Nanoscience under Glass: The Versatile
Chemistry of Silica Nanostructures

Naomi J. Halas*

Department of Electrical and Computer Engineering and Laboratory for Nanophotonics, Rice University, Main Street, Houston, Texas 77005-1892

ilane-based chemistry may be one of

the lesser-sung heroes of nano-

science, but undeservedly so. When
compared to many types of nanostructures
that have become the essential compo-
nents of the nanoassembler’s toolkit, such
as semiconductor quantum dots, plasmonic
nanostructures, carbon nanotubes, and
magnetic nanoparticles, silica, by compari-
son, may seem rather mundane. As a highly
transparent, dielectric material, its most
valuable uses, at least macroscopically, typi-
cally depend on what it does not
do—absorb light or conduct electrons. As
an inert host, it provides a matrix, enabling
the production of macroscopic materials
into which nanoparticles and nanostruc-

Figure 1. The Lycurgus Cup, an example of
nanochemistry under glass from antiquity,
where glass serves as a host for functional
nanoparticles, e.g., gold colloid. Copyright
Trustees of the British Museum.

@ A movie is available showing the color
change that occurs when the cup is illumi-
nated from the inside, demonstrating the
nanoscale properties of the gold particles em-
bedded within the glass.

www.acsnano.org

tures can be doped, imparting the nanopar-
ticle’s properties to the material as a whole
(Figure 1). On the nanoscale, silica plays this
same role, but it also does much more.
Silica nanoparticles can be synthesized as
highly monodisperse, highly spherical
nanoparticles, forming the basis for much
beautiful work on colloidal crystal arrays
and inverse opal structures." Silica nanopar-
ticles and epilayers are also often used to
define the shape or the space between
other nanoscale structures, as in plasmonic
nanoparticles,> where metallic cores or shell
layers are grown onto the silica structures.
Just like its macroscopic analogue, silica
nanostructures can serve as a practical host
for more functional nanomaterials. In this is-
sue, Insin et al. make full use of the versatil-
ity of silica chemistry to “nanoengineer” two
disparate functionalities into the same
nanoparticle—fluorescence and
magnetism—for the formation of monodis-
perse, highly regular structures able to re-
spond to both optical excitation and ma-
nipulation in magnetic fields.?

The Stober Method. Silica nanoparticles can
be formed by polymerization of silicic acids
in an aqueous system, or through hydrolysis
and condensation of silicon alkoxides,
known as the Stéber synthesis.* These two
routes are distinguished from one another
by the mechanism of particle formation.
Comparison of nuclear magnetic resonance
(NMR) spectra from commercial aqueous
silicates (Ludox) and acid-catalyzed silicon
alkoxides showed that the former are domi-
nated by monomers and tetrafunctional-
ized species, whereas di- and trifunctional-
ized species dominate for alkoxides.”
Comparison of small-angle X-ray scattering
(SAXS) measurements of Ludox and acid-
and base-catalyzed alkoxides shows that
only aqueous silicate sols are uniform,
whereas alkoxides generate fractal par-
ticles.® These results illustrate that sols de-
rived from aqueous silicates by standard
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ABSTRACT Silica nanoparticles and
nanostructures provide an
unprecedented materials platform to
accomplish many nanoscale functions,
and they offer a practical method for
introducing multiple functionalities
into the same nanoparticle. Much of
the advances in silica nanochemistry
are based on the condensation of
tetraethylorthosilane, known as the
Stober synthesis. We discuss some
unusual approaches for modifying and
ultimately controlling the growth of
silica nanostructures, from
microgravity studies to advances in
biomimetic synthesis and a novel

peptide-based templating approach.
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etal.onp 197.
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As a highly transparent,
dielectric material,
silica’s most valuable
uses depend on what it
does not do—absorb
light or conduct

electrons.

chemical methods are fully hydro-
lyzed and grow by classical mono-
mer addition, resulting in uniform
polymeric particles. Stéber particles,
on the other hand, grow through
cluster aggregation and retain a
fractal inner morphology, even
while the particles coarsen through
surface tension reorganization. Two
distinct regimes characterize par-
ticle growth: diffusion-limited, in
which the transport of mass to the
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growing structure is the dominant
growth limitation, and reaction-
limited, in which the efficiency of at-
tachment limits the growth pro-
cess. In general, diffusion-limited
conditions result in a reduction in
the growth rate since the collisional
frequency of the reactant species is
reduced. Species that do collide do
not have the chance to attach in a
manner that minimizes surface en-
ergy, favoring external sites and re-
sulting in disordered morphologies.
As a result, aggregates formed in
diffusion-limited conditions are dis-
tinguished by lower fractal dimen-
sions. Reaction-limited growth, on
the other hand, is characterized by
more compact structures. The stick-
ing coefficient is small enough that
species are able to sample attach-
ment sites for energetically favor-
able configurations.

The Stober synthesis was the
first method reported for making
highly spherical, highly monodis-
perse silica nanoparticles of high
enough quality to condense into ar-
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Figure 2. Transmission electron microscopy images of silica Stober particles

formed using two distinct protocols, R1 (A,B) and R2 (C,D). R1: 0.14 mL of TEOS,
4.21 mL of EtOH, and 0.654 mL of NH,OH (30% NH;). R2: 0.153 mL of TEOS, 4.59
mL of EtOH, and 0.245 mL of NH,OH (30% NH,). The particles in panels A and C
were grown under terrestrial conditions; those in panels B and D were grown in
microgravity. Reprinted with permission from ref 9. Copyright 2000 American
Chemical Society.
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rays with long-range order or to
form the foundation for uniform,
layered functional or multifunc-
tional nanoparticles. Typically, etha-
nol, ammonium hydroxide, and
sometimes a small amount of wa-
ter are mixed together, and then
tetraethylorthosilicate, also called
tetraethoxysilane (TEOS), is intro-
duced into the mixture, with subse-
quent stirring. The reaction pro-
ceeds as a condensation of the
—OH groups, resulting in the forma-
tion of a Si—O—Si network with
H,0 as a reaction product. The size
of the particles is controlled by the
reactant concentrations. The mono-
dispersity can be influenced by nu-
merous factors, in particular ensur-
ing that the TEOS has been handled
in an inert environment prior to
Stober synthesis, to prevent polym-
erization of TEOS molecules, which
serve as nucleation sites for nano-
particle growth, resulting in a sig-
nificant size distribution of the final
nanoparticle product. Subsequent
to the initial papers describing this
synthesis, there have been many re-
ports that describe improvements
on this technique, variations that re-
sult in control of size, monodisper-
sity, and morphology, and addi-
tional studies, including
quantitative models of the growth
mechanism. More recently, the in-
troduction of surfactants into the re-
action has been explored to de-
velop methods for controlling the
product morphology.” It is quite
stunning that the condensation of
TEOS at acidic pH results in the for-
mation of macroscopic sol-gel ma-
terials,® but at the highly basic pH of
this reaction, highly uniform spheri-
cal silica nanoparticles result.

Silica Nanoparticle Synthesis in Space:
The Final Frontier? A few years ago,
our research group had the oppor-
tunity to examine the Stober
growth process for silica nanoparti-
cles by performing the Stober syn-
thesis in microgravity, in a set of ex-
periments flown on a NASA space
shuttle.® Under microgravity condi-
tions, buoyancy-driven convection
is eliminated, and many processes,
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from protein or colloid crystalliza-
tion to embryonic development,
can be profoundly affected. Micro-
gravity allows diffusion-limited re-
action conditions to persist for sys-
tems that would be reaction-limited
under terrestrial conditions. We an-
ticipated that, under microgravity
conditions, the Stéber synthesis
may well result in variations in
nanoparticle size or morphology.
For microgravity Stéber growth,
nanoparticles smaller than are
achievable in the laboratory for the
same reactant mixtures would be
anticipated, since the elimination of
buoyancy-driven convection would
be expected to slow the rate of for-
mation of the nanoparticles. So we
embarked upon answering the
question: Could the Stéber synthe-
sis work better in outer space?

To perform these experiments,
four variations in the Stober proto-
col were chosen, each yielding silica
nanoparticles with different proper-
ties under normal laboratory condi-
tions: (a) the “standard” protocol
(R1), which produces highly mono-
disperse silica nanoparticles nomi-
nally of 100 nm in diameter; (b) a
protocol that produces very small
nanoparticles (R2); (c) one that typi-
cally results in a bimodal distribu-
tion of silica nanoparticles; and (d)
one that results in large, mis-shapen
nanoparticles.

Reaction vessels were needed
that required an isolation of the reac-
tants so that mixing could be per-
formed in an entirely sealed environ-
ment by one of the mission
specialists of the flight, not necessar-
ily trained in chemistry. For the
space-flight experiment, each 5 mL
recipe was divided into two parts and
loaded into coupled polyurethane
(Hydex) syringes separated by a
breakable Parafilm seal to enable
mixing of the reactants. The first part
consisted of TEOS and half the etha-
nol, while the second part consisted
of water, ammonium hydroxide (30%
NH;), and the remaining ethanol.
Each batch was also divided into
ground and space samples, which
were stoichiometrically identical. The
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Figure 3. Examples of biosilica from diatoms. (A,C) Transmission electron micros-
copy images of Cylindrotheca fusiformis cell wall. (B,D) Scanning electron micros-
copy images of Thalassiosira pseudonana cell wall. Scale bars: (A) 5 um, (B) 1 pum,
(C,D) 200 nm. Reprinted with permission from ref 12. Copyright 2004 American So-
ciety for Biochemistry and Molecular Biology.

only difference in the growth condi-
tions between the ground and space
samples was the presence or ab-
sence of gravity. The designated
space samples (12 total, 3 per recipe)
were then placed in the Gelation of
Sols, Applied Microgravity Research
(GOSAMR) hardware and activated
aboard the space shuttle orbiter (Mis-
sion STS-95) after microgravity condi-
tions had been established. The GOS-
AMR hardware, built by 3M
Corporation and refurbished for this
experiment, consists of a set of mod-
ules, each of which contain eight
coupled syringe cartridges. Upon ac-
tivation, a battery-powered, motor-
driven lead screw with a reversing ac-
tuator drives the syringe cartridges
back and forth, mixing the solutions
after breaking the barrier seals be-
tween them. On Mission STS-95, the
Stober synthesis experiments were
performed by former U.S. Senator
John Glenn in his celebrated return
to space after 36 years, making him
quite likely the only U.S. Senator (thus
far) to attempt a nanoparticle synthe-
sis. Upon return of the flight samples,
an ultraprobe sonicator was used to
obtain diluted suspensions of the
samples in ethanol, and these were
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allowed to evaporate onto carbon-
coated copper TEM grids for image
characterization.

We discovered that microgravity
affects the Stober synthesis of silica
nanoparticles profoundly (Figure 2).
Instead of the formation of highly
spherical particles, long, thin fractal
aggregate structures were formed.
Under two of the reaction condi-
tions, some silica particles did, in
fact, form along with the fractal
structures. These beautiful fractal
networks are likely snapshots of the
early stages of terrestrial Stober
nanoparticle formation. Although
microgravity does not yield highly
regular nanoparticles in this case,
the morphologies and the aspect
ratios of the structures formed are
unique to microgravity conditions.
Perhaps in the hands of future gen-
erations of scientists, the Stober
synthesis will again return to space
as Senator John Glenn did, older
and wiser, to examine further in
what ways chemists can control and
modify the unique nanostructures
formed under these conditions.

The Future of Silica Nanoparticle
Synthesis: In Mother Nature’s Hands. Per-
haps the most promising direction
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for advancing silica nanostructure
chemistry to new morphologies and
increased functionality and control
comes from the recent advances in
understanding how bio-organisms
produce silica nanostructures (Fig-
ure 3).'°-"3 Biomineralization, de-
fined as the growth of inorganic
materials by organisms, is wide-
spread in nature in both plant and
animal phyla. Silica is the second
most abundant biomaterial, sur-
passed only by calcium carbonate.’®
Although practiced by a wide vari-
ety of species, including mammals,
silica biomineralization occurs most
dominantly in small aquatic life
forms.'® The two groups of organ-
isms that have been the focus of
significant studies of this process
have been diatoms, unicellular or-
ganisms that produce silica-based
exo- and endoskeletons accounting
for most of their body mass, and
multicellular sponges that produce
silica spicules. For understanding
how organisms control the growth
morphology of silica in nanoscale
structures, diatoms offer an array of
remarkably intricate patterns in
their cell walls at the nanoscale (and
microscale). Since the intricate silica
nanoscale patterns formed by these
organisms are species-specific, it fol-
lows that the directed growth pro-
cess must be encoded in the ge-
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nome of the organism
and that certain pro-
teins expressed must
play important
species-specific di-
recting roles in the
controlled growth of
silica nanostructures.
When first analyzed, it
was apparent that
biomineralized silica
is not a purely inor-
ganic material but in-
stead contains a small
but significant per-
centage of organic
molecules, but their
role in the growth
and patterning pro-
cesses remained obscure.'® More
recently, the proteins and other or-
ganic molecules associated with the
growth of biosilica have been iden-
tified and characterized extensively,
and our knowledge of the cell-
biologic aspects of silica growth
has been significantly advanced.

It is currently understood that
certain proteins, most specifically si-
laffins, isolated from the cell walls
of the diatom Cylindrotheca fusifor-
mis, play integral roles in controlled
biosilica growth."® Long-chain
polyamines (LCPAs), extracted from
the diatom S. turris, are also present
in relatively high quantities.'” Al-
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Figure 4. Diameters of silica nanospheres produced under the guidance of the
polyamine/phosphate system as a function of the phosphate concentration. The
polyamine/phosphate ratio strictly controls the diameters of the precipitating
silica nanospheres. Insets: scanning electron microscopy images of the corre-
sponding silica precipitates (scale bars are 1 um for all images). Reprinted with
permission from ref 18. Copyright 2003 Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 5. Peptide amphiphiles direct the synthesis of
hollow silica nanotubes. Reprinted with permission
from ref 19. Copyright 2007 American Chemical

though other proteins are present
in biosilica, the silaffins and the
LCPAs, in various species-specific
forms, appear to be the molecules
most actively directing the growth
process. Both of these classes of
molecules have been shown to pre-
cipitate silica from aqueous solu-
tions in vitro, with the LCPA-assisted
precipitates forming nanospheres
with a narrow size distribution (Fig-
ure 4)."® In subsequent research in-
spired by these observations, a
number of synthetic amino acids,
peptides, and polyamines have
been shown to precipitate silica
from aqueous solutions. As more
details of this complex process be-
come known, there will be numer-
ous opportunities to adapt methods
originating in biological systems to
grow silica nanoparticles and nano-
structures into new morphologies,
and also under gentler chemical
conditions than the traditional
Stéber method.

Another potentially important
adaptation of bioassembly prin-
ciples to the growth of silica nano-
structures utilizes proteins at a
higher level of organization as tem-
plates for silica deposition into con-
trolled morphologies. Recently, en-
gineered peptides were developed
specifically for this purpose.'® Pep-
tide amphiphiles are structures that
organize into long, stable cylindrical
nanofibers in aqueous solution and
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