as a high pressure window which the system pressure pushes against the o-ring to create
the seal. The lens also collimates the light from the fiber and focuses the reflected light
to the read fibers. At the end of the probe is a threaded mirror stud which enables a
variable path length based on the position of the mirror. The pressure assembly was
tested to 7500 psi and is expected to withstand much higher pressures. The assemblt has

yet to be utilized for scientific measurement.
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Fiber Bundle Assembly
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