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Encapsulation of Gold Nanoclusters in Silica Materials
via an Inverse Micelle/Sol—Gel Synthesis
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Nanometer-sized gold particles were encapsulated in the micropores of xerogels and
aerogels. The synthesis involves the sequential reduction of a gold salt followed by sol—gel
processing in an inverse micelle solution. The inverse micelle solution solubilizes the metal
salt and provides a microreactor for the nucleation, growth, and stabilization of the
nanometer-sized clusters. Hydrolysis and condensation of an added siloxane precursor
produces a wet gel embedding the particles. Characterization of the particle size and
composition and the particle growth process was completed with transmission electron
microscopy (TEM), electron diffraction, and UV—visible absorption spectrometry. Charac-
terization of the gel surface areas was completed with N, porosimetry. Material properties
determined as a function of the gel precursor (TEOS vs a prehydrolyzed form of TEOS), the
water to gel precursor reaction stoichiometry, and surfactant concentration are discussed
in terms of the unique solution chemistry occurring in the microheterogeneous inverse micelle

solutions.

Introduction

Colloidal-sized metal and semiconductor particles
with diameters of 1—-20 nm (nanoclusters) are of current
interest because they mark a material transition range
between molecular and bulk properties. With decreas-
ing colloid size, bulk properties are lost as the con-
tinuum of electronic states breaks down (i.e., quantum
size effects) and as the fraction of surface atoms becomes
large. There are a number of ways to synthesize metal
particles with diameters between 1 and 20 nm.1=3 All
synthesis routes include nucleation, growth, and stabi-
lization of the particles and attempt to control particle
size, size distribution, chemical composition, and struc-
ture. Chemical or photolytic reduction,* % thermal
decomposition,”’~° and vapor phase condensation°-12 of
metal salts and organometallic reagents initiates nucle-
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A common nanocluster synthesis technique is the
reduction of metal salts in inverse micelle solutions.25-34
Inverse micelles are solution structures formed by the
self-assembly of surfactants in apolar solvents (i.e.,
toluene, alkanes). Surfactants possess two distinct
moieties, a hydrophilic headgroup and a hydrophobic
tail group, and they self-assemble in apolar solvents so
that the hydrophilic headgroups shield themselves from
the oleic surroundings.® The relatively polar head-
group regions solubilize and confine added metal salts
and act as reaction cages when a reducing agent is
introduced. Ultrasmall, monodispersed particles steri-
cally stabilized in solution by surfactant are formed.
Advantages of the inverse micelle synthesis technique
include mean particle size control and compositional
variety. Particle size control results from regulation of
the nucleation site size (inverse micelle size) and the
particle growth rate (material exchange rate between
inverse micelles). A variety of metals and bimetallics
are produced by choosing different metals salts and
mixtures of metal salts. Unfortunately, the presence
of surfactant hinders potential applications (i.e., cataly-
sis), and removal of the surfactant causes immediate
flocculation of the particles with loss of the unique and
interesting material properties.

Our goal is to isolate nanoclusters and preserve their
unique properties without the presence of any stabiliz-
ing agents that attach themselves to the particle
surface. We have developed sol—gel processing in
inverse micelle, nanocluster solutions to encapsulate or
sterically entrap nanoclusters in the micropores of
xerogels and aerogels. The synthesis is a sequential
reduction of a metal salt and sol—gel processing of an
added siloxane precursor in an inverse micelle solution.
Sol—gel processing of porous silica gels in polar solvents
has been used to encapsulate a variety of large mol-
ecules including laser dyes, photochromics, and pro-
teins.*4~%0 Sol—gel encapsulation involves polymeriza-
tion of a gel precursor, usually tetramethoxysilane or
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tetraethoxysilane, to build the silica gel structure (host)
around the dopant (guest). Steric entrapment occurs
when the gel pore size is comparable to the dopant size.
Also, nanometer-sized gold particles have been stabi-
lized with a silica coating using silane coupling agents
as surface primers.5? The product of this work includes
nanoclusters in a silica monolith that remain small, of
one size, and highly dispersed even after the removal
of the surfactant.

Other works involving sol—gel processing in surfac-
tant, apolar solvent solutions use high surfactant or
alcohol concentrations and are not suitable for mono-
disperse cluster formation.>2-58 We have established an
entirely new system with low surfactant concentrations
and no alcohol. The inverse micelle solutions and
precursor salt solutions are characterized by small-angle
X-ray scattering (SAXS). After chemical reduction of
the metal salt and hydrolysis and condensation of an
added siloxane precursor, cluster size, chemical compo-
sition, and the cluster growth process are characterized
by transmission electron microscopy (TEM), electron
diffraction, and UV—visible absorption spectrometry.
Gel surface areas are determined by N, porosimetry.
Material properties are determined as a function of the
gel precursor (TEOS vs the prehydrolyzed form of
TEOS), the water to gel precursor reaction stoichiometry
(molar ratio = 4:1, 3:1, 2:1, and 1:1), surfactant concen-
tration, drying mechanism, and process washing with
hexanol.

We are currently interested in nanocluster-gel mate-
rials as catalysts. Metal—gel matrixed materials have
been extensively studied as catalysts, because high
surface area, high porosity gels act to disperse the active
metal, minimize mass transfer and pore diffusion limita-
tions, and promote activity through tunable surface
acidities. Traditionally, atomic metals are added to gels
when salts are ion-exchanged with terminal hydroxyl
groups on the gel, 26 through impregnation into the gel
backbone during gel processing,®1-%4 or through the use
of chelating agents.5566 Clusters are formed later
through chemical, thermal, and photolytic reduction. No
current synthesis method prevents metal particle sin-
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Gold Nanoclusters in Silica Materials

tering under robust catalytic conditions, however. Our
work is the first where formation of clusters proceeds
formation of the gel, thus resulting in encapsulation and
potentially new advantages. Clusters are trapped in the
gel pores of comparable size limiting the modes of
particle sintering. The advantages of the inverse mi-
celle technique are retained including formation of
ultrasmall, monodisperse, highly dispersed particles,
and particle size and composition control (i.e., various
metals, mixtures of different metals, alloys, layered
particles, metal oxides, and metal sulfides).

Experimental Section

Materials. The surfactant didodecyldimethylammonium
bromide (DDAB), apolar solvent toluene (99.9+% purity),
reducing agent lithium borohydride in tetrahydrofuran (2 M),
gold trichloride, tetraethyl orthosilicate (TEOS), and a 40 wt
% tetrabutylammonium hydroxide (TBAOH) in water solution
were purchased from Aldrich and used as delivered. Poly-
(diethoxysiloxane) (MW = 610 g/mol), an oligomer of TEOS
formed by a proprietary prehydrolysis reaction, was purchased
from United Chemical Technologies of Bristol, PA, and used
as delivered. Hexanol is used as a washing solvent and is
purchased from Aldrich at 99.9+% purity.

Synthesis. Surfactant is added to toluene (1-5 wt %) and
stirred by hand shaking to form the inverse micelle solution.
AuCl; (0.001 M) and the gel precursor (0.4 M) are added, and
the solution is stirred until the salt is fully solubilized. A gold
colored transparent solution is formed. The LiBHJ/THF
solution is injected into the salt precursor solution under rapid
stirring so that the [BH,]:[Au®*] = 3:1. The gold solution
immediately turns dark purple. The 40 wt % TBAOH in water
solution is added 1—5 min afterward, and the gelation time is
marked when the solution no longer flows under gravity. A
deep purple, viscous gel is formed. The water-to-gel precursor
molar ratio is studied as an experimental variable and is set
at 1:1, 2:1, 3:1, and 4:1. Two different gel precursors are
tested: TEOS and a prehydrolyzed form of TEOS. The gels
are aged for 14 days prior to drying under ambient conditions
to form xerogels or under supercritical CO; extraction to form
aerogels. Some samples were washed to remove surfactant
and reaction byproducts by passing warm hexanol over the
dried, crushed gels through an aspirator funnel. Samples
discussed in the Results were not washed unless indicated.

Characterization. SAXS was completed at the Small-
Angle Scattering Center at the University of New Mexico. A
12 KW rotating anode source was used with a Kratky camera
and an M-Braun linear position-sensitive detector. A Ni filter
was used as a monochromator, and the samples were sealed
in quartz capillary tubes. Particle size and composition in the
colloidal solutions were characterized with transmission elec-
tron microscopy (TEM) and electron diffraction. These tests
were performed with a 300 keV Phillips CM30 electron
microscope. Dried, crushed gels were dispersed over a holey
carbon substrate. UV—visible absorption spectroscopy was
completed with a Hewlett-Packard 8452A diode array spec-
trophotometer. Quartz cuvettes were used in liquid samples,
and gels were sliced and mounted on quartz microscope slides.
BET surface area analysis of the crushed xerogels and aerogels
was carried out with a Quantachrome Autosorb-6 surface
analysis apparatus.

Results

Small-angle X-ray scattering was used to characterize
the inverse micelle solutions and the effect of the
addition of the gold salt and gel precursors to the
solution structure. SAXS of DDAB/toluene inverse
micelle solutions, gold salt in DDAB/toluene inverse
micelle solutions, and gold salt and TEOS in DDAB/
toluene inverse micelle solutions is weak but existent.
Scattering curves are flat and bend only at relatively
large scattering angles. Guinier analysis indicates the
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Figure 1. Small-angle X-ray scattering of DDAB/toluene
inverse micelles with (a) added Au salt, (b) added Au salt and
TEOS, (c) Au clusters in the presence of TEOS. No SAXS is
observed when only TEOS is added to DDAB/toluene. The
precursor solutions show small aggregate structures (Ry = 0.49
nm). The cluster size as detected by SAXS (Ry = 2.34 nm) is
slightly smaller than when measured by TEM. q = (4x/4) sin
6 where 1 is the wavelength of the radiation and 26 is the
scattering angle.

aggregate size, Ry = 0.49 nm, remains constant in all
three cases (Figure 1). No small-angle X-ray scattering
is observed when only TEOS is added to DDAB/toluene
mixtures. Finally, scattering and Guinier analysis of
gold salt and TEOS solutions after reduction (i.e., after
cluster formation, but before hydrolysis and condensa-
tion) indicates a cluster size of Ry = 2.34 nm.

Formation of the clusters occurs within seconds after
addition of the reducing agent. The gold solutions turn
purple, the color indicative of the presence of colloidal
sized gold. Gelation occurs in the cluster, surfactant
solutions at 1.5, 2.5, 3.3, and 24 h after the addition of
TBAOH/H,0 for samples with the reaction stoichiom-
etry of 1:1, 2:1, 3:1, and 4:1 molar ratio of water to
TEOS. The prehydrolyzed TEOS precursor samples gel
much more quickly compared to the TEOS precursor.
With the molar ratio of water to TEOS oligomer = 4.1,
gelation occurs in 15 min. For reaction stoichiometries
of 3:1 and less, gelation occurs within 5 min. The basic
water solution is fully solubilized in the inverse micelle
solution before gelation. The clusters are embedded in
the gels upon gelation. The solutions are transparent
and clear (yet colored) at all water concentrations, and
no cloudiness or indication of phase separation is visibly
apparent.

All wet gels are transparent, homogeneously deep
purple, viscous, and undergo little to no synerises
(Figure 2). Drying to form xerogels causes the gels to
shrink /3 to 1/, of their original volume independent of
reaction stoichiometry and precursor type. Deep purple
monoliths are formed. Drying to form aerogels causes
little shrinking in prehydrolyzed TEOS gels and shrinks
TEOS precursor gels by Y/, of their original volume.
Aerogels appear chalky and light purple but regain their
color when wetted.

The synthesis produces highly dispersed, monodis-
persed, nanometer-sized gold particles embedded in
silica matrixes (Figure 3). Particle size is tested as a
function of reaction stoichiometry, the gel precursor
type, the drying procedure, and washed vs unwashed
samples. Particle size is independent of reaction stoi-
chiometry, gel precursor type, and the effect of washing
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Figure 2. Picture of typical wet gels, xerogels, and aerogels with sterically entrapped Au clusters. Aged gels and xerogels retain
the purple color of colloidal Au. Aerogels lose most color, but become purple when rewet with toluene.

1O nm

Figure 3. TEM of Au clusters embedded in silica matrix. The particles are 5.7 nm in diameter and highly dispersed. Particle
size is roughly twice that of Au clusters synthesized in tradiational DDAB/toluene solutions without TEOS. Particle size is
independent of gel precursor type, drying procedure, or the H,O:Si ratio.

(Table 1). The size distribution of a typical sample is (xerogels vs aerogels). It appears that the particles are
relatively narrow (Figure 4). For washed samples, washed out of samples made with the prehydrolyzed
particle size is independent of the drying procedure form of the TEOS precursor. Few are observed within
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Table 1. Particle Diameters in Nanometers as a Function of Reaction Stoichiometry, Drying Process, Precursor Type,
and Hexanol Washing

aerogels xerogels
TEOS prehydrolyzed TEOS TEOS prehydrolyzed TEOS
H,0:Si washed not washed washed not washed washed not washed washed not washed
2:1 58+1.3 56+1.5 57+1.3 N/A N/A 6.0+ 15 N/A N/A
4:1 56+ 1.1 6.7+1.1 N/A N/A N/A 6.7 +£2.2 N/A 7.1+1.2
35 — — T — T T 1.5 T Y T T T
—e—solution, t = 3 hrs,
30 f ] ‘\\ ’/'-\\\ ~B-gel, t =3 hrs.
! “~_~ "’ ' —a -solution, t =7 days
] 25 i '
& ~ 17 v =w-gel, t=7 days
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Particle Diameter (nm)

Figure 4. Size distribution as determined by TEM indicating
average particle size and monodispersity.

the gel by TEM. Particle size is roughly twice as large
in gels as in pure inverse micelle solutions of DDAB and
toluene.’” Electron diffraction from the clusters show
five rings that index to the presence of FCC—Au. The
relative diffraction peak radii for the five rings are 1.0,
0.86, 0.61, 0.52, and 0.40. It should be noted that our
work with Pd systems indicate 0.01 M metal salt
precursor solutions result in approximately 1 wt % Pd
on SiO, materials as measured by atomic adsorption
spectroscopy.

Monitoring cluster size in solution and in wet gels as
a function of time provides information on the growth
mechanism and the effect of gelation on particle growth.
Size is monitored by measuring the gold plasmon
resonance observed by UV—uvisible spectroscopy. Col-
loidal sized gold in solution exhibits a plasmon reso-
nance between 500 and 550 nm depending on particle
size. Increasing particle size results in a red-shift in
the plasmon resonance. Immediately after salt reduc-
tion, the gold plasmon resonance occurs at 502 nm in
gel precursor, DDAB, and toluene solutions. The plas-
mon resonance red-shifts to 509 nm after 3 h and
stabilizes at 526 nm after 7 days (Figure 5). If gelation
is initiated to a new sample by adding TBAOH/water
to the solution, the gold plasmon resonance is 518 and
527 nm after 3 h and after 7 days, respectively (Figure
5). The particles slowly grow after the reduction before
stabilizing in both ungelled and gelled samples. The
particle growth mechanism is faster, but the final
particle size is unaffected by the gelation process
(assuming constant medium refractive indexes between
ungelled and gelled samples).

Surface areas as determined by N, porosimetry are
strongly dependent on the reaction stoichiometry, sur-
factant concentration, and gel precursor type. With
some exceptions, aerogel surface areas increase as the
molar ratio of water-to-gel precursor increases and as
surfactant concentration decreases (Figures 6 and 7).

(67) Wilcoxon, J. P.; Williamson, R. L.; Baughman, R. J. Chem.
Phys. 1993, 98, 9933.

0 . . . . ‘
400 450 500 550 600 650 700
wavelength (nm)

Figure 5. UV-—visible spectrum of Au cluster as a function
of time and gelled and ungelled samples. The plasmon
resonance red shifts with time as the particles grow. The
growth rate is faster in gelled samples, but final particle size
is independent of the gelation process.

Aerogels formed with prehydrolyzed TEOS precursor
exhibit higher surface areas than when formed with
TEOS (compare Figures 6a and 7a). When gold is
embedded in the silica matrixes, the surface areas
increase and follow the same trend with reaction stoi-
chiometry (Figures 6b and 7b). To determine if the
surfactant changes the reaction chemistry and thus the
material properties or obstructs the silica surface, the
materials were washed with warm hexanol. Surface
areas increase and follow similar trends with reaction
stoichiometry (Figures 6b and 7b). TEOS xerogels
exhibit negligible surface areas (not shown). Prehydro-
lyzed TEOS xerogels (not shown) exhibit similar surface
areas and trends as do prehydrolyzed TEOS aerogels
(Figure 7a). The silica matrixes are mesoporous with
pore diameters ranging from 5 to 30 nm.

Discussion

SAXS indicates that inverse micelles formed in DDAB/
toluene solutions are small (Rg = 0.49 nm) with only a
few surfactant molecules forming each aggregate struc-
ture. SAXS also indicates that the addition of gold salt
or the addition of both gold salt and TEOS have no effect
on aggregate size. However, SAXS is not observed when
only TEOS is added to inverse micelle solutions. TEOS
alone causes dissolution of the surfactant aggregate
structures. TEOS is miscible in toluene, but relatively
polar. The driving force for surfactant aggregation
decreases as the gel precursor acts as a cosolvent for
toluene and the polar moieties of the surfactant. It is
likely that there is some effect of TEOS on gold salt
inverse micelle structures, and the effect is offset by the
salt or not detected due to weak scattering.

The size of particles formed by the reduction of metal
salts in typical inverse micelle solutions depends on the
inherent size of the inverse micelles and the material
exchange rate between inverse micelles. Both micelle
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Figure 6. (a, top) BET surface areas of TEOS aerogels as a
function of the H,0:Si ratio and surfactant concentration. Au
salt or clusters are not present. The materials are mesoporous.
Surface areas generally increase with the reaction stoichiom-
etry and decreasing surfactant concentration. BET surface
areas of TEOS xerogels are negligible. (b, bottom) BET surface
areas of TEOS aerogels as a function of hexanol washing and
cluster presence. Surface area’s increase when surfactant is
washed from the pores. The presence of Au salt or clusters
has no effect of gel surface areas.

size and the material exchange rate depend on experi-
mental parameters such as the surfactant/solvent sys-
tem, the addition of water which swells the inverse
micelles, and the salt-to-surfactant ratio. Particle size
control is often complicated but feasible. Our work with
the TEOS, DDAB, and toluene system establishes three
results: (1) the reduction reaction in TEOS inverse
micelle solutions and in gelled samples produces par-
ticles roughly 2 times larger than particles formed in
only DDAB/toluene mixtures,®” (2) the gelation has little
effect on the final particle size as determined by the
plasmon resonance but does influence the initial growth
rate, and (3) the particle size is not dependent on the
gel precursor type, the reaction stoichiometry, or the
drying method.

The effect of TEOS on the inverse micelle structure
and the cluster growth and stabilization processes is the
likely cause for the increased particle size in the
mixtures studied here compared to particles synthesized
in traditional DDAB/toluene mixtures. Cluster nucle-
ation and growth is sustained within the inverse mi-
celles. A change in micelle structure and the growth
and stabilization process is inferred from the effects of
TEOS on the surfactant aggregation phenomena as
detected by SAXS. With the addition of the base and
water solution, hydrolysis and condensation of the
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Figure 7. (a, top) BET surface areas of prehydrolyzed TEOS
aerogels as a function of the H,O:Si ratio and surfactant
concentration. Au salt or clusters are not present. The trends
established for TEOS materials are repeated. Surface areas
generally increase with the reaction stoichiometry and de-
creasing surfactant concentration. Prehydrolyzed TEOS xe-
rogel surface areas are smaller, but follow similar trends. (b,
bottom) BET surface areas of prehydrolyzed TEOS aerogels
as a function of hexanol washing and cluster presence. The
trends established for TEOS materials are repeated. Surface
areas increase when surfactant is washed from the pores. The
presence of Au salt or clusters has no effect of gel surface areas.

TEOS starts. The presence of water and the further
production of water and alcohol in the reactions further
destabilize the inverse micelle structure and causes the
clusters to grow at a faster rate as evidenced by the
UV—visible absorption spectra. However, the final
particle size is unchanged in gelled systems compared
to ungelled systems. Apparently, an upper bound in the
stabilization process is reached.

Some of the variables adjusted in this study to control
material properties include the gel precursor type, the
water-to-gel precursor reaction stoichiometry, and the
drying process (xerogels vs aerogels). The precursor
type and drying process would have no direct effect on
particle size control, and none was observed. More
typical methods to control particle size include the
surfactant/solvent system, the metal salt-to-surfactant
ratio, and water content. Different surfactant/solvent
systems were explored in this study (poly(oxyethylene)-
(6) nonyl phenyl in cyclohexane and tetraethyleneglycol
mono-n-dodecyl ether in octane), but results were less
fruitful. Silica particles resulted, or phase separation
occurred with only the water-rich phase gelling.®® Salt-
to-surfactant ratios were not varied in this study. We
attempted to control particle size through the use of



Gold Nanoclusters in Silica Materials

water content. No particle size control is apparent in
this effort most likely due to the destabilization of the
inverse micelle structure in the presence of TEOS and
the hydrolysis and condensation byproducts. However,
the principles of particle size control remain in this
methodology and further effort is required.

Despite the lack of particle size control, the role of
the surfactant is clear. The inverse micelles act to
solubilize the metal salt, stabilize the clusters against
growth, and solubilize the TBAOH/H,0O mixture during
gelation. If surfactant is not used, little AuCls is
solubilized in TEOS, toluene mixtures (<<0.001 M).
Reduction with LiBH4 results in large particles that are
stable for only a few hours. Finally, introduction of the
TBAOH/H,0 mixture results in immediate precipitation
of the clusters, phase separation of a water-rich and an
oil-rich phase, and no gelation.

In traditional sol—gel chemistry, the relative rates of
hydrolysis and condensation as effected by sol—gel
processing parameters such as acid- vs base-catalyzed
reactions and the H,O:Si ratio control the final gel
properties.6%70 In general, hydrolysis dominates under
acid-catalyzed, low H,0:Si ratio conditions and weakly
branched, polymeric sols and gels are produced. Con-
densation dominates under base-catalyzed, high H,O:
Si ratio conditions to produce highly condensed particu-
late sols and gels. As condensation rates increase,
gelation time and gel surface areas generally decrease.

For gels prepared with TEOS in inverse micelle
solutions as the H,O:Si ratio increases, gel times and
surface areas increase in direct contradiction to the
above stated conventional wisdom. We propose that the
mechanism of gelation in the cluster solutions depends
on the relative solubilities of the reactants in various
“areas” of the microheterogeneous solutions. TEOS is
soluble in toluene, and DDAB is soluble in TEOS. Thus,
TEOS most likely exists within the inverse micelle and
throughout the solution. Decreased aggregation of
DDAB in toluene with the introduction of TEOS as
detected by SAXS supports this hypothesis. Added
water is soluble only within the inverse micelle. Thus,
it is likely that gelation occurs mostly at the surfactant
interface. Two important results stem from this hy-
pothesis. First, the effective H,O:Si ratio is much
higher than expected from the set H,O:Si recipe result-
ing in high condensation rates. As a result, gels are
formed in this study even at low H,O:Si recipes, and
surface areas of TEOS gels are low. Second, with
increasing H,O:Si ratio, the H,O:DDAB ratio increases.
Increasing the H,O:DDAB leads to larger, more poly-
disperse inverse micelles and a subsequent decrease in
the surface area of reaction. Increasing the H,O:Si
recipe actually leads to a decrease in the effective H,O:
Si ratio, and thus, lower condensation rates and the
observed higher surface areas and faster gel times.
While the proposed gelation mechanism explains the
existing data, it is clearly not universally applicable.
Monoliths are not formed in other inverse micelles
systems, and the use of other structured surfactant
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phases produce periodic silica phases.”t~73

Gel surface areas increase with decreasing surfactant
concentration. This result is consistent with our pro-
posed mechanism. As surfactant concentration de-
creases, the H,O:DDAB ratio increases resulting in a
decrease in the surface area of the reaction. Decreasing
surfactant concentration leads to lower effective H,O:
Si ratios, lower condensation rates, and the observed
higher surface areas. It is apparent from the increase
in the gel surface area after the surfactant is washed
away that surfactant also blocks the available gel
surface.

Gelation times are faster and surface areas are higher
when the prehydrolyzed form of TEOS is used. These
results indicate that the condensation rates for the
prehydrolyzed TEOS precursor reactions are slower
than for the TEOS precursor reactions. Steric effects
are most likely responsible for the slower condensation
rates with the bulkier precursor.

Conclusions

We have encapsulated nanometer-sized Au particles
in the micropores of xerogels and aerogels. The syn-
thesis is a sequential reduction of a gold salt and sol—
gel processing in an inverse micelle solution. The
inverse micelle solution is used to solubilize the metal
salt and provide a microreactor for the nucleation,
growth, and stabilization of the nanometer-sized clus-
ters. Hydrolysis and condensation of an added siloxane
precursor produces a wet gel embedding the particles.
The presence of gel precursors destabilizes the inverse
micelle structure resulting in larger particle sizes
compared to typical inverse micelle synthesis tech-
niques. Particle size control is complicated by the gel
precursor effect on inverse micelle structure and the
production of water and alcohol in the hydrolysis and
condensation reactions. Finally, a unique gelation
technique is outlined in these microheterogeneous solu-
tions. Gelation occurs across the surfactant interface
increasing the effective H,O:Si ratio. Gelation occurs
even at low H»O:Si ratios, and condensation rates are
high. Sol—gel parameters such as the H,O:Si ratio and
the surfactant concentration have unique and some-
times not intuitive effects on the hydrolysis and con-
densation rates and the resulting material properties.
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